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Editorial 

Genetics of renal cancer: focus on MTOR 

Arindam P. Ghosh and Sunil Sudarshan doi:  10.18632/aging.100937 

Renal cell carcinoma (RCC) has multiple subtypes and 
may occur in hereditary and sporadic forms. Sporadic 
renal cell carcinomas are most commonly clear cell 
cancers (80%). Metastatic disease is found at 
presentation in almost 30% of patients with renal cell 
carcinoma and treatment of RCC metastases is greatly 
different from the treatment regimens of the primary 
tumor. Currently, several FDA approved therapies exist 
for metastatic clear cell RCC (ccRCC) which includes 
two rapamycin analogs- everolimus and temsirolimus. 
The mammalian target of rapamycin (mTOR) is a 
serine/threonine kinase and catalytic subunit of two 
biochemically distinct complexes called mTORC1 and 
mTORC2. Recently published TCGA data report 
aberrations in the PI3K/AKT/mTOR pathway in up to 
28% of RCC cases [1]. Whether these aberrations 
predict for clinical benefit of mTOR-targeted therapy in 
ccRCC patients is debatable. Prior studies have 
identified hyperactivating point mutations in mTOR that 
remain sensitive to rapamycin [2] while other recent 
studies have identified a somatic mutation  in  mTOR 
that is resistant to allosteric mTOR inhibition while 
remaining sensitive to mTOR kinase inhibitors [3]. 
Mutations in MTOR are clustered in various regulatory 
domains in ccRCC. We focused our attention on a 
prominent cluster of hyperactivating mutations in the 
FAT (FRAP–ATM–TTRAP) domain of mTOR in 
ccRCC that led to an increase in both mTORC1 and 
mTORC2 activities and led to an increased proliferation 
of cells [4]. Several of the FAT domain mutants 
demonstrated a decreased binding of the intrinsic 
inhibitor DEPTOR (DEP domain containing mTOR- 
interacting protein), while a subset of these mutations 
showed altered binding of the negative regulator 
PRAS40 (proline rich AKT substrate 40). We also 
identified a recurrent mutation in RHEB (Ras homolog 
enriched in brain) in ccRCC patients that exclusively 
increased mTORC1 activity. Interestingly, mutations in 
the FAT domain of MTOR and in RHEB remained 
sensitive to rapamycin, though several of these 
mutations demonstrated residual mTOR kinase activity 
after treatment with rapamycin at clinically relevant 
doses. Overall, our data suggests that point mutations in 
the mTOR pathway may lead to downstream mTOR 
hyperactivation through multiple different mechanisms 
to confer a proliferative advantage to a tumor cell. 

Given the central role of mTORC1 as a downstream 
target of PI3K activity, there exists a clear rationale for 
targeting mTORC1 in cancer and using rapalogs 
clinically. Unfortunately, the effectiveness of rapamycin 
as a single agent therapy is fraught with several 
limitations. mTORC1 promotes IRS-1 degradation [5] 
implying that the potential therapeutic benefit of 
inhibiting mTORC1 with rapamycin is opposed by the 
release of feedback inhibition of PI3K/AKT activation. 
In addition to inhibition of the feedback loop that 
restrains PI3K/AKT activation, everolimus treatment in 
breast cancer patients can increase ERK activation by a 
mechanism which is largely unknown, thereby adding a 
new level of complexity to allosteric inhibition of 
mTORC1 by rapalogs [5]. In an attempt to target the 
mTOR pathway more effectively, novel ATP 
competitive inhibitors that act at its catalytically active 
site are being developed. Active-site inhibitors have 
indeed proved more effective inhibitors of cell 
proliferation than rapamycin in a variety of tumor 
subtypes in vitro as they have a distinct advantage in 
that they inhibit 4E-BP1 phosphorylation at rapamycin 
resistant sites and also block AKT phosphorylation at 
Ser473 [6]. Significant homology in the kinase domains 
of PI3K and mTOR has made possible the development 
of dual active-site inhibitors. While these agents can 
circumvent the activation of PI3K/AKT feedback loops 
activated by rapalogs, dual PI3K/mTOR inhibitors 
could lead to activation of alternative compensatory 
pathways. The elucidation of the feedback loops that 
regulate the outputs of signaling networks is an area of 
fundamental importance for the rationale design of 
effective anticancer drugs that can be used in 
conjunction with PI3K/AKT/mTOR inhibitors. 
While most of mTOR targeted therapies including 
everolimus and temsirolimus target  mTORC1, 
mTORC2 is emerging as a pivotal player in many 
cancers. Defining mTORC2’s role in the cellular milieu 
has been more challenging compared to mTORC1 
because of its insensitivity to acute rapamycin 
treatment. As mTORC2 is a key regulator of cell 
proliferation and metabolic reprogramming of tumor 
cells [7], there is an increasing need to design 
therapeutic agents that specifically target mTORC2. 
Our in vitro data suggests that these hyperactivating 
mutations confer relative resistance to  rapalog   therapy 
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and these findings may have dosing implications for 
patients with ccRCC. These findings may be highly 
relevant from a clinical point of view, as MTOR  
mutations could serve as biomarker predicting tumor 
responses to mTOR allosteric inhibitors and explain 
acquired resistance to this class of drugs in humans. 
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Abstract: The phosphatase and tensin homolog gene PTEN is one of the most frequently mutated tumor suppressor 
genes in human cancer. Loss of PTEN function occurs in a variety of human cancers via its mutation, deletion, 
transcriptional silencing, or protein instability. PTEN deficiency in cancer has been associated with advanced disease, 
chemotherapy resistance, and poor survival. Impaired PTEN function, which antagonizes phosphoinositide 3‐kinase (PI3K) 
signaling, causes the accumulation of phosphatidylinositol (3,4,5)‐triphosphate and thereby the suppression of 
downstream components of the PI3K pathway, including the protein kinase B and mammalian target of rapamycin kinases. 
In addition to having lipid phosphorylation activity, PTEN has critical roles in the regulation of genomic instability, DNA 
repair, stem cell self‐renewal, cellular senescence, and cell migration. Although PTEN deficiency in solid tumors has been 
studied extensively, rare studies have investigated PTEN alteration in lymphoid malignancies. However, genomic or 
epigenomic aberrations of PTEN and dysregulated signaling are likely critical in lymphoma pathogenesis and progression. 
This review provides updated summary on the role of PTEN deficiency in human cancers, specifically in lymphoid 
malignancies; the molecular mechanisms of PTEN regulation; and the distinct functions of nuclear PTEN. Therapeutic 
strategies for rescuing PTEN deficiency in human cancers are proposed. 

 
 

INTRODUCTION 

The phosphatase and tensin homolog gene, PTEN, is  
one of the most commonly mutated tumor suppressors  
in human malignancies [1-5], and complete loss of 
PTEN protein expression is  significantly  associated 
with advanced cancer and poor outcome [6, 7]. The 
importance of PTEN as a tumor suppressor is further 
supported by the fact that germline mutations of PTEN 
commonly occur in a group of autosomal dominant 
syndromes, including Cowden Syndrome, which are 
characterized by developmental disorders, neurological 
deficits, and an increased lifetime risk of cancer and are 

collectively referred to as PTEN hamartoma tumor 
syndromes (PHTS) [8, 9]. 

 
Biochemically, PTEN is a phosphatase that de- 
phosphorylates phosphatidylinositol (3,4,5)-tri- 
phosphate (PIP3), the lipid product of class I 
phosphoinositide 3-kinase (PI3K) [10]. To date, PTEN 
is the only lipid phosphatase known to counteract the 
PI3K pathway. Unsurprisingly, loss of PTEN has a 
substantial impact on multiple aspects of cancer 
development. Strikingly, PTEN has distinct growth- 
regulatory roles depending on whether it is in the 
cytoplasm  or  nucleus.  In   the  cytoplasm,  PTEN   has 
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intrinsic lipid phosphatase activity that negatively 
regulates the cytoplasmic PI3K/AKT pathway, whereas 
in the nucleus, PTEN has AKT-independent growth 
activities. The continued elucidation of the roles of 
nuclear PTEN will help uncover the various functions  
of this essential tumor suppressor gene. 

 
In this review, we describe the molecular basis of PTEN 
loss, discuss the regulation of PTEN expression in 
lymphoid malignancies, and summarize potential 
therapeutic targets in PTEN-deficient cancers. 

 
STRUCTURE AND FUNCTION OF PTEN 

 
PTEN structure 

 
PTEN is a tumor suppressor gene located on 
chromosome 10q23.31 that encodes for a 403-amino 
acid protein that has both lipid and protein phosphatase 
activities. PTEN gene and protein structures are shown 
in Figure 1. The PTEN protein contains a sequence motif 

that is highly conserved in members of the protein 
tyrosine phosphatase family. Structurally, the PTEN 
protein is composed of two major functional domains (a 
phosphatase domain and a C2 domain) and three 
structural regions (a short N-terminal phosphatidy- 
linositol [4,5]-bisphosphate [PIP2]-binding domain, a C- 
terminal tail containing proline-glutamic acid-serine- 
threonine sequences, and a PDZ-interaction motif) [11]. 
The PIP2-binding site and adjacent cytoplasmic 
localization signal are located at the protein’s N- 
terminal [12, 13]. 

 
The PI3K/PTEN/AKT/mTOR pathway 

 
PTEN’s tumor-suppressing function largely relies  on 
the protein’s phosphatase activity and subsequent 
antagonism of the PI3K/AKT/mammalian target of 
rapamycin (mTOR) pathway. Following PTEN loss, 
excessive PIP3 at the plasma membrane recruits and 
activates a subset of pleckstrin homology domain– 
containing proteins to the cell membrane. These  proteins 

 
 

 
 
 

Figure 1. PTEN gene and protein structures. The PTEN protein is composed of 403 amino acids and contains 
an N‐terminal PIP2‐binding domain (PBD), a phosphatase domain, a C2 domain, a C‐terminal tail containing 
proline–glutamic acid–serine–threonine sequences, and a PDZ interacting motif at the end. *Mutations on the 
phosphatase domain that disrupt PTEN’s phosphatase activity include the C124S mutation, which abrogates both 
the lipid and protein phosphatase activity of PTEN, and the G129E mutation, which abrogates only the lipid 
phosphatase activity of PTEN. The C‐terminal tail residues phosphorylated by glycogen synthase kinase 3β  
(GSK3β) and casein kinase 2 (CK2) are shown. Mutations of S380, T382, and T383 (referred to as the STT) can 
destabilize PTEN and increase its phosphatase activity. The PIP2‐binding site and adjacent cytoplasmic localization 
signal are located at the N‐terminal. The N‐terminal poly‐basic region appears to selectively interact with PIP2 and 
contribute to the nuclear accumulation of PTEN. Ubiquitination of PTEN has also been found on K13 and K289. 
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include phosphoinositide-dependent kinase-1 and AKT 
family members [14, 15]. AKT activation also leads to 
the activation of the mTOR kinase complex 1 through 
the inhibition of the phosphorylation of tuberous 
sclerosis complex tumor suppressors and consequent 
activation of the small GTPase rat sarcoma (RAS) 
homologue enriched in brain. The active mTOR 
complex 1 phosphorylates the p70 ribosomal protein S6 
kinase (S6K) and inhibits 4E-binding protein 1 to 
activate protein translation [16]. Accordingly, the 
PTEN/PI3K/AKT/mTOR pathway is emerging as a  
vital target for anti-cancer agents, especially in tumors 
with mTOR pathway activation. 

 
AKT-independent roles of PTEN 

 
Although AKT pathway activation can explain many of 
the phenotypes associated with PTEN inactivation, PTEN 
gene targeting and genetic activation of AKT do not have 
completely overlapping biological consequences. Using 
transcriptional profiling, Vivanco et al. identified a new 
PTEN-regulated pathway, the Jun-N-terminal kinase 
(JNK) pathway, which was constitutively activated upon 
PTEN knockdown [17]. In the study, PTEN null cells had 
higher JNK activity than PTEN positive cells did, and 
genetic analysis indicated that JNK functioned parallel to 
and independently of AKT. Thus, the blockade of PI3K 
signaling may shift the survival signal to the AKT- 
independent PTEN-regulated pathway, implicated JNK 
and AKT as complementary signals in PIP3-driven 
tumorigenesis and suggest that JNK may be a therapeutic 
target in PTEN null tumors. 

 
In addition to its lipid phosphatase function, PTEN also 
has lipid phosphatase–independent roles. PTEN has 
been shown to inhibit cell migration through its C2 
domain, independent of PTEN’s lipid phosphatase 
activity [18]. In breast cancer, PTEN deficiency  has 
been shown to activate, in a manner dependent on its 
protein phosphatase activity, the SRC proto-oncogene, 
non-receptor tyrosine kinase (SRC), thereby conferring 
resistance to human epidermal growth factor receptor 2 
inhibition [19]. Furthermore, PTEN has been shown to 
directly bind to tumor protein 53 (p53), regulate its 
stability, and increase its transcription, thereby 
increasing P53 protein levels [20]. 

 
PTEN REGULATION 

 
Genetic alteration of PTEN 

 
PTEN loss of function occurs in a wide spectrum of 
human cancers through various genetic alterations that 
include point mutations (missense and nonsense 
mutations),  large chromosomal deletions (homozygous/ 

heterozygous deletions, frameshift deletions, in-frame 
deletions, and truncations), and epigenetic mechanisms 
(e.g., hypermethylation of the PTEN promoter region) 
[21]. Somatic mutations are the main drivers of PTEN 
inactivation in human cancers, and have been reviewed 
extensively [22]. 

 
PTEN’s tumor suppressor function is usually abrogated 
following mutations in its phosphatase domain, which is 
encoded by exon 5 [23] (Figure 1). These mutations 
typically include a C124S mutation that abrogates both 
lipid and protein phosphatase activity and a G129E 
mutation that abrogates lipid phosphatase  but  not 
protein phosphatase activity [24]. Although the N- 
terminal phosphatase domain is principally responsible 
for PTEN’s physiological activity, approximately 40% 
of tumorigenic PTEN mutations occur in the C-terminal 
C2 domain (corresponding to exons 6, 7, and 8) and in 
the tail sequence (corresponding to exon 9), which 
encode for tyrosine kinase phosphorylation sites. This 
suggests that the C-terminal sequence is critical for 
maintaining PTEN function and protein stability [21,  
23, 25, 26]. However, many tumor-derived PTEN 
mutants retain partial or complete catalytic function, 
suggesting that alterative mechanisms can lead to PTEN 
inactivation. 

 
Transcriptional regulation 

 
In addition to gene mutations, complete or partial loss  
of PTEN protein expression may impact PTEN’s tumor 
suppression ability. The regulation of PTEN’s functions 
and signaling pathway is shown in Figure 2. Positive 
regulators of PTEN gene expression include early 
growth response protein 1, peroxisome proliferator- 
activated receptor γ (PPARγ) and P53, which have been 
shown to directly bind to the PTEN promoter region 
[27-29]. Early growth response protein 1, which 
regulates PTEN expression during the initial steps of 
apoptosis, has been shown to directly upregulate the 
expression of PTEN in non–small cell lung cancer. 
PPARγ is a ligand-activated transcription factor with 
anti-inflammatory and anti-tumor effects. The activation 
of its selective ligand, rosiglitazone, leads to the binding 
of PPARγ at two PTEN promoter sites, PPAR response 
element 1 and PPAR response element 2, thus 
upregulating PTEN and inhibiting PI3K activity. 
Negative regulators of PTEN gene expression include 
mitogen-activated protein kinase kinase-4, transforming 
growth factor beta (TGF-β), nuclear factor of kappa  
light polypeptide gene enhancer in B-cells (NF-κB), 
IGF-1, the transcriptional cofactor c-Jun proto- 
oncogene, and the B-cell-specific Moloney murine 
leukemia virus insertion site 1 (BMI1) proto-oncogene, 
which have been shown to suppress PTEN expression in 
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several cancer models [30-32]. Research found that 
IGF-1 could affect cell proliferation and invasion by 
suppressing PTEN’s phosphorylation. In pancreatic 
cancers, TGF-β significantly suppresses PTEN protein 
levels concomitant with the activation of AKT through 
transcriptional reduction of PTEN mRNA–induced 
growth promotion. c-Jun negatively regulates the 
expression of PTEN by binding to the activator  protein 
1 site of the PTEN promoter, resulting in the 
concomitant activation of the AKT pathway. PTEN 
transcription is also directly repressed by the leukemia- 
associated factor ecotropic virus integration site 1 
protein in the hematopoietic system [33]. 

 
Intriguingly, recent studies reported a complex crosstalk 
between PTEN and other pathways. For  example,  RAS 

has been found to mediate the suppression of PTEN 
through a TGF-β dependent mechanism in pancreatic 
cancer [34], and the mitogen-associated protein 
kinase/extracellular signal-related kinase pathway has 
been found to suppress PTEN transcription through c- 
Jun [35]. Finally, the stress kinase pathways including 
mitogen-activated protein kinase kinase kinase 4 and 
JNK promote resistance to apoptosis by suppressing 
PTEN transcription via direct binding of NF-κB to the 
PTEN promoter [36]. These findings suggest that the 
pathways that are negatively regulated by PTEN can in 
turn regulate PTEN transcription, indicating a potential 
feedback loop. Studies have also shown that CpG  
islands hypermethylated in the PTEN promoter lead to 
the silencing of PTEN transcription in human cancer 
[37]. 

 

 
 
 
 
 
 

Figure 2. Mechanisms of PTEN regulation. PTEN is regulated at different levels. (A) PTEN mRNA transcription 
is activated by early growth response protein 1, P53, MYC, PPARγ, C‐repeat binding factor 1, and others, and 
inhibited by NF‐κB, proto‐oncogene c‐Jun, TGF‐β, and BMI‐1. (B) PTEN mRNA is also post‐transcriptionally 
regulated by PTEN‐targeting miRNAs, including miR‐21, miR‐17‐92, and others. (C) Active site phosphorylation, 
ubiquitination, oxidation, acetylation, and protein‐protein interactions can also regulate PTEN activity. The 
phosphorylation leads to a “closed” state of PTEN and maintains PTEN stability. Dephosphorylation of the C‐ 
terminal tail opens the PTEN phosphatase domain, thereby activating PTEN. 

C 

A B 
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Table 1. MiRNAs which downregulate PTEN expression in human cancers 
 

miRNA Locus Expression status Tumor type Reference 

MiR-21 17q23.1 Upregulated Colorectal, bladder, and 

hepatocellular cancer 

[112-114] 

MiR-19a 13q31.3 Upregulated Lymphoma and CLL [87, 115] 

MiR-19b Xq26.2 Upregulated Lymphoma [87] 

MiR-22 17p13.3 Upregulated Prostate cancer and CLL [116, 117] 

MiR-32 9q31.3 Upregulated Hepatocellular carcinoma [118] 

MiR-93 7q22.1 Upregulated Hepatocellular carcinoma [119] 

MiR-494 14q32.31 Upregulated Cervical cancer [120] 

MiR-130b 22q11.21 Upregulated Esophageal carcinoma [121] 

MiR-135b 1q32.1 Upregulated Colorectal cancer [122] 

MiR-214 1q24.3 Upregulated Ovarian cancer [123] 

MiR-26a 3p22.2 (MIR26A1) 
 

12q14.1(MIR26A2) 

Upregulated Prostate cancer [113] 

MiR-23b 9q22.32 Upregulated Prostate cancer [114] 

Abbreviations: CLL, chronic lymphocytic leukemia. 
 
 

Translational and post-translational regulation 
 

MicroRNAs (miRNAs) are a class of endogenous, 20-  
to 25-nucleotide single-stranded non-coding RNAs that 
repress mRNA translation by base-pairing with target 
mRNAs [38]. Various miRNAs are known to impact 
PTEN expression in both normal and pathological 
conditions. In multiple human cancers, PTEN 
expressions are downregulated by miRNAs, which are 
shown in Table 1. 

 
Post-translational modifications, such as active site 
phosphorylation, ubiquitination, oxidation, and 
acetylation, can also regulate PTEN activity [39]. In its 
inactivated state, PTEN is phosphorylated on a cluster  
of serine and threonine residues located on its C- 
terminal tail, leading to a “closed” PTEN state in which 
PTEN protein stability is maintained. As PTEN is being 
activated, dephosphorylation of its C-terminal tail opens 
its phosphatase domain, thereby  increasing  PTEN  acti- 

 
vity (Figure 2). The phosphorylation of PTEN at 
specific residues of the C-terminal tail (Thr366, Ser370, 
Ser380, Thr382, Thr383, and Ser385) is associated with 
increased protein stability, whereas phosphorylation at 
other sites may decrease protein stability. Although 
S370 and S385 have been identified as the major sites 
for PTEN phosphorylation, mutations of these residues 
have minimal effects on PTEN function, whereas 
mutations of S380, T382, and T383 can destabilize 
PTEN and increase its phosphatase activity, thereby 
enhancing PTEN’s interaction with binding partners 
[40]. The “open” state of PTEN is more susceptible to 
ubiquitin-mediated proteasome degradation [13]. One 
recently identified E3 ligase of PTEN is neural  
precursor cell-expressed, developmentally down- 
regulated 4, E3 ubiquitin protein ligase 1 (NEDD4-1), 
which  mediates  PTEN  mono-  and poly-ubiquitination 
[41] (Figure 3). In cancer, the inhibition of NEDD4-1, 
whose expression has been found to be inversely 
correlated  with  PTEN  levels  in  bladder  cancer,  may 
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upregulate PTEN levels [42]. Two major conserved  
sites for PTEN are K13 and K289, and ubiquitination of 
these sites is indispensable for the nuclear-cytoplasmic 
shuttling of PTEN (Figure 1). 

 
Protein-protein interactions 

 
PTEN contains a 3–amino acid C-terminal region that is 
able to bind to PDZ domain–containing proteins [43, 
44]. PDZ domains are involved in the assembly of 
multi-protein complexes that may control the 
localization of PTEN and its interaction with other 
proteins. A number of PTEN-interacting proteins have 
been shown to regulate PTEN protein levels and 
activities. These interactions, which help recruit PTEN 
to the membrane, can be negatively modulated by the 
phosphorylation of PTEN on its C terminus [40, 45].  
The phosphorylation of the C terminal end of PTEN has 
been attributed to the activities of casein kinase 2 and 
glycogen synthase kinase 3β [46, 47]. In addition, 
evidence suggests that the C2 domain of PTEN can be 
phosphorylated by RhoA-associated kinase, which may 
have important roles in the regulation of 
chemoattractant-induced PTEN localization  [48] 
(Figure 2). 

 
Acetylation and oxidation also contribute to PTEN 
activity regulation. PTEN’s interaction with nuclear 
histone acetyltransferase–associated p300/cAMP 
response element-binding protein (CREB)-binding 
protein (CBP)–associated factor can promote PTEN 
acetylation, and this acetylation negatively regulates the 
catalytic activity of PTEN [49]. Studies have shown that 
the PTEN protein becomes oxidized in response to the 
endogenous generation of the reactive oxygen species 
(ROS) stimulated by growth factors and  insulin,  and 
this oxidation correlates with a ROS-dependent 
activation of downstream AKT phosphorylation [50,  
51]. Other studies have shown that the PIP3-dependent 
Rac exchange factor 2 and SHANK-associated RH 
domain interactor proteins bind directly to PTEN to 
inhibit its lipid phosphatase activity [52, 53]. High P53 
expression triggers proteasome degradation of the  
PTEN protein [54]. In addition to antagonizing the 
AKT–mouse double minute 2 homolog pathway in a 
phosphatase-dependent manner, PTEN also can interact 
with P53 directly in a phosphatase-independent manner, 
thereby stabilizing P53 [55, 56]. 

 
PTEN IN THE NUCLEUS 

 
Growing evidence suggests that the translocation of 
PTEN from the nucleus to the cytoplasm leads to 
malignancy. In the nucleus, PTEN has important  tumor- 

suppressive functions, and the absence of nuclear PTEN 
is associated with aggressive disease in multiple cancers 
[57-59], implying that nuclear PTEN is a useful 
prognostic indicator. PTEN is  predominantly localized 
to the nucleus in primary, differentiated, and resting 
cells, and nuclear PTEN is markedly reduced in rapidly 
cycling cancer cells [60, 61], which suggests that PTEN 
localization is related to cell differentiation status and 
cell cycle stage. High expression levels of nuclear  
PTEN have been associated with cell-cycle arrest at the 
G0/G1 phase, indicating a role of nuclear PTEN in cell 
growth inhibition [62]. PTEN’s cytoplasmic and nuclear 
functions are shown in Figure 3. 

 
PTEN enters the nucleus via its calcium-dependent 
interaction with the major vault protein [63], through 
passive diffusion [64], and by a Ran-GTPase–dependent 
pathway [65]. Moreover, monoubiquitination mediates 
PTEN’s nuclear import, whereas polyubiquitination 
leads to PTEN’s degradation in the cytoplasm [66] 
(Figure 3). The nuclear exportation of PTEN via a 
chromosome region maintenance 1–dependent 
mechanism during the G1-S phase transition is directly 
regulated by S6K, a downstream effector of the PI3K 
signaling pathway [67] (Figure 3). Thus, PTEN is 
preferentially expressed in the cytoplasm of tumor cells 
in which PI3K signaling is frequently activated. Nuclear 
PTEN has an essential role in the maintenance of 
chromosomal stability. First, PTEN directly interacts 
with centromere protein C in a phosphatase-independent 
manner. Second, PTEN transcriptionally regulates DNA 
repair by upregulating RAD51 recombinase in a 
phosphatase-dependent manner [68] (Figure 3). The 
disruption of nuclear PTEN results in centromere 
breakage and massive chromosomal aberrations. 
Nuclear PTEN may also play an important part in 
transcription regulation by negatively modulating the 
transcriptional activity of the androgen receptor, 
hepatocyte growth factor receptor, NF-κB, CREB, and 
activator protein 1. Moreover, nuclear PTEN has been 
shown to promote p300/CREB-binding protein– 
mediated p53 acetylation in the response to DNA 
damage [69, 70]. 

 
Most of the functions of nuclear PTEN are independent 

of its phosphatase activity and do not involve the 
PI3K/AKT pathway. Not only PTEN but also activated 
PI3K and functional PIP3 have been detected in the 
nucleus [71], indicating that nuclear PI3K signaling 
mediates PTEN’s antiapoptotic effect through nuclear 
PIP3 and nuclear AKT. Nevertheless, only limited 
evidence suggests that nuclear PTEN has lipid 
phosphatase functions, as the nuclear pool of PIP3 is 
insensitive to PTEN [72]. 
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Figure 3. PTEN’s cytoplasmic and nuclear functions. In the cytoplasm, PI3K is activated downstream of 
receptors that include receptor tyrosine kinases, G protein–coupled receptors, cytokine receptors, and integrins. 
PI3K activation converts PIP2 to PIP3, thereby leading to AKT activation, which enhances cell growth, proliferation, 
and survival. PTEN dephosphorylates PIP3 and consequently suppresses the PI3K pathway. NEDD4‐1 is an E3 ligase  
of PTEN that mediates PTEN ubiquitination. Polyubiquitination of PTEN leads to its degradation in the plasma, 
whereas monoubiquitination of PTEN increases its nuclear localization. PTEN can translocate into the nucleus 
through various mechanisms, including passive diffusion, Ran‐ or major vault protein–mediated import, and a 
monoubiquitination‐driven mechanism. In the nucleus, PTEN promotes p300‐mediated P53 acetylation in response 
to DNA damage to control cellular proliferation. Nuclear PTEN is also involved in maintaining genomic integrity by 
binding to centromere protein C (CENPC) and in DNA repair by upregulating RAD51 recombinase (RAD51). 

 

 
PTEN DEFICIENCY IN LYMPHOMA 

 
PTEN deficiency in T-cell acute lymphoblastic 
leukemia 

 
PI3K signaling are frequently activated in T-cell acute 
lymphoblastic leukemia (T-ALL), which mainly due to 
the absent of PTEN function. Studies have shown that 
PTEN inactivation plays a prominent role in human T- 
ALL cell lines and primary patients [73-76]. Moreover, 
PTEN mutations have been shown induced resistance to 
γ-secretase inhibitors, which derepress the constitutively 
activated NOTCH1 signaling in T-ALL [77]. However, 
the PTEN mutations detected in these studies vary 
widely. Gutierrez  et  al.  reported   that  T-ALL patients 

had a PTEN mutation rate of 27% and a PTEN deletion 
rate of 9%, whereas Gedman et al. reported that 27 of 
43 (63%) pediatric T-ALL specimens had PTEN 
mutations. In the latter study, the high frequency of 
PTEN mutations may have been due to the fact that 
approximately 50% of the specimens were patients with 
relapsed disease. Interestingly, all mutations were 
identified in the C2 domain of PTEN [75, 76], not in the 
phosphatase domain as has been reported for other solid 
tumors [78]. 

 
PTEN deficiency in diffuse large B-cell lymphoma 

 
Published reports of PTEN gene alterations in lymphoid 
malignancies are summarized in Table 2.  Studies   have 
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reported unexpectedly low frequencies of PTEN 
mutations in DLBCL patients, ranging from 3% to 22% 
[79-83]. Lenz et al. performed gene expression profiling 

in primary DLBCL and found that a recurrently altered 
minimal common region containing PTEN was lost in 
11% GCB-DLBCL but not in other  subtypes,  suggesting 

 

Table 2.  Reported PTEN gene alterations in lymphoid malignancies 
 

Alteration type Exon Domain Disease Frequency, % Notes Ref 

Cell lines 

Del 3-9 PHOS, C2 DLBCL 28.6 (4/14) Del in 4 of 11 GCB- 

DLBCL 

[85] 

Mut 2-5 PHOS, C2 DLBCL 35.7 (5/14) Mut in 4 of 11 GCB- 
 

and 1 of 3 ABC- 

 

 DLBCL 

Del and Mut 2-7 PHOS, C2  22.2 (6/27)  [82] 

Biopsy tissue 

Del   DLBCL 15.3 (4/26) Heterozygous Del in 3 

of 18 GCB- and 1 of 8 

ABC-DLBCL 

[85] 

Del 1 PB NHL 3.4 (1/29)  [81] 

Mut 5, 6 PHOS, C2  6.9 (2/29)   

Del and Mut 1, 8 PHOS, C2 NHL 4.6 (3/65)  [82] 

Mut 8 C2 DLBCL 5 (2/39)  [79] 

Del   GCB-DLBCL 13.9 (10/72) Homozygous Del in 2, 

heterozygous Del in 8 

[84] 

Mut 1, 2, 7 PB, PHOS, C2 NHL 10 (4/40)  [109] 

Mut 7 C2 T-ALL 8 (9/111)  [74] 

Del NA  T-ALL 8.7 (4/46) Homozygous Del in 2, 

heterozygous Del in 2 

[76] 

Mut 7 C2  27.3 (12/44)   

Del and Mut   T-ALL 62.7 (27/43) Homozygous Del in 8 [75] 

Abbreviations: Del, deletion; PHOS, phosphatase; DLBCL, diffuse large B‐cell lymphoma; GCB, germinal B‐cell–like; Mut, mutation; 
ABC, activated B‐cell–like; NHL, non‐Hodgkin lymphoma; T‐ALL, T‐cell acute lymphoblastic leukemia; AML, acute myeloid 
leukemia; ALL, acute lymphoblastic leukemia; PB, phosphatidylinositol (4,5)‐bisphosphate–binding; NA, not applicable. 
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that the alteration is exclusive to GCB-DLBCL [84]. 
More recently, Pfeifer and Lenz found that mutations 
involving both the phosphatase domain and C2 domain 
of PTEN were prominent in GCB-DLBCL cell lines. 
Interestingly, 7 of the 11 GCB-DLBCL cell lines had 
complete loss of PTEN function, whereas all ABC- 
DLBCL cell lines expressed PTEN, suggesting that 
PTEN mutation may be related to PTEN loss in GCB- 
DLBCL [85] (Table 2). In the GCB-DLBCL cell lines, 
PTEN loss was inversely correlated with the  
constitutive activation of the PI3K/AKT signaling 
pathway, whereas GCB-DLBCL cell lines with PTEN 
expression rarely had PI3K/AKT activation. In contrast, 
all ABC-DLBCL cell lines had PI3K/AKT activation 
regardless of PTEN status, which suggests that the 
activation of PI3K/AKT in GCB-DLBCL results from 
PTEN deficiency. Further, gene set enrichment analysis 
revealed that the MYC target gene set was significantly 
downregulated after PTEN induction. Also, inhibition  
of PI3K/AKT with either PTEN re-expression or PI3K 
inhibition     significantly     downregulated MYC 
expression, suggesting that PTEN loss leads to the 
upregulation of MYC through the constitutive activation 
of PI3K/AKT in DLBCL [85]. 

 
Although several studies have identified discrepancies  
in PTEN deficiency between DLBCL subtypes, few 
studies have investigated PTEN localization in different 
subcellular compartments, not to mention the prognostic 
value such information would have in de novo cases. 
Fridberg et al. found a trend towards a stronger staining 
intensity of cytoplasmic and nuclear PTEN in 28 non– 
GCB-DLBCL patients [59], most importantly, they 
found that the absence of nuclear PTEN expression was 
correlated with worse survival.  This  interesting 
evidence should be corroborated in a larger number of 
primary samples in further studies. 

 
PTEN deficiency in other lymphomas 

 
Previous studies of mantle cell lymphoma (MCL) 
showed that although the disease had no detectable 
genetic alterations of PTEN, it did have extremely low 
protein expression of PTEN. To determine whether the 
PI3K/AKT signaling pathway is involved in the 
pathogenesis of MCL, Rudelius et al.  investigated 
pAKT and PTEN expression in primary MCL 
specimens and cell lines. Of the 31 MCL specimens, 6 
had markedly decreased PTEN expression; of the 4 
MCL cell lines, 3 had complete loss of PTEN  
expression [86]. The authors found no phosphatidyl 
inositol 3-kinase catalytic subunit (PIK3CA) mutations 
in the primary specimens or cell lines, suggesting that 
loss of PTEN activates the PI3K/AKT pathway  in  
MCL. 

Loss of PTEN protein expression has also been reported 
in 32% of patients with primary cutaneous DLBCL–leg 
type and 27% of patients with primary  cutaneous 
follicle center lymphomas. Remarkably, both the 
expression of miR-106a and that of miR-20a were 
significantly related to PTEN protein loss (P<0.01). 
Moreover, low PTEN mRNA levels were significantly 
associated with shorter disease-free survival [87]. 

 
PTEN AND SPECIFIC PI3K ISOFORMS 

 
PI3K comprises a regulatory p85 subunit and a catalytic 
p110 subunit. Of particular interest, Class IA PI3Ks 
include three p110 isoforms (p110α, p110β, and p110δ), 
are primarily responsible for phosphorylating PIP2. 
PIK3CA, the gene encoding the p110α isoform is 
frequently mutated in various human cancers [88]. In 
one study, 59% of cases with mutant PIK3CA had 
increased p-AKT levels. Therefore, the constitutive 
activation of PI3K is another way by which the PTEN 
pathway can be disturbed in cancer. In their study of  
215 DLBCL patients, Abubaker et al. reported that 8% 
had PIK3CA mutations and 37% had loss of PTEN. 
Both PIK3CA mutation and loss of PTEN were 
correlated with poor survival. However, correlation 
analysis revealed that most of the PIK3CA mutations 
occurred in cases with PTEN expression (P=0.0146). 
Accordingly, 17 cases with PIK3CA mutations were 
screened for PTEN mutations, and none harbored both 
PIK3CA and PTEN mutations [89]. This suggests that 
PIK3CA mutation likely functions as an oncogene in 
DLBCL by contributing to PI3K pathway activation 
independently of PTEN deficiency. 

 
Both p110α and p110β may generate distinct pools of 
PIP3. In response to stimuli, p110α produces an acute 
flux of PIP3, which is efficiently coupled to AKT 
phosphorylation. In contrast, p110β has been proposed 
to generate a basal level of PIP3 with little effect on 
AKT phosphorylation [90]. Moreover, cells with AKT 
phosphorylation induced by PTEN loss were sensitive  
to a p110β-specific inhibitor but not a p110α inhibitor 
both in vitro and in vivo [91, 92], which suggests that 
the enhancement of basal PIP3 drive oncogenesis in the 
absence of PTEN. Another study indicated that PTEN- 
mutant endometrioid endometrial carcinoma cells may 
not be sufficiently sensitive to the inhibition of p110β 
alone and that combined targeted agents may  be 
required for effective treatment [93]. This finding may 
have been due to the fact that mutations of PTEN and 
PIK3CA frequently coexist in endometrioid endometrial 
carcinoma. In contrast, cells with wild-type PTEN seem 
to engage the p110α or p110δ isoforms. Accordingly, 
clinical trials of isoform-specific inhibitors are 
warranted. 



 
www.aging-us.com                                                                        12                                                                AGING (Albany NY) 

Table 3. Preclinical studies of targeted therapeutics in PTEN‐deficient tumors 
 

Inhibitor type Drug Study notes Ref 

Class I-PI3K 

Pan Buparlisib 

(BKM120) 

The drug elicited response in some PTEN-deficient tumors and 

induced cell death in DLBCL cell lines. 

[124] 

Pan SAR245408 

(XL147) 

The drug significantly inhibited tumor growth in a PTEN-deficient 

prostate cancer model. 

[109] 

p110α BYL719 The drug had antitumor activity in cell lines harboring PIK3CA 
 

mutations but not in PTEN-deficient solid tumors 

[110] 

p110β AZD6482 

(KIN-193) 

The drug substantially inhibited tumor growth in PTEN-deficient 

cancer models. 

[98] 

p110β GSK2636771 PTEN-mutant EEC cell lines were resistant to the drug; the drug 

decreased cell viability only when combined with a p110α 

selective inhibitor. 

[93] 

p110β/δ AZD8186 The drug inhibited the growth of PTEN-deficient prostate tumors. [102] 

p110α/β CH5132799 The drug inhibited the growth of some PTEN-deficient tumors in [103] 

  vitro.  

p110γ/δ IPI-145 The drug significantly inhibited the Loucy cell lines in T-ALL. [100] 

PI3K/mTOR SF1126 The drug significantly reduced the viability of PTEN-deficient but 

not PTEN-positive GCB-DLBCL cells. 

[104] 

PI3K/HDAC CUDC-907 The drug inhibited growth in multiple cell lines; cell lines with 

PIK3CA or PTEN-mutation induced loss of PTEN were markedly 

sensitive to the drug. 

[105] 

AKT MK-2206 The drug had antitumor activity in breast cancer cell lines with 
 

PTEN or PIK3CA mutations. 

[106] 

mTORC1 Everolimus 

(RAD001) 

PTEN-deficient prostate cancer had greater sensitivity to the drug; 

glioblastoma cell lines were resistant to the drug. 

[107] 

 Temsirolimus 

(CCI-779) 

Multiple PTEN-deficient cell lines were remarkably sensitive to 

the drug. 

[108] 

Abbreviations: DLBCL, diffuse large B‐cell lymphoma; EEC, endometrioid endometrial carcinoma; MCL, mantle cell 
lymphoma; GCB, germinal B‐cell–like. 
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Figure 4. Actions of therapeutics targeting PTEN deficiency in lymphoid malignancies. PTEN deficiency is 
associated with increased sensitivity to PI3K, AKT, and mTOR inhibitors. In addition, because PI3K is involved in BCR 
signaling activation, BCR pathway inhibitors may also be effective in PTEN‐deficient lymphoid malignancies. SRC 
family kinase inhibitors include dasatinib (which can also inhibit BTK), saracatinib, bosutinib, SU6656, CGP76030,  
and KX‐01. BTK inhibitors include ibrutinib and AVL‐292. Sotrastaurin is a PKCβ inhibitor; A20, a MALT1 paracaspase 
inhibitor; and MLN120B, an IKKβ inhibitor. SYK inhibitors include fostamatinib and PRT062607. Idelalisib is a PI3Kδ‐ 
specific inhibitor. MK‐2206 is an AKT inhibitor. mTOR inhibitors include everolimus and temsirolimus. 

 
 
 
 

ENGAGEMENT OF THE PI3K PATHWAY IN B- 
CELL RECEPTOR SIGNALING 

 
The survival of the majority of B-cell malignancies 
depends on functional B-cell receptor (BCR) signaling. 
The successful use of a Bruton tyrosine kinase (BTK) 
inhibitor to target the BCR pathway in DLBCL has 
yielded profound discoveries regarding the genetic and 
biochemical basis of BCR signaling. During BCR 
signaling, the SRC family kinase LYN phosphorylates 
the transmembrane protein cluster of differentiation 19, 
which recruits PI3K to the BCR. The transduction of 
BCR signaling finally results in the activation of the 
NF-κB, PI3K, mitogen-associated protein kinase, and 
nuclear  factor  of   activated  T  cells   pathways,  which 

promote the proliferation and survival of normal and 
malignant B cells. 

 
BCR signaling is directly affected by frequent  
mutations in CD79A (immunoglobulin α) and CD79B 
(immunoglobulin β)-mainly CD79B-which occur in 
approximately 20% of patients with ABC-DLBCL [94]. 
Tumor cells harboring CD79B mutations have longer 
and stronger activation of AKT signaling. Moreover, 
ABC-DLBCL cell lines with mutated CD79B are more 
sensitive to PI3K inhibition than those with wild-type 
CD79B are. Thus, CD79B mutations might be 
responsible for preventing the negative regulation that 
interferes with PI3K-dependent pro-survival BCR 
signaling [95]. 
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Table 4. Preclinical studies of targeted therapeutics in PTEN‐deficient tumors 
 

Inhibitor 

type 
 

Drug 
 

Patient population 
 

Phase 
 

Identifier 

PI3K GSK2636771 Patients with advanced solid tumors with PTEN 

deficiency 

1/2a NCT01458067 

 BKM120 Patients with recurrent glioblastoma with PTEN 

mutations or homozygous deletion of PTEN or with 

PTEN-negative disease 

1b/2 NCT01870726 

 BKM120 Patients with advanced, metastatic, or recurrent 

endometrial cancers with PIK3CA gene mutation, 

PTEN gene mutation, or null/low PTEN protein 

expression 

2 NCT01550380 

 AZD8186 Patients with advanced CRPC, sqNSCLC, TNBC, 

or known PTEN-deficient advanced solid 

malignancies 

1 NCT01884285 

PI3K/mTOR BEZ235 Patients with advanced TCC; group 1 includes 

patients with no PI3K pathway activation, no loss of 

PTEN, and no activating PIK3CA mutation; group 

2 includes patients with PI3K pathway activation as 

defined by PIK3CA mutation and/or PTEN loss 

2 NCT01856101 

 BEZ235 Patients with relapsed lymphoma or multiple 

myeloma 

1 NCT01742988 

AKT MK-2206 Patients with previously treated metastatic 

colorectal cancer enriched for PTEN loss and 

PIK3CA mutation 

2 NCT01802320 

 MK-2206 Patients with advanced breast cancer with a 

PIK3CA mutation, AKT mutation, and/or PTEN 

loss or mutation 

2 NCT01277757 

 Pazopanib + 

everolimus 

Patients with PI3KCA mutations or PTEN loss and 

advanced solid tumors refractory to standard 

therapy 

1 NCT01430572 

 Trastuzumab 

+RAD001 

Patients with HER-2–overexpressing, PTEN- 

deficient metastatic breast cancer progressing on 

trastuzumab-based therapy 

1/2 NCT00317720 

 GDC-0068/ GDC- 

0980 +abiraterone 

Patients previously treated prostate cancer with 

PTEN loss (currently in phase II) 

1b/2 NCT01485861 
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Rapamycin 

(Temsirolimus) 

Patients with advanced cancer and PI3K mutation 

and/or PTEN loss 

1/2 NCT00877773 

Ipatasertib (GDC- 

0068) + paclitaxel 

Patients with PTEN-low metastatic TNBC 2 NCT02162719 

Abbreviations: CRPC, castrate‐resistant prostate cancer; sqNSCLC, squamous non‐small cell lung cancer; TNBC, triple‐ 
negative breast cancer; TCC, transitional cell carcinoma; HER‐2, human epidermal growth factor receptor 2. 

 
 

Previous studies have demonstrated that the transgenic 
expression of the constitutively active form of the PI3K 
catalytic subunit or PTEN knockout can rescue mature 
B cells from conditional BCR ablation. Moreover, BCR 
signaling is required for PI3K pathway engagement in 
both GCB-DLBCL and ABC-DLBCL. Specifically, 
PI3K engages BCR signaling by indirectly contributing 
to NF-κB activity in ABC-DLBCL, whereas in GCB- 
DLBCL, PI3K pathway activation but not NF-κB 
activity is required for survival. Briefly, the “chronic” 
BCR signaling in ABC-DLBCL is characterized by the 
many pathways involved with the CARD11-mediated 
activation of NF-κB signaling, whereas the “tonic” BCR 
signaling in GCB-DLBCL is characterized by the 
constitutive activation of PI3K in promoting survival 
[96, 97]. 

 
Given these findings, the combination of PI3K pathway 
inhibitors with BCR pathway inhibitors may enhance 
the treatment response of PTEN-deficient tumors. 

 
THERAPIES TARGETING FUNCTIONAL LOSS 
OF PTEN IN LYMPHOMA 

 
PI3K/AKT/mTOR pathway inhibitors 

 
Owing to PI3K’s critical roles in human cancers, PI3K 
targeting is one of the most promising areas  of 
anticancer therapy development. Since the absent of 
PTEN is concomitant with PI3K signaling activation, 
inhibitors that targeting this pathway might play a 
significant role in the treatment of PTEN-deficient 
tumors. Growing evidence indicates that multiple solid 
tumor cell lines and several lymphoid malignancy cell 
lines with PTEN-deficient are hypersensitive to PI3K 
inhibitors, which are summarized in Tables 3  and  
Figure 4. 

 
In addition to PI3K pan-inhibition, several isoform- 
selective PI3K inhibitors have been shown to repress  
the viability of PTEN-deficient tumors. Notably, the 
p110β-specific  PI3K   inhibitor   AZD6482  (KIN-193) 

displayed remarkable antitumor activity in PTEN-null 
tumors but failed to block the growth of PTEN–wild-type 
tumors in mouse models [98]. However, another separate 
study showed that endometrioid endometrial cancer with 
PTEN mutation were resistant to p110β-selective 
inhibition, cell lines’ viability was decreased only when 
p110β-selective inhibition was combined with p110α- 
selective inhibition. Recent findings have highlighted that 
there is a complex interplay between the Class I PI3K 
isoforms, inhibition of either α or β single isoform might 
be compensated by reactivation of another isoform at last 
[99]. Furthermore, it has been proposed that the dual γ/δ 
inhibitor CAL-130, specifically targeting p110γ and 
p110δ isoforms in PTEN deleted T-ALL cell lines [100]. 
By contrast, Lonetti et al. recently indicated that PI3K 
pan-inhibition developed the highest cytotoxic effects 
when compared with both selective isoform inhibition 
and dual p110γ/δ inhibition, in T-ALL cell lines with or 
without PTEN deletion [101].  Nevertheless, which class 
of agents among isoform-specific or pan-inhibitors can 
achieve better efficacy is still controversial. Other target 
treatments including AKT, mTOR, dual PI3K/AKT and 
dual PI3K/mTOR inhibitors also show promising 
antitumor activity in cell line studies, and some of them 
have been testing under clinical trials [102-111] (Table 3, 
4). 

 
CONCLUSION 

 
In summary, recent studies have identified PTEN as a 
tumor suppressor gene in various human cancers. It is 
clear that PTEN is far more than a cytosolic protein that 
acts as a lipid phosphatase to maintain PIP3 levels. 
Therefore, we must reconsider the distinct roles PTEN 
have in specific subcellular compartments, identify the 
mechanisms underlying PTEN’s shuttling between 
different compartments, and investigate the significance 
of these mechanisms in predicting disease outcome. 
Future studies will further elucidate the mechanistic 
basis of PTEN deficiency in lymphoid malignancies, 
thereby aiding in the clinical management of lymphoid 
malignancies with PTEN loss or alteration. 
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Editorial 
 

Rapamycin in preventive (very low) doses 
 

Roman V. Kondratov and Anna A. Kondratova doi:10.18632/aging.100645 
 
 

In the recent paper of Popovich et al. published in 
Cancer Biology and Therapy [1], positive effects of low 
doses of rapamycin on survival of caner-prone HER- 
2/neu mice have been reported. Inhibitors of the mTOR 
signaling pathway are already widely employed for 
anticancer therapy in humans. At the same time, over 
several last years a substantial body of evidence 
suggesting an anti-aging effect of at least one mTOR 
inhibitor, rapamycin, was accumulated. For example, 
rapamycin delayed death without changing the 
distribution of presumptive causes of death in 
genetically heterogeneous mice [2] and extended 
lifespan of cancer-prone mice, such as transgenic HER- 
2/neu mice [3]. Thus, a question was raised whether 
lifespan extension by rapamycin is a consequence of the 
anti-cancer effect of rapamycin (such as suppression of 
tumor initiation or slowing down tumor progression) or 
a direct result of its anti-aging properties (or both). 
Several studies supported effectiveness of rapamycin in 
delaying of aging independently from its anti-cancer 
activities. For example, Wilkinson et al. [4] 
demonstrated that rapamycin treatment significantly 
decreased numerous manifestations of aging and 
alleviated age-dependent decline in spontaneous activity 
in 20-22 month genetically heterogeneous mice (the age 
when the majority of mice survived). In the study of 
Anisimov et. al. [5] conducted with inbred female mice, 
rapamycin treatment extended lifespan, inhibited age- 
related weight gain, and increased the percentage of 
mice having regular estrous cycle at 18 months. 
However, the question whether lifespan extension was  
in part a result of suppression of cancer was not 
answered in these studies. A recent work from our 
laboratory, conducted on Bmal1-/- mice suffering from 
premature aging, provides an example of lifespan 
extension induced by rapamycin which is not due to 
inhibition of neoplastic diseases [6]. Strikingly, these 
mice, in spite of having many prominent aging 
phenotypes, virtually never develop cancer, and die 
from systemic failure due to progressive degeneration   
of nervous and cardiovascular and muscle systems. We 
found that rapamycin treatment extended lifespan of 
Bmal1-/- mice from 8 to 12 months. Activity of 
mTORC1 in tissues of Bmal1-/- was highly elevated, 
thus, treatment with rapamycin extended their lifespan 
mostly likely through suppression of mTOR signaling. 

 
Therefore, this study helps to further separate the life- 
extending effect of rapamycin from its cancer- 
preventing properties. Taken together, these findings 
indicate that rapamycin can be considered as a good 
candidate for a preventive anti-aging medicine. 
Using a substance as a preventive medicine  
immediately raises questions about its overall safety and 
potential side effects; these questions are even more 
principle here compared with the situation of disease 
treatment. For example, in cancer treatment the drugs 
are used under conditions when the disease has already 
been developed and is deadly dangerous. Therefore, 
administration of high doses of drugs (even in spite of 
particular side effects) is justified; additionally, drugs 
are often administered during relatively short periods of 
time. On the contrary, prevention suggests chronic 
exposure to a medicine before the actual disease is 
developed, which may not happen whatsoever even 
without taking the preventive medication (considered as 
a disease, aging is an apparent exception). Thus, an  
ideal chemopreventive medicine should not have any 
side effects. Rapamycin, like any other existing 
medicine, does have side effects. In addition to well- 
known side effects of high doses of rapamycin in 
humans [7], life-long chronic exposure to rapamycin, 
while preventing most age-related diseases and 
extending healthspan, was shown to increase incidence 
of cataracts and some other alterations  in  mice  [4]. 
This type of known and potential side effects makes 
consideration of rapamycin as a chemopreventor much 
less attractive for a healthy individual. Several groups 
noticed another side effect, a general decrease in animal 
robustness, when treatment with rapamycin was started 
in very young mice [1, 8]; this underscores the 
importance of mTOR pathway activity during 
development and points out to the significance of 
another variable, the onset of treatment, in diminishing 
of side effects. Therefore, the question about safe 
dosage, timing and mechanisms of delivery of 
rapamycin is extremely important. 
Popovich and colleagues reported the lifespan extension 
activity of low doses of rapamycin administered in the 
intermittent manner (with two-week breaks between 
two-week-long bi-daily treatments) in a mouse model of 
breast cancer. In this model, mammary carcinoma 
develops    in   female   mice   overexpressing  oncogene 
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HER2; cancer advances very fast with average lifespan 
of about 9 months. Different regimes of treatment with 
low doses of rapamycin allowed increasing lifespan  
with or without significant cancer prevention 
(correlating with the age the treatment started). The 
present study is an extension of the previous work by 
this team of collaborators on anticancer/longevity 
effects of rapamycin given in doses corresponding to  
the therapeutic oral dose in humans in the same mouse 
model [3]. There, rapamycin reduced cancer incidents, 
suppressed development of tumors, and extended 
lifespan by almost two fold. The positive effect of low 
doses of rapamycin on longevity in the follow-up study 
supports previous observations. The most important 
advantage of the new study derives from the significant 
reduction of the dose used. The above-discussed side 
effects are generally a matter of dose: indeed, at 
particular doses any substance, even water, turns out to 
be toxic; thus, the ability of rapamycin to work at low 
doses makes it substantially more attractive as a 
candidate for a preventive medicine. 
In conclusion, we would like to accentuate that indeed 
anti-cancer and anti-aging activities of rapamycin can  
be separated. In the case of HER2-overexpressing mice, 
whether rapamycin works through the delay of aging or 
other mechanisms are involved still has to be found. At 
the same time, it also supports the strategy to use 
rapamycin in combination with other anticancer drugs. 
Indeed, even if rapamycin on its own would not affect 
tumor, it still might improve survival and therapeutic 
outcome. It is worth testing at least in other animal 
models. 
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Editorial 

Metformin and rapamycin are master‐keys for understanding the relationship between cell senescent, aging and 
cancer 

 
Vladimir N. Anisimov  doi:10.18632/aging.100561 

 
During the last decade it was established that 
conservative growth hormone/ insulin-like growth 
factor-1 (IGF-1) and target of rapamycin (TOR) 
signaling pathways plays a key role in the control of 
aging and age-associated pathology in yeast, worms, 
insects and mammals [1-3]. mTORC1 (mammalian 
target of rapamycin complex 1) is activated by insulin 
and related growth factors through phosphatidylinositol- 
3-OH kinase and AKT kinase signaling and repressed  
by AMP-activated protein kinase, a key sensor of 
cellular energy status [1]. mTORC1 involved into 
promotion messenger RNA translation and protein 
synthesis through ribosomal protein S6 kinases (S6Ks) 
and 4E-BP protein. mTORC1 also stimulates lipid 
biosynthesis, inhibits autophagy, and through hypoxic 
response transcription factor HIF-1α regulates 
mitochondrial function and glucose metabolism. The 
lifespan of S6K1 deficient female mice increased by 
19% without effect on tumor development [see 1]. 
These data suggest that S6K1 plays a relevant role in 
lifespan regulation downstream of TORC1. Lamming et 
al. [4] have shown that decreased mTORC1 signaling is 
sufficient for lifespan prolongation independently from 
changes in glucose homeostasis. Rapamycin suppresses 
mTORC1 and indirectly mTORC2 that leads to 
metabolic lesions like glucose intolerance and abnormal 
lipid profile [1]. Treatment with rapamycin or its more 
soluble form rapatar increased the mean lifespan in 
various strain of mice [1-3,5-7]. It is worthy to note that 
the regulation of growth hormone and IGF-1, oxidative 
stress, DNA damage, and metabolic  pathways  by 
calorie restriction could simultaneously leads to its anti- 
aging and anti-tumor  activities as well as to reduction  
of the number of senescent cells in some tissues [1,3]. 

 
It was shown that the treated with antidiabetic biguanide 
metformin diabetes type 2 patients have from 25% to 
40% less cancer than those who receive insulin as 
therapy or treated with sulfonylurea drugs that increase 
insulin secretion from the pancreas [1-3]. It was shown 
that biguanides like inhibitor of mTOR rapamycin 
prolong the lifespan of animals from yeast to mammals 
[2,3]. It means that the targets as well as signaling 
pathways and regulatory signals are also similar. 
Moreover,   there  is   also  the  sufficient   similarity  in 

patterns of changes observed during normal aging and 
the process of carcinonogenesis. There is a mounting 
evidence for the similarity between the aging and 
carcinogenesis in response patterns of these two 
signaling pathways to pharmacological intervention. 

 
 

 
 

Figure 1. Relationship between aging and carcino‐ 
genesis: the key role of insulin/IGF‐1‐like signaling (IIS) 
and mTOR signaling. DNA damage induced by environmental 
and endogenous factors (ROS, chemicals, ionizing radiation, 
ultra‐violet, constant illumination, oncogenes, some diets, etc.) 
may leads to cellular senescence or cellular lesions which could 
be deleted by apoptosis or autophagy. The same agents can 
induce damages which followed by neoplastic transformation 
thus leading to cancer. Metformin, rapamycin, and some other 
compounds with mTOR‐ and IIS‐inhibitory potential (resveratrol, 
melatonin) are able to modify both the  aging  and 
carcinogenesis. 

 
 

DNA damage response signaling seems to be the key 
mechanism of establishment and maintenance of the 
senescence programme as well as of the carcinogenesis 
[1-3]. The available data on cellular senescence in vitro 
and on accumulation in cells in vivo of various 
premalignant lesions provide evidence suggesting that 
senescence    is    effective    natural  cancer-suppressing 
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mechanism [1,2]. At the same time, adequate clinical 
application of therapy-induced ‘accelerated senescence’ 
for prevention or recurrence of human cancers is still  
not enough understood. The mechanisms underlying the 
bypass of senescence response in the progression of 
tumors should to be discovered. Recent studies reveal a 
negative side of cellular senescence, which is associated 
with the secreted inflammatory factors, and may alter 
the microenvironment in the favor of cancer progression 
designated as syndrome of cancerophilia or senescence- 
associated secretory phenotype (SASP) [1-3]. Thus, 
cellular senescence suppresses the initiation stage of 
carcinogenesis but is the promoter for intitated  cells.  
We believe that the similarity of two fundamental 
processes – aging and carcinogenesis, – is a basis for 
understanding the two-side effects of biguanides and 
rapamycin on its (Figure 1). Recent finding provide the 
evidence of inhibitory effect of metformin and 
rapamycin on the SASP interfering with  IKK-β/NF-κB 
[1] – an important step in hypothalamic programming of 
systemic aging [8]. It is remains to be shown whether 
antidiabetic biguanides and rapamycin can extend 
lifespan in humans. 
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Temporal mTOR inhibition protects Fbxw7‐deficient mice from 
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Abstract: FBXW7 acts as a tumor suppressor in numerous types of human cancers through ubiquitination of different 
oncoproteins including mTOR. However, how the mutation/loss of Fbxw7 results in tumor development remains largely 
unknown. Here we report that downregulation of mTOR by radiation is Fbxw7‐dependent, and short‐term mTOR inhibition 
by rapamycin after exposure to radiation significantly postpones tumor development in Fbxw7/p53 double heterozygous 
(Fbxw7+/‐p53+/‐) mice but not in p53 single heterozygous (p53+/‐) mice. Tumor latency of rapamycin treated Fbxw7+/‐ 
p53+/‐ mice is remarkably similar to those of p53+/‐ mice while placebo treated Fbxw7+/‐p53+/‐ mice develop tumor 
significantly earlier than placebo treated p53+/‐ mice. Furthermore, we surprisingly find that, although temporal treatment 
of rapamycin is given at a young age, the inhibition of mTOR activity sustainably remains in tumors. These results indicate 
that inhibition of mTOR signaling pathway suppresses the contribution of Fbxw7 loss toward tumor development. 

 
 
 

INTRODUCTION 

FBXW7 is one of the most important human tumor 
suppressor genes, which undergoes deletion and/or 
mutation in cancers from a wide spectrum of human 
tissues, such as breast, colon, endometrium, stomach, 
lung, ovary, pancreas, and prostate [1, 2]. The overall 
frequency of point mutation of FBXW7 in human 
cancers is about 6% [3]. The FBXW7 gene is essential 
for the ubiquitination of different oncoproteins, 
including c-Myc [4, 5], c-Jun [6], cyclin E [7, 8], Notch 
[9, 10],  Klf5  [11, 12],  Mcl-1  [13, 14],  and  Aurora-A 
[15, 16]. Haploinsufficient loss of Fbxw7 is observed in 
most lymphomas in the mouse model, even those  
arising from Fbxw7/p53 double heterozygous mice [17]. 
Similar observations of heterozygous mutations were 
subsequently made in human tumors [18]. These 
findings suggest that loss of only one copy of the gene 
can generate a substantial biological impact. 

The mammalian target of rapamycin, mTOR, is a  
central component of several complex signaling 
networks that regulate cell growth, metabolism and 
proliferation. mTOR signaling is frequently 
dysregulated in a number of human diseases including 
cancer, cardiovascular disease and ageing, and thus has 
become an attractive target for therapeutic intervention. 
We and others have recently shown that mTOR is a 
target of FBXW7 [19-21]. In this study, we investigated 
whether inhibition of mTOR signaling pathway by 
rapamycin was able to prevent the tumor development 
resulted from loss of Fbxw7 in mice. 

 
RESULTS 

Fbxw7-dependent inhibition of mTOR by radiation 
 

Our previous study has shown that Fbxw7 can be 
transcriptionally  activated  by  p53 upon  DNA  damage 
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Figure 1. Radiation inhibits mTOR and its signaling in a FBXW7‐depentend manner. mTOR and its 
signaling was assessed by Western blot assays with antibodies to p‐mTOR (Ser2448), mTOR, p‐S6rp 
(Ser240 and Ser244), S6rp, and β‐Actin. (A) Detection of mTOR and its downstream signaling in 
HCT116 wild type and FBXW7‐/‐ cells at different time points after single dose of 4Gy X‐ray 
radiation. (B) Detection of mTOR and its downstream signaling in thymuses from wild type and 
FBXW7+/‐ mice that were collected at different time points after single dose of 4Gy X‐ray radiation. 

 
 

[17]. Thus we first sought to investigate the changes in 
mTOR signaling pathway after exposure to radiation. 
Western blot analysis showed that, at different time 
points post radiation, there is a decrease in the 
phosphorylation levels of mTOR (p-mTOR) in HCT116 
FBXW7+/+ cells while there is no change in HCT116 
FBXW7-/- cells, which is confirmed by downstream the 
phosphorylation levels of s6 Ribosomal Protein (p-s6rp) 
(Fig. 1A). We also observed a significant increase in 
mTOR and p-mTOR level in HCT116 FBXW7-/- cells 
compared to HCT116 FBXW7+/+ cells, consistent with 
our previous report [19]. These observations were 
further examined using Fbxw7 wild-type (Fbxw7+/+) 
and heterozygous (Fbxw7+/-) mice (Fig. 1B). Loss of 
one copy of Fbxw7 sufficiently blocked the radiation- 
induced decrease in level of total mTOR and p-mTOR 
(Fig. 1B). All these results clearly indicate that  
inhibition of mTOR and its signaling by radiation is 
FBXW7-dependent. 

 
Temporal      rapamycin      treatment delays 
tumorigenesis in Fbxw7/p53 double heterozygous 
(Fbxw7+/-p53+/-) mice, not in p53 single  
heterozygous (p53+/-) mice 

 
Next, we investigated whether temporal mTOR 
inhibition by rapamycin can prevent mice from Fbxw7 
loss-induced tumor development. We decided upon 
administration using 10-week continuous release pellets 
embedded with rapamycin (at dose of 4mg/kg body 
weight/day) to standardize rapamycin treatment.  First 
we examined blood  levels  of  rapamycin  in  the  treated 

mice with this pellet at different time points using liquid 
chromatography-tandem mass spectrometry (details see 
Materials and Methods). We observed that in 
rapamycin-treated mice the average rapamycin level  
was about 20ng/ml and could not be detected at 15 
weeks after pellet implantation, whereas in placebo- 
treated mice rapamycin concentration was always below 
the detection level (Supplementary Fig. S1). Next we 
assessed the biochemical effects of rapamycin by 
measuring the levels of p-s6rp in spleen. Western 
blotting analysis showed that the levels of total s6rp 
were similar between placebo and rapamycin treated 
groups (Fig. 2A). In contrast, we found that rapamycin 
reduced the levels of p-s6rp (Fig. 2A), suggesting that 
the kinase activity of mTOR was inhibited in the 
rapamycin-treated mice in comparison to the placebo- 
treated mice. 

 
In order to investigate whether rapamycin can prevent 
mice from Fbxw7 loss-induced tumor development, 60 
Fbxw7+/-p53+/- mice were treated with a single dose of 
4Gy whole body X-Ray irradiation at about 5-week old 
and were randomly divided into two groups 
(Supplementary Table S1). One week after irradiation, 
one group was treated with the 10-week continuous 
release rapamycin pellets and the other group was 
treated with placebo pellets (details see Materials and 
Methods). As a control, 57 p53+/- mice were treated 
using the same protocol (Supplementary Table S1). We 
found that, in Fbxw7+/-p53+/- mice, temporal 
rapamycin treatment significantly delayed the tumor 
development   (p=0.03)   (Fig.   2B).   In   contrast, such 
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temporal rapamycin treatment is ineffective in p53+/- 
mice (p=0.43), although showing a trend toward delay  
in tumor development in late life (Fig. 2B). Consistent 
with our previous finding [17], placebo-treated 
Fbxw7+/-p53+/- mice developed tumors much earlier 
than p53+/- mice (p=0.014) (Figure 2b). Strikingly, 
rapamycin-treated Fbxw7+/-p53+/- mice were 
equivalent to p53+/- mice in radiation sensitivity (Fig. 
2B). Furthermore, the tumor spectra between placebo- 
and rapamycin-treated mice are similar (Supplementary 
Fig. S2). These results suggested that temporal 
rapamycin treatment fully blocked the contribution of 
Fbxw7 loss to radiation-induced tumor development. 

 
Sustained inactivation of mTOR signaling pathway  
in tumors from mice with temporal rapamycin 
treatment 

 
Next we investigated the effects of temporal rapamycin 
treatment on mTOR signaling in the tumor tissues by 
Western blotting.  Although  there was no  difference  in 

the levels of total s6rp among different genotype and 
treatment groups (p=0.13) (Fig. 3), one consistent 
observation was that tumors from rapamycin treated 
Fbxw7+/-p53+/- mice retained the significantly lower 
average levels of p-s6rp in comparison to those from 
placebo treated Fbxw7+/-p53+/- mice (p<0.001) (Fig. 
3A and B). There are slightly lower average levels of p- 
s6rp in tumors from rapamycin treated p53+/- mice than 
in those from placebo treated p53+/- mice, but not 
significant difference (p=0.12) (Fig. 3B). Interestingly, 
tumors from rapamycin treated Fbxw7+/-p53+/- mice 
showed a similar range of p-s6rp levels as those from 
rapamycin treated p53+/- mice while tumors from 
placebo treated Fbxw7+/-p53+/- mice showed 
significantly higher p-s6rp levels than these  from 
placebo treated p53+/- mice (p<0.001) (Fig. 3B), 
suggesting mTOR activity is elevated when loss of one 
copy of Fbxw7, and this elevation is inhibited by mTOR 
inhibitor, rapamycin. Presumably such inhibition by 
rapamycin subsequently suppresses the contribution of 
Fbxw7 loss to tumor development. 

 
 

 
 
 

Figure 2. Effect of rapamycin on mTOR signaling and radiation‐induced tumor development. (A) Western blotting and 
quantitative analysis of the blots shows decreased p‐s6rp (Ser240 and Ser244) level in spleen when mice treated with 
rapamycin. No change was found in total s6rp. Mean values (± standard deviation) were presented. The p‐values were 
obtained by t‐test. (B) Radiation‐induced tumorigenesis in Fbxw7+/‐p53+/‐ or p53+/‐ mice with 10‐week treatment of 
rapamycin or placebo that was given at 1 week post a single dose of 4Gy X‐ray radiation. Top panel: Kaplan‐Meier  
curves of tumor latency. Bottom panel: The p‐values were obtained from long rank test by Kaplan‐Meier analysis. 
. 
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Figure 3. Inhibition of mTOR signaling sustains in tumors from rapamycin treated mice. (A) Detection of mTOR 
upstream and downstream signaling in the tumors from Fbxw7+/‐p53+/‐ and p53+/‐ mice treated with rapamycin or 
placebo by Western blot assays with antibodies to p‐AKT (Ser473), AKT, p‐S6rp (Ser240 and Ser244), S6rp, Pten, and β‐ 
Actin. (B) Quantitative analysis of the total s6rp and p‐s6rp levels in the blots showed in (A). Mean values (± standard 
deviation) were presented. **indicates p<0.001. (C) Quantitative analysis of the Pten levels in the blots showed in (A). 
Mean values (± standard deviation) were presented. 
. 

 

Another interesting finding was that the protein level of 
Pten had a significant increase in tumors from 
rapamycin treated p53+/- and p53+/-Fbxw7+/- mice 
(Fig. 3C). Especially in those placebo treated p53+/- 
Fbxw7+/- mice,  Pten level was only detected  in one of 

eight tumors. This observation was confirmed by 
immunochemical staining in tumors (Supplementary  
Fig. S3). The possible explanation for this is due to the 
complex feedback loops in mTOR pathway that has 
been reported [22]. 



 
www.aging-us.com                                                                        29                                                                AGING (Albany NY) 

DISCUSSION 
 

Our results demonstrate that mTOR signaling pathway 
is inhibited following radiation exposure, which can be 
explained by that radiation activates p53, in turn p53 
transcriptionally upregulates Fbxw7, subsequently 
Fbxw7 downregulates mTOR through ubiquitination. 
p53 inhibits mTOR through Fbxw7 and subsequently 
prevents cellular senescence [23-25]. This explanation  
is supported by that depletion of Fbxw7 blocks 
radiation-induced mTOR inhibition. Interestingly, a 
recent study shows that PI3K-AKT-mTOR signaling 
pathway is activated in mouse mammary gland at 2 and 
12 months post radiation exposure [26], suggesting  that 
(a) mTOR signaling in different tissues possibly 
responses to radiation differently since we examined 
mTOR signaling in thymuses; and (b) long-term effect 
of radiation on mTOR signaling is possibly different 
from short-term one. Additional experiments are 
required to clarify this difference by systematic 
assessment of mTOR signaling in different tissues and  
at different time points and to examine the mechanisms 
underlying these different responses. It is possible that 
radiation modulates mTOR signaling via p53-Fbxw7 
pathway at earlier time point whereas via different 
pathway(s) at long-term post exposure. 

 
Fbxw7 regulates mTOR via its ubiquitination function 
[19-21]. Depletion of Fbxw7 leads to elevation of 
mTOR signaling, which drives many cell growth 
outputs. Thus we assume that inhibition of mTOR 
activity by rapamycin may act a major brake on tumor 
development in Fbxw7 deficient mice. Indeed, 
Fbxw7+/-p53+/- mice with temporal rapamycin 
treatment after radiation develop tumor same as p53+/- 
mice, while Fbxw7+/-p53+/- mice with temporal  
placebo treatment develop tumor significantly faster 
than p53+/- mice. Even more, tumors from rapamycin 
treated Fbxw7+/-p53+/- mice showed similar mTOR 
signaling as those from rapamycin treated p53+/- mice 
while tumors from placebo treated Fbxw7+/-p53+/- 
mice showed significantly higher mTOR signaling than 
these from placebo treated p53+/- mice. These results 
indicate that rapamycin inhibits mTOR signaling 
pathway and in turn, such inhibition fully suppresses the 
contribution of Fbxw7 loss toward tumor development. 

 
We observed that the same temporal inhibition of  
mTOR pathway could not sufficiently prevent p53+/- 
mice from radiation-induced tumor development. This 
observation is different from the recent report about 
anti-cancer effect of rapamycin in p53+/- mice [27] and 
that cellular senescence of normal cells predispose to 
cancer [28, 29]. This is difference is possibly due to 
rapamycin  treatment  regimen.  In  their  study,  p53+/- 

mice were continuously treated with rapamycin 
beginning at a young age (<5 months) whereas we 
temporally treated p53+/- mice with rapamycin at age 
about 1.5 through 4 months. Other possible reason is 
that they did not use radiation, tumor were spontaneous. 
In our study, mice were irradiated at 5 weeks old, and 
rapamycin treatment was given at 1 week after  
radiation. It is possible that we missed the window of 
prevention since it has been reported that rapamycin is 
better for prevention than treatment [29]. 

 
In conclusion, FBXW7 has emerged as a major human 
tumor suppressor gene that lies at the nexus of several 
pathways which control cell growth, cell differentiation, 
and tumorigenesis, including those mediated by Ras, 
Myc, Jun, p53, Notch and mTor. How the decrease in 
Fbxw7 function results in tumor development remains 
largely unknown. Mutation/loss of the Fbxw7 gene may 
cause impaired degradation of multiple targets, and as a 
result constitutive accumulation of these targets may 
cooperatively contribute to tumor development. Our 
results in this study showed that temporal 
pharmacological inhibition of mTOR pathway after 
radiation was sufficient to suppress the tumor 
development contributed by Fbxw7 loss, suggesting that 
Fbxw7-mTOR pathway plays a major role in this 
radiation-induced carcinogenesis mouse model. 

 
MATERIALS AND METHODS 

Mice, tumor induction, and rapamycin treatment. 
Fbxw7+/- mice was crossed with p53-/- mice to  
generate p53+/- and p53+/-Fbxw7+/- mice. The 5-week 
old p53+/- and p53+/-Fbxw7+/- mice were exposed to a 
single dose of 4Gy whole body X-ray irradiation. One 
week after radiation treatment, mice were randomly 
divided into two groups. One group of mice was treated 
with rapamycin, the other with placebo. The treatment 
was administrated by subcutaneously implanting the 10- 
week continuous release pellets embedded with 
rapamycin or placebo. The rapamycin and placebo  
pellet were purchased from Innovative Research of 
America (Sarasota, Florida USA. Website: 
http://www.innovrsrch.com/). The rapamycin pellet 
released at a dose of 4mg/kg/day based  upon  the 
average mouse weight of 20g. Mice  were  observed 
daily until moribund, then euthanized and autopsied. 
Mice were bred and treated under the protocol approved 
by Animal Welfare and Research Committee at 
Lawrence Berkeley National Laboratory. 

 
Measurement of Rapamycin concentration in blood. 
Whole blood was collected from rapamycin or Placebo 
treated mice by retro-orbital or tail vein bleeding into 
EDTA   tubes   and   stored   at   -70°C   until  analysis. 

http://www.innovrsrch.com/)
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Rapamycin was measured by liquid chromatography- 
tandem mass spectrometry (LC/MS/MS). The standard 
curve range for rapamycin was 1ng/ml to 400ng/ml.  
The standard curve samples were made by spiking  
blank blood with different amounts of rapamycin and 
processed along with the study samples. The blood 
sample (20µl) was diluted with 20µl of water and then 
40µl of 70% acetonitrile was added. 20µl of internal 
standard, rapamycin-d3 (10ng/ml), was added to each 
sample. 100µl of methanol: 0.3M zinc sulfate (70:30) 
(v/v) was added and vortexed for 1min. The mixture  
was centrifuged at 3000 rpm for 10 min. Then the 
supernatant was transferred to an autosampler vial and 
5µl was injected to the following LC/MS/MS system. 
The mass detector was an API 5000 triple quadrapole 
(Applied Biosystems, Foster City, CA), equipped with a 
Turbo Ion Spray source. The system was set in positive 
ionization mode. The ion spray voltage was 5500V and 
the source temperature was 400°C. The values for CAD, 
CUR, GS1, and GS2 were 8, 20, 75, and 75 
respectively. The multiple reaction monitor was set    at 
931.8 – 864.7 m/z for rapamycin and 934.8 – 864.7 m/z 
for Sirolimus-d3. The values for DP, EP, CE, CXP were 
80, 10, 22, and 45 respectively for rapamycin and 
Sirolimus-d3. A Shimadzu system was used for the 
HPLC, consisting of a pump, solvent degasser, 
autosampler and column oven. The column oven was 
set to 50°C and the autosampler was set to 4°C. The 
mobile phase, consisting of 65 % acetonitrile, 0.05 % 
formic acid containing 1mM ammonium acetate, was 
pumped through a Hypersil BDS C8 (3 x 50 mm, 5 µm 
particle size) column with a flow rate of 0.40 ml/min. 
Data was acquired and processed by Analyst 1.5.1 
software. 

 
Antibody and Immunoblotting. Western blot assays 
were performed with antibodies to phospho-mTOR 
(Ser2448), mTOR, phospho-S6 ribosomal protein at 
Ser240 and S244 (p-s6rp), s6 ribosomal protein (s6rp), 
phospho-AKT (S473), AKT, Pten, and beta-Actin. All 
antibodies were purchased from Cell Signaling 
Technology (Danvers, MA, USA). 

 
Spleen tissue was  dissected  from  mice  that  had  been 
implanted  a  rapamycin  pellet   for  5  weeks.   Thymic 
lymphomas were collected and stored  at  -80oc. Tissues 
were minced by blue pestle  using  M-PER  lysis  buffer 
(Pierce) supplemented with protease  inhibitor  cocktail 
(Roche), 10μM  phenylmethylsulfonyl  fluoride,  and  1 
mM sodium orthovanadate. Protein extract  was 
separated   on  10%   SDS-PAGE  electrophoresis  gels. 
Proteins  were  transferred  to   Hybond  P   membranes 
(Amersham, Piscataway, NJ). Nonspecific  bands  were 
blocked   in   5%   non-fat  milk   for  1  hour  at   room 
temperature and then  in appropriate  primary  antibody 

overnight at 4°C. After incubating with a horseradish 
peroxidase-linked secondary antibody, proteins were 
visualized by enhanced chemiluminescence 
(Amersham). Images were digitally acquired using an 
HP ScanJet 5200C Scanner and quantified using 
AlphaEaseFC image analysis software. 

 
Statistical Analysis. Comparison of Pten level, total  
s6rp and p-s6rp levels in either normal tissues or thymic 
lymphomas between treatment and genotype groups  
was carried out by the two-tailed Student’s t test or 
ANOVA. The Kaplan–Meier method was used to 
compare the tumor development after irradiation of  
mice between different treatments and genotypes. 
Statistical analysis was performed using SPSS    version 
12.0 (SPSS, Chicago, IL). 
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SUPPLEMENTARY DATA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure S2. Tumor spectrum in placebo 
or rapamycin treated Fbxw7+/‐ p53+/‐ or p53+/‐ mice. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure S1. Rapamycin levels in blood were measured 
by liquid chromatography‐tandem mass spectrometry (LC/MS/MS) at 
different time points after rapamycin pellet implantation. 
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Supplementary Figure S3. Immunohistochemical staining of Pten in tumor from 
placebo or rapamycin treated Fbxw7+/‐ p53+/‐ mice. 
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Abstract: Chronic treatment of mice with an enterically released formulation of rapamycin (eRapa) extends median and 
maximum life span, partly by attenuating cancer. The mechanistic basis of this response is not known. To gain a better 
understanding of these in vivo effects, we used a defined preclinical model of neuroendocrine cancer, Rb1+/‐ mice. Previous 
results showed that diet restriction (DR) had minimal or no effect on the lifespan of Rb1+/‐ mice, suggesting that the 
beneficial response to DR is dependent on pRb1. Since long‐term eRapa treatment may at least partially mimic chronic DR 
in lifespan extension, we predicted that it would have a minimal effect in Rb1+/‐ mice. Beginning at 9 weeks of age until 
death, we fed Rb1+/‐ mice a diet without or with eRapa at 14 mg/kg food, which results in an approximate dose of 2.24 
mg/kg body weight per day, and yielded rapamycin blood levels of about 4 ng/ml. Surprisingly, we found that eRapa 
dramatically extended life span of both female and male Rb1+/‐ mice, and slowed the appearance and growth of pituitary 
and decreased the incidence of thyroid tumors commonly observed in these mice. In this model, eRapa appears to act 
differently than DR, suggesting diverse mechanisms of action on survival and anti‐tumor effects. In particular the beneficial 
effects of rapamycin did not depend on the dose of Rb1. 

 
 

INTRODUCTION 

Age is by far the biggest independent risk factor for a 
wide range of intrinsic diseases [1], including most  
types of cancer [2]. The age-adjusted cancer mortality 
rate for persons over 65 years of age is 15-times  greater 

 
than for younger individuals [3]. Numerous studies 
demonstrate that age retarding interventions reduce 
cancer by decreasing incidence and/or severity 
(Reviewed in [4]). Diet restriction (DR) has a long 
history of  retarding  cancer [5]   and  most  of  the other 
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age-associated diseases [6], consistent with life span 
extension in a wide range of organisms [7]. Genetic 
interventions resulting in pituitary dwarfism in mice, 
which causes growth factor reduction (GFR) and a 
reduction in associated signaling, also result in 
maximum lifespan extension [8], with a concomitant 
reduction in cancer severity [9, 10]. Thus, factors that 
inhibit growth appear to extend life span and reduce 
cancer. 

 
mTORC1 (mechanistic Target of  Rapamycin  Complex 
1) is central to cell growth by integrating upstream 
signals that include nutrients, growth factors and energy 
levels with stress responses for regulated cell growth. 
Thus, chronic mTORC1 inhibition could act similarly to 
DR and GFR. Supporting this possibility, the mTOR 
inhibitor rapamycin, increases life span in a variety of 
organisms including yeast [11], nematodes [12] and  
flies [13]. Using a chow containing a novel formulation 
of enterically delivered rapamycin (eRapa [14]), the  
NIA Intervention Testing Program [15] reported that 
long-term treatment extends both median and maximum 
lifespan of genetically heterogeneous mice (UM- 
HET3), even when started in late adulthood (20 months 
of age) [16], or at 9 months of age [17]. eRapa is the  
first drug reported to be capable of extending both 
median and maximum lifespan. 

 
One explanation for the lifespan enhancement by  
eRapa is that chronic mTOR inhibition delays the onset 
and growth of neoplasms. Indeed, chronic eRapa (2.24 
mg/kg/day diet) treatment reduced the incidence of 
lymphoma and hemangiosarcoma (two major cancers in 
the genetically heterogeneous mice studied by the ITP), 
and increased the mean age at death due to liver, lung 
and mammary tumors [16, 17]. Alternate possibilities are 
that the immune systems of treated mice better defend 
against their cancers or that the mice simply tolerate them 
longer. What is the basis of eRapa’s ability to reduce 
cancer, and how does it compare toDR? 

 
To gain an understanding of how chronic eRapa 
treatment compares with DR and affects cancer 
development, growth and progression, we used a mouse 
model  deficient  in  the  prototypical  tumor  suppressor, 

Rb1. Rb1 regulates cell cycle checkpoints for 
differentiation and in response to stress and is important 
for genome maintenance [18]. Rb1+/- mice are highly 
predisposed to cancers of neuroendocrine origin [19] 
including pituitary (intermediate and anterior lobe), 
thyroid C-cell (which can metastasize to lung), and 
adrenal. Tumorigenic cells form after losing the 
remaining functional copy of the Rb1 tumor suppressor 
gene. The complete penetrance of tumor formation, 
growth and  progression  results in  a  short  lifespan for 
Rb1+/- mice, which, unlike wild type mice, is minimally 
affected by diet restriction [20]. If eRapa acts in a 
similar manner to DR [16], we predicted that chronic 
eRapa treatment of Rb1+/- mice would also  have 
minimal    effects    on    tumor    development,  growth, 
progression and life span. Surprisingly we find that 
eRapa treatment has a dramatic and positive effect on 
life span in both sexes of Rb1+/- mice, which is 
associated with slower tumor development and growth. 

 
RESULTS 

 
To address the question of whether eRapa mimics DR  
in mice deficient for a prototypical tumor suppressor 
gene function, we initiated chronic treatment by feeding 
randomly grouped males and females chow that 
included either eRapa at the concentration previously 
shown to extend life span (14 mg/kg food), [16, 17] or 
Eudragit (empty capsule control). Treatment was begun 
at approximately 9 weeks of age (>80% of animals 
started between 8-10 weeks (minimum at 7 weeks and 
maximum at 12 weeks, Table S1). Mice continued on 
these diets for the remainder of their lives. Based on the 
average amount of chow consumed per day, this  
delivers an approximate rapamycin dose of 2.24 mg/kg 
body weight/day [16]. Blood levels of rapamycin 
(determined  by  a   mass  spectrometry)  averaged    3.9 
ng/ml for males, 3.8 ng/ml for females for Rb1+/- mice 
and 3.4 for males and 4.6 ng/ml for females for Rb1+/+ 

mice (Figure S1). Hematocrits were performed on blood 
from Rb1+/+ mice between 18 and 24 months of  age and 
readings indicated normal values for mice  (between  40 
and  49%),  indicating  that  long-term  eRapa  treatment 
does not adversely effect red blood cell production (data 
not included). 

 
 

Table 1. eRapa effects on survival of Rb1+/‐ mice 

 
eRapa 

Sex 

Coefficient 

-1.3177 

0.1693 

Hazard Ratio  SE 

0.2678 0.2400 

1.1844 0.2144 

z P 

-5.4909 0.00000004 

0.8005 0.42344718 
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Figure 1. Survival plots for male and female Rb1+/– (A) and  Rb1+/+ (B)  mice,  comparing   control‐fed  mice  to 
those fed eRapa in the diet starting at approximately 9 weeks of age (indicated by arrow). Control  (black line) 
and eRapa (red line) survival curves are shown. The horizontal axes represent life span in days and the vertical 
axes represent survivorship. Rb1+/‐ mice obtained from  the NCI  Mouse  Repository were bred by  the  Nathan 
Shock animal core to obtain the cohorts of male and female mice used in this study. Genotype was confirmed 
as previously described [20]. eRapa mice were fed microencapsulated  rapamycin‐containing  food  (14mg/kg 
food designed to deliver approximately 2.24mg of rapamycin per kg body weight/day that achieved  about  4 
ng/ml blood [14]. Diets were prepared by TestDiet, Inc., Richmond, IN  using  Purina  5LG6  as  the  base  [14]. 
Control diet was the same but with empty capsules. P values in (B) were calculated by the log‐rank test. 

 
 
 
 

eRapa extended life span of Rb1+/- mice 
 

Unlike most mouse models of cancer [5], 50% DR had 
little (if any) effect on the development, growth and 
progression of neuroendocrine tumors or on life span of 
Rb1+/- mice [20]. Since rapamycin has been predicted to 
act in a similar way to DR [16], we investigated if  
eRapa would also have little effect in this model. In 
stark contrast to DR, Figure 1A shows that Rb1+/- males 
and females derive a significant longevity benefit  from 
chronic treatment with eRapa. The Eudragit control-fed 
mice had a shorter mean life span than the eRapa-fed 
cohort for both females (377.5 versus 411 days) and 
males (mean  age is 368.8 versus  419.8 days).   Sex did 

not modulate the effect of eRapa on Rb1+/- animals 
(Table 1). 

 
Male and female Rb1+/+ littermates of the Rb1+/- mice 
were also fed eRapa or control diets to ensure that this 
particular mutant strain (with a C57BL/6 background) is 
responsive to rapamycin. Once all Rb1+/- mice had died 
and the effects of eRapa were evident, the Rb1+/+ 

littermates were euthanized. At this time, as expected, 
eRapa improved survival for both male and female Rb1+/+ 

mice as well (Fig. 1B). Similar to the previous results  
from the Intervention Testing Program eRapa experi- 
ments [16, 17], lifespan was extended more in females 
than in males (Table 2) in wild type (WT) littermates. 
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Table 2. eRapa effects on survival of Rb1+/+ mice 

 

eRapa 

Sex 

Coefficient   Hazard Ratio 
 

-0.9305 0.3943 
 

-1.2818 0.2775 

SE 
 
0.3631 

 
0.3840 

z 
 

-2.5625 
 

-3.3382 

P 
 

0.01039082 
 
0.00084312 

 
 
 

Table 3.  Pathology of Rb1+/‐ mice at necropsy 

 Eudragit eRapa 

Tumor Incidence   

Pituitary 97.5% (40) 100%a (39) 

Thyroid 90.0% (40) 66.7%b (39) 

Thyroid with lung metastases 37.5% (40) 28.2%c (39) 

Thyroid with adrenal metastases 2.5% (40) 7.7%d (39) 

Adrenal 30.0% (40) 23.1%e (39) 

a, p = 0.9858, b, p = 0.0112; c, p = 0.3859; d, p = 0.5472, e, p =  0.4925 
Two tailed, unpaired t test, GraphPad Prism. 

 
 

eRapa effects on tumor incidence at the end of life 

At necropsy, Rb1+/- mice were evaluated for the presence 
of neuroendocrine tumors and lung metastases. As shown 
in Table 3, there were no differences in the eRapa and 
Eudragit control groups in terms of presence of pituitary 
tumors (although we did observe a delay in  their 
detection and reduction in size by magnetic resonance 
imaging (MRI), discussed below). We did observe a 
decreased incidence of thyroid C-cell carcinomas in   the 
eRapa treated group of Rb1+/- mice (p = 0.0112).  Except 
for the modest decrease in thyroid tumors, this tumor 
spectrum is similar to Rb1 heterozygotes treated with DR 
compared to those fed ad libitum [20]. Along with the 
decrease in thyroid C-cell tumors, eRapa also tended to 
reduce the incidence and severity of C-cell lung 
metastases (Table 4). Thus mice have a decreased cancer 
burden and live with tumors longer. 

 
eRapa delayed tumor development and slowed growth 

 
Is delayed and/or reduced tumor growth the basis of life 
span extension by eRapa in this model? To address this 
question, we took advantage of the synchronous (spatial 
and temporal) development of tumors in this model 
Nikitin et al. [19, 21]. Rb1-deficient cells are first 
identified as atypical proliferates in the intermediate and 

anterior lobes of the pituitary, thyroid and parathyroid 
glands and the adrenal medulla at about 12 weeks of 
postnatal development. Atypical proliferates eventually 
form gross tumors with varying degrees of malignancy 
by postnatal day 350. Since we started treatment at 
around 8 weeks of age, eRapa might have an effect on 
the initiating events leading to loss of heterozygosity 
and/or subsequent formation of atypically proliferating 
cells. Perhaps more likely, eRapa slows growth and 
development of proliferates to gross tumors, which had 
probably begun at or around the time treatment was 
started. To test this latter possibility, we used MRI to 
follow  pituitary  and  thyroid   tumor  development  and 
growth in a subset of eRapa-treated Rb1+/- mice (8  mice 
per treatment group were imaged between 1 and 4 times 
up to twice a month). MRI is well suited for following 
head and neck tumors that correspond to the primary 
tumor types Rb1+/– mice develop. An initial cohort was 
used to identify the best timeframe for MRI scans. For 
this, 6 female Rb1+/+ mice (3 per group) and 10 Rb1+/– 

mice (3 per group in males and 2 per group in females) 
were imaged in a single session or with 2 serial scans. 
This  study  indicated  the  ideal  timeframe  to     image 
pituitary tumors was a window between 9 and 12 
months of age, which covers the time from initial 
detection through monitoring tumor growth. 
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Figure 2. Effects of eRapa on pituitary and thyroid   tumor  development  and  growth.  To  identify  effects   on  
tumors, we used MRI as a non‐invasive method to longitudinally monitor individual Rb+/‐  mice.   High ‐ resolution 
images were obtained on a very high field strength Bruker Pharmascan 7.0T animal MRI  scanner  using  a  coil  to 
focus on pituitary and thyroid tumors. Images were acquired using a spoiled gradient echo named Fast low  angle 
shot MRI (FLASH) on the scanner. Images were acquired to yield predominantly T1 weighted contrast with TE 
(echo time) 4.5 msec, TR (repetition time) 450 msec, FA (Flip angle) 40 degrees, FOV (field of view) 20 x 20 mm, in 
plane spatial  resolution  0.078  x 0.078 mm.  Tumor  volume  was  determined  for  each  time  point.  (A)  Serially 
acquired MRI images from eRapa and Eudragit‐fed control mice at 9, 11 and 12 months of age. (B) Tumor volumes 
calculated from MRI image stacks at each time point comparing individual mice at multiple ages. Tumors in two of 
the Eudragit‐fed (control) mice are detected earlier and grow faster than the 3 eRapa‐fed mice. 

 
 

Age matched Rb1+/– females (3 per group) were scanned 
using MRI at 9, 11 and 12 months of age (Figure 2A 
shows sagittal plane sections of the serially acquired 
MRI images through the pituitary of eRapa and  
Eudragit treated mice). Calculated volumes based on the 
MRI image stacks (analyzed blind by a single 
radiologist, RLH) were plotted versus age at the date  of 

imaging. In concert with extended longevity, the 
detection of pituitary tumors was delayed with a 
decrease in their growth in the eRapa-treated mice. 
Figure 2B shows that eRapa delayed development  
and/or reduced  tumor growth at each time  point  when 
mice were imaged. More Rb1+/- mice had detectable 
tumors  identified  during  two  separate   MRI   imaging 
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sessions from the Eudragit control cohort (4 pituitary and 
2 thyroid tumors out of 8 mice in March 2011 scan and 7 
pituitary and 4 thyroid tumors out of 8 mice  in April  
2011 scan) compared to the mice eRapa-fed cohort (1 
pituitary and 0 thyroid tumors out of 8  mice in    March 

2011 scan and 2 pituitary and 3 thyroid tumors out of 8 
mice in April 2011 scan). Longitudinal monitoring 
allowed us to conclude that chronic rapamycin delays 
both the development of visible tumors and inhibited the 
growth of tumors once they were present. 

 
 

Table 4. Incidence and pathology of Rb1+/‐ lung metastases 

 Eudragit 
Males Females 

eRapa 
Males Females 

Grade 

0 

 

6 

 

6 

 

5 

 

11 

1 1 1 1 3 

2 3 7 1 2 

3 1 1 1 2 

4 0 1 0 0 

Total (Gr 1-4) 5 10 4 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Summary of eRapa effects in the Rb1+/‐ model 
of neuroendocrine tumorigenesis. Our MRI data are 
consistent with a delay of tumor development perhaps 
by inhibition of atypical proliferates and reduction in 
tumor growth. eRapa may inhibit lung metastasis and 
slow their growth. 
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DISCUSSION 
 

In mice, pRb1 is critical for DR-mediated lifespan 
extension [20], but not rapamycin-mediated life span 
extension. It is unclear why this is the case, since both  
of these interventions chronically inhibit mTORC1 [22]. 
However, differences in the downstream in vivo effects 
of DR and rapamycin have been previously reported 
[22]. As previously described by Harrison et al. [16], a 
distinguishing feature of eRapa is its ability to extend 
median and maximum life when the intervention starts 
at a relatively old age (600 days) in mice. By 
comparison, DR in most [23] but not all [24] reports 
shows little if any longevity benefit when started after 
550 days of age (equivalent to 60 human years). DR 
started  at  6  weeks  of  age  reduced  body  growth  for 
Rb1+/- mice but did not affect growth of Rb1-/- tumors 
[20]. In contrast to DR, chronic eRapa treatment did not 
affect   body   weight   of   Rb1+/-   mice  (Livi   et  al.,  in 
preparation),   but  did  reduce  tumor  growth.  Previous 
studies in fruit flies  show  that  rapamycin  extends  life 
span   through   a   mechanism   that  is   at   least  partly 
independent of TOR [13]. Consistent with those  results, 
we find that eRapa, but not DR, extended life  span  and 
reduced  the  growth  of  neuroendocrine  tumors  in the 
Rb1+/- model. It will be interesting to determine if pRb1 
might be at least partially involved in those settings 
where responses to chronic eRapa and DR diverge. 

 
Based  on  the  longitudinal  imaging  data  acquired  by 
MRI (Figure 2), eRapa appears to inhibit Rb1-/- pituitary 
tumor  development and growth in Rb1+/-   mice 
(summarized in Figure 3), which is likely a major factor 
in its ability to extend lifespan in this  model.  Since  we 
started  eRapa  at between 2  and  3  months  of   age,  it 
would   be  interesting   to   know   if   it  affects loss of 
heterozygosity   (LOH)   (Figure 3)   in   neuroendocrine 
tissues.  The  significant  reduction  in  the  incidence  of 
thyroid C-cell carcinoma at necropsy in eRapa treated 
Rb1+/- mice (Table 3) also likely contributes to extended 
longevity. We also observed  an  apparent  lessening  of 
severity in lung metastases  (Table 4),  but  this  may  be 
due to  overall reduction  of C-cell  carcinomas. 
Metastasis of these to tumors to the adrenal (Table 3) 
has, to our knowledge, not been previously reported. A 
recent report linked an increase in metastasis with 
RAD001 treatment in a rat model of transplanted 
neuroendocrine tumors, which the authors attributed to 
alternations in tissue immune microenvironment [25]. 
Since RAD001 treatment was started subsequent to 
tumor implantation, it might be interesting to test this 
model in a prevention rather than treatment setting. 

 
Two reports have linked pRb1 and mTOR. A genetic 
study in D. melanogaster established  synergy  between 

deletion of mTOR and pRb1 using an in vivo synthetic 
lethality screen of Rb-negative cells [26]. These authors 
found that inactivation of gig (fly TSC2) and rbf (fly  
Rb) is synergistically responsible for oxidative stress 
leading to lethality. In a separate study, El-Naggar et al., 
[27] found that loss of the Rb1 family (Rb1, Rbl1 and 
Rbl2) in primary cells derived from triple-knockout 
mice led to overexpression of mTOR and constitutive 
phosphorylation of Ser473 on Akt , which is oncogenic. 
The inhibition of tumor development and growth in 
Rb1+/- mice by eRapa is also consistent with a recent 
report    showing    that    mTOR    inhibition     partially 
alleviated tumor development in an RbF/F;K14creERTM

 

;p107-/- model of squamous cell carcinoma  [28], and 
with several reports demonstrating the effectiveness   of 
rapamycin in mouse cancer models for tumor reduction 
and life span extension [29-31]. Potential mechanism 
may be by way of indirect effects or rapamycin on the 
tumor microenvironment [32] and/or senescent cells 
[33]. 

 
The reduction in lung metastases is consistent with 
ribosome profiling that revealed transcript-specific 
translational control mediated by oncogenic mTOR 
signaling, including a distinct set of pro-invasion and 
metastasis genes [34]. It will  be  interesting  to 
determine whether chronic eRapa  treatment  affects 
these genes in thyroid C-cell neoplasms. We also 
observed metastasis of thyroid tumors to adrenal glands, 
albeit at a low frequency but eRapa treatment did not 
effect. 

 
Neuroendocrine tumors are unique in their ability to 
secrete hormones or deleterious bioactive products [35]. 
It was previously reported that the rapalog Everolimus 
(RAD-001) in combination with ocreotide lanreotide 
(compared to placebo) improved the clinical picture of 
carcinoid patients by reducing circulating chromogranin 
A and 5-hydroxyindoleacetic acid, two tumor-secreted 
bioactive products responsible for some of  the 
symptoms [36]. Thus, another potential mechanism for 
life span extension in Rb1+/- mice by eRapa could be   
due the prevention of the production and/or secretion of 
hormones or deleterious bioactive factors. 

 
Rb1 is known to have an important role in somatic 
growth regulation, since increased RB1 dose reduced 
animal size [37]. Determining if there is a link between 
Rb1 (a negative regulator of growth) and mTORC1 (a 
positive regulator of growth) in growth of tumors could 
suggest new therapeutic and prevention targets for drug 
development. One prediction is that mice over 
expressing pRb1 will have decreased mTOR activity 
and be long lived through prevention, delay or a 
reduction in severity of age-related diseases. 
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Here we show that eRapa extends the life span for  
Rb1+/- mice. We find eRapa-fed mice exhibit a delay in 
the onset and/or progression of neuroendocrine tumors. 
These results are in direct contrast with DR. Thus, 
mTORC1 inhibition and DR likely use different modes 
for life span extension. 

 
METHODS 

Mice and life span. Mice (strain B6.129S2(Cg)- 
Rb1tm1Tyj ) for breeding were obtained from the NCI 
MMHCC Repository. Although they have similar 
phenotypes, the strain used in the diet restriction study 
by Sharp et al., [20] was different having been  
generated by Lee et al [38]. The procedures and 
experiments involving use of mice were approved by  
the Institutional Animal Care and Use Committee and 
are consistent with the NIH Principles for the  
Utilization and Care of Vertebrate Animals Used in 
Testing, Research and Education, the Guide for the Care 
and Use of Laboratory Animals and the Animal Welfare 
Act (National Academy Press, Washington, DC). 
Genotyping was done as described previously [20]. 
Cohorts of mice were fed microencapsulated 
rapamycin-containing food (14 mg/kg food designed to 
deliver ~2.24 mg of rapamycin per kg body weight/day 
to achieve about 4 ng/ml of rapamycin per kg body 
weight/day) prepared by TestDiet, Inc., Richmond, IN 
using Purina 5LG6 as the base [14]. Control diet was  
the same but with empty capsules. 

 
Rapamycin food concentration. Rapamycin was 
quantified in food using HPLC with tandem mass 
spectrometry detection. Briefly, 100 mg of food for 
spiked calibrators and unknown samples were crushed 
with a mortar and pestle, then vortexed vigorously with 
10 µL of 250 µg/mL ASCO (internal standard) and 4.0 
ml of mobile phase A. The samples were then 
mechanically shaken for 10 min, centrifuged for 10 min, 
and then centrifuged in microfilterfuge tubes for 1 
minute. Ten µL of the final extracts was injected into  
the LC/MS/MS. The ratio of the peak area  of  
rapamycin to that of the internal standard (response 
ratio) was compared against a linear regression of 
calibrator response ratios at rapamycin concentrations  
of 0, 2, 5, 10, 30, and 60 ng/mg of food to quantify 
rapamycin. The concentration of rapamycin in  food  
was expressed as ng/mg food (parts per million). 

 
Rapamycin blood measurements. Measurement of 
rapamycin used HPLC-tandem MS. RAPA and 
Ascomycin (ASCO) were obtained from LC 
Laboratories (Woburn, MA). HPLC  grade  methanol 
and acetonitrile were purchased from Fisher (Fair Lawn, 
NJ).   All  other  reagents  were  purchased  from Sigma 

Chemical Company (St. Louis, MO).  Milli-Q  water 
was used for preparation of all solutions. RAPA and 
ASCO super stock solutions were prepared in methanol 
at a concentration of 1 mg/ml and stored in aliquots at - 
80oC.  A working stock solution prepared each day from 
the super stock solutions at a concentration of 10 µg/ml 
was used to spike the calibrators. 

 
Calibrator and unknown whole blood samples (100 µL) 
were mixed with 10 µL of 0.5 µg/mL ASCO (internal 
standard), and 300 µL of a solution containing 0.1% 
formic acid and 10 mM ammonium formate dissolved  
in 95% HPLC grade methanol. The samples were 
vortexed vigorously for 2 min, and then centrifuged    at 
15,000 g for 5 min at 23oC (subsequent centrifugations 
were performed under the same conditions). 
Supernatants were transferred to 1.5 ml  microfilterfuge 
tubes and centrifuged at 15,000 g for 1 min and then 40 
µL of the final extracts were injected into the 
LC/MS/MS. The ratio of the peak area of rapamycin to 
that of the internal standard ASCO (response ratio) for 
each unknown sample was compared against a linear 
regression of calibrator response ratios at 0, 1.25,  3.13, 
6.25, 12.5, 50, and 100 ng/ml to quantify rapamycin. 

 
The HPLC system consisted of a Shimadzu SCL-10A 
Controller, LC-10AD pump with a FCV-10AL mixing 
chamber      (quarternary      gradient), SIL-10AD 
autosampler, and an AB Sciex API 3200 tandem mass 
spectrometer with turbo ion spray. The analytical 
column was a Grace Alltima C18 (4.6 x 150 mm, 5 µ) 
purchased from Alltech (Deerfield, IL) and was 
maintained at 60oC during the chromatographic runs 
using a Shimadzu CTO-10A column oven.  Mobile 
phase A contained 10 mM ammonium formate and  
0.1% formic acid dissolved in HPLC grade methanol. 
Mobil phase B contained 10 mM ammonium formate 
and 0.1% formic acid dissolved in 90% HPLC grade 
methanol. The flow rate of the mobile phase was 0.5 
ml/min.   Rapamycin  was  eluted  with  a  step gradient. 
The column was equilibrated with 100% mobile   phase 
B. At 6.10 minutes after injection, the system was 
switched to 100% mobile phase A. Finally, at 15.1 min, 
the system was switched back to 100% mobile phase B 
in preparation for the next injection. The rapamycin 
transition was detected at 931.6 Da (precursor ion) and 
the daughter ion was detected at 864.5 Da. ASCO was 
detected at 809.574 Da and the daughter ion was 756.34 
Da. 

 
Survival Analysis Methods. An entry for each mouse in 
the study was created in a database used by the Nathan 
Shock Animal core. The age at which each animal died 
was recorded. Survival durations for animals that either 
lived past the end-date of the study, were terminated,  or 
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died accidentally were treated as right-censored events. 
Cox proportional hazard models [39] were fitted to the 
wild type and Rb1+/- subsets of the data, with eRapa and 
gender as additive predictor variables.  Some  animals 
were transferred to a different facility part-way through 
their life spans so the final facility at which they were 
housed was also added to the Cox models, as a stratifying 
variable. The R statistical language was used for the 
analysis [40, 41]. The mice in the life span studies were 
allowed to live out their life span, i.e., there was no 
censoring due to morbidity in the groups of mice used to 
measure lifespan of Rb1+/- mice. Mice were euthanized 
only if they were either (1) unable to eat or drink, (2) 
bleeding  from a tumor  or other  condition, or (3)   when 
they were laterally recumbent, i.e., they fail to  move  
when prodded or are unable to right themselves. 

 
MRI Methods. Images were acquired on a Bruker 
Pharmascan 7.0T MRI scanner.  Images were  obtained 
in the sagittal plane through the brain and coronal plain 
through the neck (focused on the thyroid gland) using 
2D spoiled gradient echo technique to quickly obtain 
high-resolution images (fast low angle shot magnetic 
resonance imaging - FLASH on our scanner). FLASH 
protocol was TE/TR 5 msec/450msec, Averages 1, Flip 
angle 40 deg, Field of view 20 mm x 20 mm, matrix  
size 256x256, In plane resolution was 0.078 x 0.078 
mm, slice thickness 0.5 mm. The FLASH sequence 
shows predominantly T1 weighted image contrast. A 
single blinded radiologist (RLH) evaluated images for 
the presence and tumor volume used to plot detection 
and growth data. Images were analyzed using an open 
source   image   processing   software,   OsiriX,  version 
2.7.5. The pituitary gland was identified on all images 
and volume was calculated by measuring the greatest 
anterior-posterior, cranial-caudal, and right-left length. 
Volumes were then determined using prolate ellipse 
formula. Data were then parsed by treatment group and 
plotted in Prism (GraphPad). 

 
Procedures for examination of pathology in mice. Fixed 
tissues (in 10% neutralized formalin) were embedded in 
paraffin, sectioned at 5 µm, and stained with 
hematoxylin-eosin. Diagnosis of each histopathological 
change was made using histological classifications for 
aging mice as previously described [9, 20, 42, 43]. 

 
Pathology assessments. A list of lesions was compiled 
for each mouse. The severity of neoplastic lesions was 
assessed using the grading system previously described 
[9, 20, 42, 43]. Two  pathologists separately examined 
all of the samples without knowledge of their genotype 
or age. Briefly, lung pathology grade is based on the 
area of the lung section infiltrated by metastatic   tumor 

tissue with 0 being no tumor cells observed and 4 being 
the largest area taken by tumor. 
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SUPPLEMENTARY DATA 
 
 

Table S1.  Age (weeks) at treatment initiation 

 Rb1+/- Rb1+/+ 

Diet Start Range #Mice % # Mice % 
7-8 7 7.2 11  11.2 

8-9 49 50.5 47  48.0 

9-10 40 40.3 39  48.0 

12 1 1.0 1 1.0 

Average 8.9 8.8 

Youngest 7.0 7.0 

Oldest 12.0 12.0 

 
 

 
Figure S1. Rapamycin levels were quantified as described in Methods. The concentration of 
rapamycin was expressed as ng/ml of whole blood. 
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Abstract: Two different mechanisms are considered to be the primary cause of aging. Cumulative DNA damage caused by 
reactive oxygen species (ROS), the by‐products of oxidative phosphorylation, is one of these mechanisms (ROS concept). 
Constitutive stimulation of mitogen‐ and nutrient‐sensing mTOR/S6 signaling is the second mechanism (TOR concept). The 
flow‐ and laser scanning‐ cytometric methods were developed to measure the level of the constitutive DNA damage/ROS‐ 
as well as of mTOR/S6‐ signaling in individual cells. Specifically, persistent activation of ATM and expression of γH2AX in 
untreated cells appears to report constitutive DNA damage induced by endogenous ROS. The level of phosphorylation of 
Ser235/236‐ribosomal protein (RP), of Ser2448‐mTOR and of Ser65‐4EBP1, informs on constitutive signaling along the 
mTOR/S6 pathway. Potential gero‐suppressive agents rapamycin, metformin, 2‐deoxyglucose, berberine, resveratrol, 
vitamin D3 and aspirin, all decreased the level of constitutive DNA damage signaling as seen by the reduced expression of 
γH2AX in proliferating A549, TK6, WI‐38 cells and in mitogenically stimulated human lymphocytes. They all also decreased 
the level of intracellular ROS and mitochondrial trans‐membrane potential ΔΨm, the marker of mitochondrial energizing as 
well as reduced phosphorylation of mTOR, RP‐S6 and 4EBP1. The most effective was rapamycin. Although the primary 
target of each on these agents may be different the data are consistent with the downstream mechanism in which the 
decline in mTOR/S6K signaling and translation rate is coupled with a decrease in oxidative phosphorylation, (revealed by 
ΔΨm) that leads to reduction of ROS and oxidative DNA damage. The decreased rate of translation induced by these  
agents may slow down cells hypertrophy and alleviate other features of cell aging/senescence. Reduction of oxidative DNA 
damage may lower predisposition to neoplastic transformation which otherwise may result from errors in repair of DNA 
sites coding for oncogenes or tumor suppressor genes. The data suggest that combined assessment of constitutive γH2AX 
expression, mitochondrial activity (ROS, ΔΨm) and mTOR signaling provides an adequate gamut of cell responses to 
evaluate effectiveness of gero‐suppressiveagents. 

 

INTRODUCTION 

The cumulative DNA damage caused by reactive 
oxygen species (ROS), by-products of oxidative 
phosphorylation, for long time has been considered to  
be a key factor contributing both to cell aging as well as 
predisposing to neoplastic transformation [1-12]. 
Oxidative DNA damage generates significant number of 
DNA   double-strand   breaks  (DSBs),   the  potentially 

 
deleterious lesions. DSBs can be repaired either by the 
homologous recombination or nonhomologous DNA- 
end joining (NHEJ) mechanism. Recombinatorial repair 
which uses newly replicated DNA as a template restores 
DNA rather faithfully. It can take place however when 
cells have already the template, namely during late-S 
and G2 phase. In the cells that lack a template (G1, early- 
S) DNA repair relies on the NHEJ which is error- prone 
due  to  a  possibility  of   a   deletion  or  rearrangement 
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of some base pairs [13-17]. If the erroneously repaired 
DSBs are at sites of oncogenes or tumor suppressor 
genes this may result in somatic mutations that 
predispose cell to oncogenic transformation. Oxidative 
damage of telomeric DNA may lead to dysfunction of 
telomeres thereby driving cells to undergo replicative 
senescence [18-30]. 

 
Whereas DNA damage induced by endogenous (and 
exogenous) oxidants may indeed significantly contribute 
to cancer development its role as being the key factor 
accountable either for cellular or organismal aging is 
debatable [31-40]. There is growing body of evidence in 
support of the notion that the primary culprit of aging is 
the constitutive stimulation of the mitogen- and nutrient- 
sensing signaling pathways. Activation of these pathways 
enhances translation, leads to cell growth in size/mass 
and ultimately results in cell hypertrophy and senescence. 
Among these culprit pathways the mammalian target of 
rapamycin (mTOR) and its downstream target S6 protein 
kinase (S6K) play the key role [41-49]. Constitutive 
replication stress likely resulting from the ongoing 
oxidative DNA damage when combined with activation 
of mTOR/S6K appears to be the driving force leading to 
aging and senescence both at the cellular as well as 
organismal level [43-51]. 

 
We have recently reported that constitutive  DNA 
damage signaling (CDDS) observed in the untreated 
normal or tumor cells, assessed as the level of 
expression of histone H2AX phosphorylated on Ser139 
(γH2AX) and of activated (Ser1981 phosphorylated) 
Ataxia Telangiectasia mutated protein kinase (ATM), is 
an indication of the ongoing DNA damage induced by 
endogenous ROS [52-55].  These  phosphorylation 
events were detected with phospho-specific antibodies 
(Ab) and measured in individual cells by flow- or laser 
scanning- cytometry. Using this approach we have 
assessed several agents reported to have anti-oxidant 
and DNA-protective properties with respect to their 
ability to attenuate the level of CDDS [52-58]. In the 
present study we test effectiveness of several reported 
anti-aging modalities to attenuate the level of CDDS in 
individual TK6 and A549 tumor cell lines as well as in 
WI-38 and mitogenically stimulated normal 
lymphocytes. 

 
In parallel, we also assess their effect on the level of 
constitutive state of activation of the critical mTOR 
downstream targets. Specifically, using phospho- 
specific Abs detecting activated status of ribosomal 
protein S6 (RP-S6) phosphorylated on Ser235/236 we 
measure effectiveness of these gero-suppressive agents 
along the mTOR/S6K signaling. We have also tested 
effects  of  these  agents   on  the   level  of   endogenous 

reactive oxidants as well as mitochondrial 
electrochemical potential ΔΨm. The following agents, 
reported as having anti-aging and/or chemopreventive 
properties, were chosen in the present study: 2-deoxy- 
D-glucose   (2dG)   [59-62],   metformin   (MF) [63-71], 
rapamycin  (RAP)  [72-80],   berberine  (BRB)  [81-85], 
vitamin D3 (Vit. D3) [86- 91], resveratrol (RSV) [92- 
97] and acetylsalicylic acid (aspirin) (ASA) [98-103]. 

 
RESULTS 

Fig. 1 illustrates the effect of exposure of human 
lymphoblastoid TK6 cells for 24 h to the investigated 
presumed anti-aging agents on the level of constitutive 
expression of γH2AX. Consistent with our prior  
findings [52-54] the expression γH2AX in S and G2M 
cells is distinctly higher than in the cells of G1 phase. 
This is the case for both, the untreated (Ctrl) cells as 
well as the cells treated with these agents. It is also 
apparent that exposure of cells to each of the studied 
drugs led to the decrease in expression of γH2AX in all 
phases of the cell cycle. In most treated cells, however, 
the decline in the mean expression γH2AX was 
somewhat more pronounced in the S- compared to G1 - 
or G2M- phase cells. Analysis of DNA content 
frequency histograms reveals that the 24 h treatment 
with most of the drugs had no effect on the cell cycle 
distribution. The exception are the cells treated with 50 
nM RP which show about 50% reduction in frequency  
of cells in S and G2M which would indicate partial cells 
arrest in G1 phase of the cell cycle. It should be noted 
that exposure of cells to these agents for 4 h  led to  
rather minor (<15%) decrease in expression of γH2AX 
whereas the treatment for 48 h had similar effect as for 
24 h (data not shown). 

 
The effect of exposure of TK6 cells to the investigated 
gero-suppressive agents on state of phosphorylation of 
ribosomal S6 protein is shown in Fig. 2. Unlike 
expression of γH2AX the level of phosphorylation of 
RP-S6 shows no significant cell cycle phase-related 
differences, neither in control nor in the treated cultures. 
Somewhat higher expression of RP-S6P in S- and  G2M- 
compared to G1- cells is proportional to an overall 
increase in cell size during cell cycle progression. It is 
quite evident however that the treatment with each of 
these anti-aging agents led to a decrease in the level of 
phosphorylation of S6 protein. The most dramatic 
decrease (>95%) was seen in the cells treated with RAP. 
The cells treated with 2dG showed the smallest (32- 
38%) decrease. There was no evidence that treatment of 
TK6 cells with all these drugs for 4 h had any distinct 
effect on the cell cycle progression as detected by 
analysis of DNA content frequency histograms (not 
shown). 
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Figure 1. Effect of exposure of TK6 cells to different presumed anti‐aging drugs on the level of 
constitutive expression of γH2AX. Exponentially growing TK6 cells were untreated (Ctrl) or treated 
with the respective agents for 24 h at concentrations as shown. Expression of γH2AX in individual cells  
was detected immunocytochemically with the phospho‐specific Ab (AlexaFluor647), DNA was stained with 
DAPI; cellular fluorescence was measured by flow cytometry. Based on differences in DNA content cells 
were gated in the respective phases of the cell cycle, as marked by the dashed vertical lines. The percent 
decrease in mean fluorescence intensity of the treated cells in particular phases of the cell cycle, with 
respect to the respective untreated controls, is shown above the arrows. Inserts present DNA content 
frequency histograms from the individual cultures. The dashed skewed lines show the background level, 
the mean fluorescence intensity of the cells stained with secondary Ab only. 

 
 
 

 
 

 
Figure 2. Effect of treatment of TK6 cells with different presumed anti‐aging drugs for 4 h on the 
level of constitutive phosphorylation of ribosomal protein S6 (RP‐S6). Exponentially growing TK6 cells 
were untreated (Ctrl) or treated with the respective agents at concentrations as shown. Phosphorylation status 
of ribosomal S6 protein was detected immunocytochemically with the phospho‐specific Ab (AlexaFluor647), 
DNA was stained with DAPI; cellular fluorescence was measured by flow cytometry. Top panels: Based on 
differences in DNA content cells were gated in the respective phases of the cell cycle, as marked by the dashed 
vertical lines (Ctrl). The percent decrease in mean fluorescence intensity of the treated cells in particular phases 
of the cell cycle, with respect to the to the same phases of the untreated cells, is shown above the arrows. The 
dashed skewed lines show the background level, the mean fluorescence intensity of the cells stained with 
secondary Ab only. Bottom panels: Single parameter frequency histograms showing expression of 
phosphorylated ribosomal S6 protein (RB‐S6P) in all (G1+S+G2M) cells of the respective cultures. 
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Fig. 3 presents the effect of exposure  of  TK6  cells  to 
MF, RAP or RSV at somewhat lower concentration for 
24 h on the level of expression  of  RP-S6P.  Compared 
with cells exposed  for  4 h  (Fig. 1)  the  effect  of  MF, 
even  at  the  lower  concentration  (50 μM),  was  more 
pronounced after 24 h. Also, after that time of exposure, 
more pronounced was the effect of RAP and RSV. 

Analysis of the DNA content frequency histograms 
indicates that neither 50 – 500 μM MF nor RSV had an 
effect on the cell cycle progression. However, exposure 
to 0.1 μM RAP (similar to 50 nM, see Fig. 1) resulted in 
about 50% decrease in frequency of S and G2M cells 
(insets, marked by arrows). 

 

 
 

Figure 3. Effect of treatment of TK6 cells with MF, RAP or RSV for 24 h on the level of constitutive 
phosphorylation of S6 protein. TK6 cells were untreated (Ctrl) or treated with different concentrations of MF as 
well as with RAP or RSV for 24 h. Phosphorylation status of S6 was assessed as described in legend to Fig. 2. Top 
panels: The percent decrease in mean fluorescence intensity of the drug‐treated cells in particular phases of the 
cell cycle is shown above the arrows. Bottom panels: Frequency histograms showing expression of RP‐S6P in all 
cells of the respective cultures. Insets show cellular DNA content histograms of cells in these cultures. 

 

 
Figure 4. Reduction of the level of constitutive expression of RP‐S6P in A549 cells exposed to MF, BRB, Vit. D3 or 
RSV for 24 h. Exponentially growing in chamber slides A549 cells, were treated with the respective agents and their 
fluorescence was measured the laser scanning cytometry (LSC).75 Top panels show RP‐S6P immunofluorescence 
integrated over the nuclei (reporting expression of RP‐S6P in the cytoplasm located over and below the nucleus); 
bottom panels present RP‐S6P immunofluorescence integrated over the cytoplasm aside of the nucleus. The percent 
decrease in expression of RP‐S6P in cells in particular phases of the cell cycle (mean values) is shown above the 
arrows. Because stock solutions of some of these agents were made in DMSO, other in MeOH or EtOH, the 
equivalent quantities of these solvents were included in the respective control culture and the percent decrease 
shown in the panels refers to the decrease compared to these controls shown are the cells from EtOH and DMSO 
containing controls. The insets present DNA content frequency histograms from the respective cultures. 
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The effect of some of these gero-suppressive drugs was 
also studied on human pulmonary adenocarcinoma A549 
cells (Fig. 4). These cells grow attached and their 
fluorescence intensity was measured by imaging 
cytometry  (laser  scanning  cytometer;  LSC)  [104]. The 
decrease in expression of RP-S6P was seen in the cells 
treated with each of the drugs. The effect was  essentially 

of similar degree whether measured in cytoplasm over- 
and underlying the nucleus (Fig. 4 top panels) or in the 
cytoplasm at the nuclear periphery (bottom panels). The 
most pronounced decrease was induced by BRB. Also 
affected was the cell cycle progression, as evidenced by 
the decline in frequency of S-phase cells on the DNA 
histogram in BRB treated cells (inset, marked by arrow). 

 
 

 
 
 

Figure 5. Effect of treatment of WI‐38 cells with 2dG, MF, RAP, BRB, Vit. D3 or RSV for 
24 h on the level of constitutive expression of γH2AX (left panel) and RP‐S6P (right 
panel). Exponentially growing cells, were treated with the respective agents at concentrations as 
shown in Figs. 1 and 2, RP‐S6P was detected immunocytochemically and cell fluorescence was 
measured with the laser scanning cytometry (LSC). The bar graphs present the mean fluorescence 
intensity measured as an integral over the nucleus (γH2AX) or over cytoplasm (PR‐S6P). 

 
 
 

 
 

Figure 6. Effect of treatment of mitogenically stimulated human lymphocytes with RAP, 
BRB, Vit. D3, RSV or ASA for 4 h on the level of constitutive expression of RP‐S6P. Peripheral 
blood lymphocytes were mitogenically stimulated with phytohemagglutinin (PHA) for 72 h, the cells 
were then treated with the respective drugs at concentrations as shown in Figs. 1 and 2 for 4 h, RP‐S6 

was detected immunocytochemically and cellular fluorescence measured by flow cytometry. The bar 
graphs present the mean values (+SD) of RP‐S6P immunofluorescence for G1, S and G2M cell 
subpopulations identified by differences in DNA content (intensity of DAPI fluorescence). 
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In addition to tumor cell lines we have also tested 
effects of the presumed gero-suppressive agents on non- 
tumor cells. Fig. 5 illustrates their effect on the WI-38 
cells and Fig. 6 on mitogenically-stimulated human 
lymphocytes. A decrease in expression of γH2AX was 
observed in WI-38 cells treated with each of the tested 
agents, the most pronounced reduction (>50%) showed 
cells treated with BRB while the least affected (<10%) 
were cells growing in the presence of RSV. A reduction 
in the level of phosphorylated RB-S6 was also evident  
in WI-38 cells exposed to each of these agents, the most 
pronounced (>50%) after treatment with RAP. Because 
stock solutions of some of these agents were made in 
DMSO or MeOH equivalent quantities of these solvents 
were included in the respective control cultures. A  
minor  suppressive  effect  of  MeOH  on  expression of 
γH2AX and RB-S6P was observed (Fig. 5).     Likewise, 
DMSO exerted also minor (~5%) but repeatable 
suppressive effect (not shown). As is evident RAP, 
BRB, Vit. D3 and RSV reduced the level of RP-S6P in 
mitogenically stimulated human lymphocytes, in all 
phases of  the cell  cycle,  while  the  effect  of  ASA  on 

these cells was minimal (Fig. 6). 
 

To confirm the findings obtained by the flow- and laser 
scanning- cytometry based on measurement of individual 
cells we assessed effects of the gero-suppressive agents 
by measurement mTOR signaling in bulk, by western 
blotting. In this experiment, having available phospho- 
specific Abs that detect phosphorylation of mTOR, RP-  
S6 and the eukaryotic translation initiation factor 4E- 
binding protein (4EBP1) applicable to western  blotting 
(not yet available for cytometry) we have been  able to  
test effects of the studied gero-preventive agents on the 
level of constitutive phosphorylation of these proteins as 
well. As is evident in Fig. 7 and Table 1 exposure of TK6 
cells to the gero-preventive agents lowered the level of 
phosphorylation status of mTOR, as well as its 
downstream targets RP-S6 and 4EBP1. The most 
pronounced effect was seen in the case of RAP, BRB and 
2dG which lowered expression of RP-S6P by 95%,78 and 
70%, respectively. RAP, BRB and 2dG were also quite 
effective in lowering the level of 4EBP1P, by 52%, 51% 
and 51%. 

 
 
 

 
 
 
 

Figure 7. Effect of the studied gero‐preventive agents on constitutive level of expression of mTOR‐ 
Ser2448P, RP‐S6‐Ser235/236P and 4EBP1‐Ser65P and their corresponding unphosphorylated forms  
in TK6 cells, detected by western blotting. TK6 cells were exposed to the studied agents at concentrations 
as shown in Figs 1 and 2 for 4 h. The protein expression level were determined by western blot analysis and the 
intensity of the specific immunoreactive bands were quantified by densitometry and normalized to actin 
(loading control). The numbers indicate the n‐fold change in expression of the respective phospho‐proteins in 
the drug‐treated cultures with respect to the untreated cells (Ctrl). 
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Figure 8. Effects of the studied gero‐preventive agents on the intercellular level of ROS. TK6 cells, 
untreated (Ctrl) or treated for 24 h with the investigated agents, were exposed for 30 min to H2DCF‐DA and  
their fluorescence intensity was measured by flow cytometry. The cell‐permeant non‐fluorescent H2DCF‐DA 
upon cleavage of the acetate moiety by intercellular esterases and oxidation by ROS is converted to strongly 
fluorescent DCF and thus reports the ROS abundance. Left panel shows the frequency histograms of the 
untreated (Ctrl) as well MF and RAP‐treated cells (note exponential scale of the DCF fluorescence). Right panel 
presents the mean values (+SD) of DCF fluorescence of the untreated (Ctrl) and treated cells. 

 
 
 

 
Table 1. Effect of the studied gero‐preventive agents on constitutive level of expression of mTOR‐ 
Ser2448P, RP‐S6‐Ser235/236P and 4EBP1‐Ser65P and their corresponding unphosphorylated forms, 
detected by western blotting (Fig. 7) 

 
Agent Ctrl 2dG MF RAP BRB Vit. D3 RSV ASA 

mTORP
 1.00 0.73 0.76 0.89 0.99 0.96 1.51 0.75 

m-TOR 1.00 1.45 2.25 1.41 1.04 1.07 3.96 1.44 
RATIO 1.00 0.50 0.34 0.63 0.95 0.90 0.38 0.52 
RP-S6P

 1.00 0.30 0.48 0.05 0.22 0.48 0.42 0.66 
S6 1.00 1.04 0.66 0.9 1.02 0.92 0.96 0.57 

RATIO 1.00 0.29 0.73 0.06 0.22 0.52 0.44 1.16 
4EBP1P

 1.00 0.49 0.58 0.48 0.49 0.75 1.01 0.97 
4EBP1 1.00 1.43 1.54 1.7 1.94 1.66 2.05 1.52 

RATIO 1.00 0.38 0.38 0.28 0.25 0.45 0.45 0.64 
The numbers indicate the change in expression of the respective proteins in the dug‐treated cultures with 
respect to the untreated ones. Densitometric quantification of phosphorylated and total proteins for mTOR, RP‐ 
S6 and 4EBP1 are presented as the ratio of actin‐normalized phosphorylated to total protein level of expression 
(Bold font). 

 
 
 

Most interesting, however, were the results reporting 
effects of the studied drugs on the total mTOR, RP-S6 
and 4EBP1 protein content and on the ratios of the 
phosphorylated protein fractions to the total content of 
the respective proteins (Table 1). These data show that 
exposure of cells to each drug led to a distinct up- 
regulation of mTOR and 4EBP1 expression. This was 
not the case of RP-S6, which, with an exception of 2dG 
and BRB, showed a minor decline. However, compared 
with the apparent increase of  total proteins  content,  the 

level of the phosphorylated fractions of the respective 
proteins was more severely reduced. This over- 
compensated the upregulation and is expressed as the 
reduction of the ratio of phosphorylated to total content 
of the respective proteins. In the case of RP-S6 and 
4EBP1, the downstream effectors of mTOR and the 
agents directly affecting the translation rate, the most 
effective was BRB and RAP, reducing proportion of the 
phosphorylated to total protein content by 75% and 72% 
respectively (Table 1). 
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Figure 9. Effect of the studied gero‐preventive agents on the mitochondrial transmembrane 
potential (ΔΨm). TK6 cells, untreated (Ctrl) or treated for 24 h with the investigated agents were 
exposed for 30 min to the mitochondrial probe rhodamine 123 (Rh‐123) and their fluorescence intensity 
was measured by flow cytometry. Left panel shows the frequency histograms of the untreated (Ctrl) as 
well MF and RAP‐treated cells (note exponential scale of the DCF fluorescence). Right panel presents  
the mean values (+SD) of Rh‐123 fluorescence of the investigated cells. 

 
 
 

In other set of experiments we assessed the effect of the 
studied gero-preventive agents on the level of 
endogenous ROS. As is evident in Fig. 8 exposure of 
TK6 cells to each of these agents led to a marked 
reduction of cells ability to oxidize H2DCF-DA; its 
oxidation by ROS results in formation of the strongly 
fluorescent DCF which is considered to be a marker of 
ROS abundance. In this respect more effective appeared 
to be BRB, Vit. D3, RSV and ASA compared to RAP, 
MF or 2dG. 

 
Fig. 9 illustrates changes in electrochemical 
transmembrane potential of mitochondria detected by 
cells capability to accumulate the mitochondrial probe 
rhodamine 123 (Rh-123) in TK6 cells treated with the 
investigated gero-preventive agents. The data show a 
reduction in the ability to accumulate Rh-123 in cells 
treated with each of these agents, the most pronounced 
in the case of treatment with RAP. 

 
DISCUSSION 

In the prior studies we have already observed that MF at 
concentrations 0.1 mM – 20 mM [55] and Vit. D (2 nM 
- 10 nM) [56] effectively reduced constitutive level of 
H2AX-Ser139 and ATM-Ser1981 phosphorylation. In 
the present study all seven agents, all reportedly having 
anti-aging and/or chemopreventive properties, including 
MF and Vit D3[59-103], have been tested with respect  
of their ability to affect both the level of constitutive 
DNA damage signaling as monitored γH2AX expression 
as well as constitutive level of phosphorylation of   ribo- 

somal S6 protein (RP-S6P). The data show that each of 
the drugs reduced both, the level of phosphorylation of 
both H2AX on Ser139 and RP-S6 on Ser235/236. RP- 
S6, a component of the 40S ribosomal subunit and the 
most downstream effector of mTOR signaling, is 
directly involved in regulation of translation [46] and 
considered to be a determinant of cell size [105,106].   
As is evident from the western blotting data (Fig. 7)  
with an exception of RSV all the studied drugs reduced 
also the level of phosphorylation of mTOR, RP-S6 and 
4EBP1. The latter protein is also considered to be a 
critical regulator of translation and cell size determinant 
[105-108]. 

 
Analysis of the mTOR vs. mTORP, RP-S6 vs. RP-S6P 

and 4EBP1 vs. 4EBP1P revealed up-regulation of  
mTOR  and  4EBP1  in  cells  treated  with  each  of the 
studied drugs (Table 1). The increase of total content of 
these proteins was overcompensated by the reduction in 
the extent of their phosphorylation, which led to 
decrease in the ratios of mTORP/mTOR, RP-S6P/RP-S6 
and 4EB1P/4EB1. The upregulation of these proteins 
was unexpected but it suggests that the  reduction  of 
their phosphorylation status by the studied drugs may 
trigger compensatory synthesis (or reduced turnover 
rate) that leads to increase in their content. The  
distinctly reduced ratios of mTORP/mTOR, RP-S6P/RP- 
S6 and 4EB1P/4EB1, however, may provide a novel 
biomarker useful to assess the potential mTOR- 
inhibitory activities that relate to  reduction  of 
translation rate, cell size and thus may be of value in 
assessing anti-aging properties of the studied agents. 
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The reduction of RP-S6 phosphorylation by each of the 
gero-suppressive drugs was presently observed in all 
types of the cells, including tumor TK6 (Fig. 1-3,7) and 
A549 (Fig. 4) cell lines as well as in normal WI-38 (Fig. 
5) and mitogenically stimulated human lymphocytes 
(Fig. 6). The results obtained by flow and laser scanning 
cytometry were confirmed by measurement in bulk, by 
western blotting. The western blotting approach allowed 
us also to measure phosphorylation level of mTOR and 
4EBP1 to which the commercially available phospho- 
specific Abs are not fully applicable for flow or laser 
scanning cytometry. The cytometric approach has an 
advantage that it provides information regarding the cell 
cycle phase specificity of expression of γH2AX or RP- 
S6. Furthermore, the cytometric approach has no 
potential risk of an artifact that the level of 
phosphorylation of the studied proteins may be altered  
as a result of disruption of cell integrity in preparation 
for blotting, which may provide contact of these  
proteins with active phosphatases and kinases. We 
observed, for example that when inhibitors of 
phosphatases were not rigorously used during cell 
preparation for western blotting the results (not shown) 
were entirely different than in Fig. 7. 

 
According to the mTOR concept of the mechanism of 
aging the observed reduction of the level of 
phosphorylation of mTOR, 4EBP1 and RP-S6 by the 
studied agents would be consistent with their reported 
anti-aging properties. The gero-preventive  mechanism 
of these agents thus would be similar to that of the 
calorie restriction which was definitely proven to extent 
life span of a variety of organisms [94-97,109]. 

 
Parallel to the reduction of constitutive mTOR/S6 
signaling each of the investigated gero-suppressive 
agents also reduced CDDS, as seen by the decline in 
γH2AX expression (Fig. 1). This corresponding 
response to these agents, concurrently by both the DNA 
damage- and mTOR- signaling pathways, suggests on 
mechanistic association between these two pathways 
that may converge on the aging-related processes. One 
of the mechanisms linking these pathways is 
straightforward as it may involve a decrease of intensity 
of oxidative phosphorylation in mitochondria. Namely, 
because the declined translation rate requires  less 
energy the intensity of oxidative phosphorylation that 
generates ROS is reduced which results in attenuation  
of CDDS. Consistent with this mechanism is our prior 
observation that exposure of lymphocytes to Vit. D3 led 
to a three-fold decline in abundance of ROS [55]. 
Likewise, treatment of TK6 cells with MF resulted in a 
significant decrease in the level of ROS [56]. In the 
present study we confirmed these earlier findings as we 
observed   that   all   studied   drugs   markedly  lowered 

abundance of ROS in TK6 cells (Fig. 8). Accordingly, 
mitogenic stimulation of lymphocytes known to 
dramatically enhance transcription and translation rates 
[110,111] also was seen to boost production of ROS and 
augment CDDS [112]. There are numerous linkages 
connecting DNA damage response with mTOR/RP-S6 
pathways, primarily involving p53 signaling [113-118]. 
Of interest, and confirming the involvement of 
mitochondrial pathways in response to the studied gero- 
preventive agents, is also the observation that exposure 
of cells to each of them resulted in a decreased 
mitochondrial transmembrane potential (ΔΨm). The 
latter was detected by reduced cells capability to bind 
rhodamine 123 (Fig. 9), the probe known to be the 
marker of energized mitochondria [119-121]. 

 
Unlike constitutive phosphorylation of RP-S6 which  
was unrelated to the cell cycle phase, H2AX 
phosphorylation was cell cycle phase specific, distinctly 
higher in S- and G2M- than in G1- cells. This suggests 
that DNA replication stress may be a contributing factor 
to the observed CDDS. DNA lesions resulting from 
oxidative DNA damage caused by endogenous ROS 
could be responsible for the replication stress. As 
mentioned in the Introduction constitutive replication 
stress when concurrent with mTOR/S6K signaling is 
considered to be the predominant factor leading to aging 
and senescence. Thus, the present data that show that  
the investigated gero-preventive drugs suppress both, 
the mTOR/RP-S6 signaling and CDDS, would be 
consistent with the mechanism that involves attenuation 
of DNA replication stress. 

 
Whereas mTOR/S6 signaling is the primary cause of 
aging and induction of premature cell senescence the 
DNA damage by reactive oxidants, since it induces 
DSBs which cannot always be faithfully repaired, 
predisposes to neoplastic transformation [1-7]. It is 
expected therefore that the anti-aging agents that reduce 
CDDS would have cancer preventive properties as well. 
Indeed such chemo-preventive properties have been 
described for each of the presently investigated drugs 
[122-128]. The present data indicate that the combined 
analysis of: (i) CDDS measured by γH2AX expression, 
(ii) mitochondria activity (ROS, ΔΨm) and (iii) mTOR 
signaling (mTOR, S6K, 4EBP1 phosphorylation) in 
individual cells [129] may provide an adequate gamut  
of cell responses to evaluate potential gero- or chemo- 
preventive properties of suspected agents. 

 
MATERIALS AND METHODS 

Cells, Cell Treatment. Human lung carcinoma A549 
cells, diploid lung WI-38 fibroblasts and lympho- 
blastoid TK6 cells were obtained from American  Type 
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Culture Collection (ATCC CCL-185, Manassas, VA). 
Human peripheral blood lymphocytes were obtained by 
venipuncture from healthy volunteers and isolated by 
density gradient centrifugation. A549 cells were  
cultured in Ham’s F12K, TK6, WI-38 and lymphocytes 
were cultured in RPMI 1640 with 2 mM    L-glutamine, 
1.5 g/L sodium bicarbonate and 10% fetal bovine serum 
(GIBCO/Invitrogen, Carlsbad, CA). Adherent A549 and 
WI-38 cells were grown  in  dual-chambered slides 
(Nunc Lab-Tek II), seeded with 105 cells/ml suspended 
in 2 ml medium per chamber. TK6 cells and 
lymphocytes were grown in suspension; lymphocyte 
cultures   were   treated   with   the   polyvalent mitogen 
phytohemaglutinin (Sigma /Aldrich; St Louis, MO) as 
described [36]. MF (1,1-dimethylbiguanide) was 
obtained from Calbiochem, La Jolla, CA, 2dG, RAP, 
BRB, RSV and ASA from Sigma-Aldrich. The active 
form of vitamin D3 (1,25-dihydroxyvitamin D3) was 
kindly provided by Dr Milan Uskokovic [56]. Stock 
solutions of some of these agents were prepared either  
in DMSO, MeOH or EtOH as indicated by the vendor. 
The cells, during exponential phase of growth were 
treated with these agents, at concentrations and for 
duration as indicated in the figures or figure legends. 
Respective control cultures were treated with the 
equivalent volumes of solvents used for stock solutions. 
After exposure to the gero-preventive agents the cells 
were rinsed with phosphate buffered salt solution (PBS) 
and fixed in 1% methanol-free formaldehyde 
(Polysciences, Warrington, PA) for 15 min on ice. The 
cells were then transferred to 70% ethanol and stored at 
-20 oC for up to 3 days until staining. 

Immunocytochemical Detection of γH2AX and RP-S6P. 
After fixation the cells were washed twice in PBS and 
with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 15 
min and with a 1% (w/v) solution of bovine serum 
albumin (BSA; Sigma-Aldrich in PBS for 30 min to 
suppress nonspecific antibody (Ab) binding. The cells 
were then incubated in 1% BSA containing a 1:300 
dilution of phospho-specific (Ser139) γH2AX mAb 
(Biolegend, San Diego, CA) and/or with a 1: 200 
dilution  of  phosphospecific  (Ser235/236)  RP-S6   Ab 
(Epitomics,  Burlingame,  CA)  at  4oC  overnight.   The 
secondary Ab was tagged with AlexaFluor 488 or 647 
fluorochrome (Invitrogen/Molecular Probes, used at 
1:100 dilution in 1% BSA). The incubation was at room 
temperature for 45 min. Cellular DNA was 
counterstained with 2.8 μg/ml 4,6-diamidino-2- 
phenylindole (DAPI; Sigma-Aldrich) at room 
temperature for 15 minutes. Each experiment was 
performed with an IgG control in which cells were 
labeled only with the secondary AlexaFluor 488 Ab, 
without primary Ab incubation to estimate the extent of 
nonspecific adherence of the secondary Ab to the cells. 

The fixation, rinsing and labeling of A549 and WI- 
38cells was carried out on slides, and lymphocytes and 
TK6 cells in suspension. Other details have been 
described previously [53-56]. 

 
Detection of ROS and Mitochondrial Transmembrane 
Potential ΔΨm. Untreated cells as well as the gero- 
protective agents drugs-treated TK6 cells  were 
incubated 60 min with 10 μM 2',7'- 
dihydrodichlorofluorescein- diacetate (H2DCF-DA) 
(Invitrogen/Molecular Probes) at 37°C. Cellular green 
fluorescence was then measured by flow cytometry. 
Following oxidation by ROS and peroxides within cells 
the non-fluorescent substrate H2DCF-DA is converted  
to the strongly fluorescent derivative DCF [97]. 
Mitochondrial potential ΔΨm was assessed by exposure 
of cells in tissue culture to 1 μM rhodamine 123 (Rh- 
123; Invitrogen/Molecular Probes) for 30 min prior to 
measurement of their fluorescence. 

 
Analysis of Cellular Fluorescence. A549 and WI-38 
cells: Cellular immunofluorescence representing the 
binding of the respective phospho-specific Abs as well 
as the blue emission of DAPI stained DNA was 
measured by Laser Scanning Cytometry (LSC) [131] 
(iCys; CompuCyte, Westwood, MA) utilizing standard 
filter settings; fluorescence was excited with 488-nm 
argon, helium neon (633 nm) and violet (405  nm)  
lasers. Intensities of maximal pixel and integrated 
fluorescence were measured and recorded for each cell. 
At least 3,000 cells were measured per sample. Gating 
analysis was carried out as described in Figure legends. 
TK6cells and lymphocytes: Intensity of cellular 
fluorescence was measured using a MoFlo XDP 
(Beckman-Coulter, Brea, CA) high speed flow 
cytometer/sorter. DAPI fluorescence was excited with 
the UV laser (355-nm), AlexaFluor 488, DCF and 
Rh123 with the argon ion (488-nm) laser. Although 
berberine, one of the studied agents, is fluorescent [132] 
control experiments excluded the possibility that its 
fluorescence significantly contributed to analysis of the 
measured cells that could lead to a bias. Statistical 
evaluation of individual measurements (SD) was carried 
out assuming the Poisson distribution in evaluation of 
populations of cells in particular phases of the cell  
cycle. All experiments were repeated at least three 
times, representative data are presented. 

 
Western Blotting. TK6 cells were exposed to the 
investigated agents at concentrations as shown in Figs.  
1 and for 4 h. The cells were then collected and lysed by 
incubation on ice for 30 min in cold immuno- 
precipitation (RIPA) buffer, which contained 50 mM 
Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton 
X-100,    1%    deoxycholate,    0.1    %    SDS,    1 mM 
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dithiothreitol (DTT) and 10 µl/ml protease inhibitor 
cocktail and 1% phosphatase inhibitor cocktail 3 
(Sigma-Aldrich). The extracts were centrifuged and the 
clear supernatants were stored in aliquots at –80°C for 
further analysis. Protein concentrations of cell lysates 
were determined by Coomassie protein  assay  kit 
(Pierce, Rockford, IL) using BSA as standard. Aliquots 
of lysates (10 μg of protein) were resolved by 10% 
SDS-PAGE followed by western blot analysis. The 
primary antibody against total 4EBP1 (C-19) was 
purchased from Santa Cruz Biotechnology, Inc. (Santa 
Cruz,    CA).    The    primary    antibodies    for mTOR- 
Ser2448P, total mTOR, RP-S6-Ser235/236P, Total RB- 
S6,   and   4EBP1-Ser65P  were   obtained   from   Cell 
Signaling Technology, Inc. (Beverly, CA). The blots 
were first incubated with specific primary antibodies 
followed by secondary antibodies. Specific 
immunoreactive bands was identified and detected by 
enhanced chemiluminescence (ECL) using protocol 
provided by the manufacturer (Kirkegaard & Perry 
Laboratories, Inc., Gaithersburg, MD). The expression 
of actin was monitored in parallel as loading control. 
The intensity of specific immunoreactive bands was 
quantified by densitometry and expressed as a ratio 
relative to the expression of actin [133]. 
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Abstract: The gerosuppressant metformin operates as an efficient inhibitor of the mTOR/S6K1 gerogenic pathway due to 
its ability to ultimately activate the energy‐sensor AMPK. If an aging‐related decline in the AMPK sensitivity to cellular 
stress is a crucial event for mTOR‐driven aging and aging‐related diseases, including cancer, unraveling new proximal  
causes through which AMPK activation endows its gerosuppressive effects may offer not only a better understanding of 
metformin function but also the likely possibility of repositioning our existing gerosuppressant drugs. Here we provide our 
perspective on recent findings suggesting that de novo biosynthesis of purine nucleotides, which is based on the 
metabolism of one‐carbon compounds, is a new target for metformin’s actions at the crossroads of aging and cancer. 

 
 
 

It is perhaps not surprising that the cellular energy 
sensor adenosine monophosphate (AMP)-activated 
protein kinase (AMPK), a critical suppressor of the 
mTOR gerogene [1-17], has been once again  
highlighted as a conserved life span modulator linking 
bioenergetics, metabolism, and longevity [12-22]. What 
is certainly surprising is the proximate  causation 
through which AMPK activation has now been shown  
to enable its pro-longevity effects. When searching for 
mutations capable of disrupting energy balance in 
metabolically active tissues and slowing aging in the 
fruit fly Drosophila melanogaster, Stenesen and 
colleagues [23] recently found that the inactivation of 
genes coding for enzymes involved in the de novo 
synthesis of the purine nucleotide AMP demonstrated 
the strongest pro-longevity effects. Interestingly, 
mutations in AMP biosynthetic enzymes capable of 
significantly extending the Drosophila lifespan 
impacted cellular bioenergetics by unexpectedly 
increasing  the  AMP:ATP  and  ADP:ATP  ratios, thus 

counter intuitively mimicking the effects of energy 
depletion (e.g., dietary restriction), despite disrupting 
AMP biosynthesis [23, 24]. AMPK, the cellular fuel 
gauge whose activity becomes significantly increased in 
long-lived flies, detects such energy imbalances to 
causally channel longevity effects resulting from 
genetically impaired de novo AMP synthesis. While the 
expression of a dominant-negative form of AMPK 
prevented the lifespan increases driven by heterozygous 
mutations in AMP biosynthetic enzymes, animals 
engineered to specifically exhibit AMPK gain-of- 
function in metabolic tissues also had lifespan increases 
equivalent to those observed in long-lived fly mutants. 
Therefore, enhanced AMPK activity appears to be 
sufficient to fully recapitulate the ability of AMP 
biosynthesis pathway mutations to increase the 
AMP:ATP ratio and longevity. 

 
In the novel scenario illustrated by Stenesen and 
colleagues   [23],   it    reasonably    follows   that   small 
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molecule drugs capable of mimicking the energy 
imbalance imposed by mutations in the AMP 
biosynthesis pathway may be expected to increase 
healthy life spans by activating AMPK. Moreover,  
given that AMPK is a crucial gerosuppressor (and 
tumor-suppressor) that impedes mTOR-driven 
geroconversion (and mTOR-driven malignant 
transformation) [1-17], small molecules capable of 
activating AMPK by altering the de novo synthesis of 
purine nucleotides such as AMP should be expected to 
not only inhibit the pro-aging activity of mTOR 
gerogenes but also prevent aging-related diseases, such 
as cancer. The antidiabetic biguanide metformin may 
fulfill all of these requirements. First, epidemiological, 
preclinical, and clinical evidence from the last five years 
has demonstrated the multi-faceted capabilities of 
metformin in preventing and treating human carcinomas 
[25-35]. Second, metformin, independently of the 
insulin-signaling pathway, has been noted to 
significantly extend the healthy lifespan of not only 
non-diabetic mice but also the  nematode 
Caenorhabditis elegans [36-42]. AMPK, which is 
activated in mammals by metformin treatment, has also 
been found to be an essential molecular operative for 
metformin healthspan benefits in C. elegans [42], thus 
suggesting that the metformin gerosuppressant activity 
largely depends on its ability to engage the same 
metabolic sensor, i.e., AMPK, which is highly  
conserved across phyla. Third, metformin prevents 
cancer and extends the lifespan of cancer-prone rodent 
strains. Moreover, metformin can also prolong lifespan 
without affecting cancers in non-cancer-prone rodent 
strains [36-41]. Although the latter discrepancy may 
suggest that metformin could delay aging (and prolong 
life) by mechanisms unrelated to its ability to suppress 
cancer, it may not if this discrepancy simply relies on a 
cancer-related enhancement of common proximate anti- 
aging mechanisms by which metformin can activate the 
gerosuppressor/tumor suppressor AMPK. One such 
mechanism may be one-carbon metabolism that drives 
the de novo synthesis of purine nucleotides (e.g., AMP). 

 
It is well known that the relative contribution of 
nucleotide biosynthesis to nucleotide pool maintenance 
via the de novo and salvage pathways significantly 
varies in different cells and tissues. Proliferating cells, 
including cancer cells, usually require a functional de 
novo pathway to sustain their increased nucleotide 
demands. Indeed, this activity is the basis for the use of 
antifolate drugs in chemotherapy against cancer cells, 
which generally have higher DNA turnover. Crucially, a 
recently identified metabolomic fingerprint of human 
cancer cells treated with metformin revealed for the first 
time its previously unrecognized ability to significantly 
impair    one-carbon    metabolism   and   the   de   novo 

biosynthesis of purine nucleotides in a manner that is 
functionally similar but mechanistically different than 
that of the antifolate class of chemotherapy drugs [43]. 
Of note, the ability of metformin to activate the AMPK 
metabolic tumor suppressor and inhibit cancer cell 
growth was notably prevented when the salvage branch 
of purine biosynthesis was promoted by exogenous 
supplementation with the pre-formed substrate 
hypoxanthine, a spontaneous deamination  product  of 
the purine adenine. Remarkably, Stenesen and 
colleagues [23] similarly found that dietary 
supplementation with adenine, the pre-formed substrate 
of AMP biosynthesis, not only markedly reversed the 
lifespan extension of AMP biosynthesis mutants  but 
also the pro-longevity effects of dietary restriction. The 
recognition of de novo AMP biosynthesis, adenosine 
nucleotide ratios, and AMPK as determinants of the 
Drosophila adult lifespan and the finding that the anti- 
cancer activity of metformin could be explained in  
terms of the secondary activation of AMPK following 
the alteration of the essential carbon flow that leads to 
the de novo synthesis of purines both strongly suggest 
that the flow of one-carbon groups governing the de 
novo biosynthesis of purines could represent a crucial 
metformin-targeted intersection of aging with cancer 
(Fig. 1). 

 
Because a ubiquitous event in cancer metabolism is the 
early, constitutive activation of one-carbon metabolism 
and because de novo nucleotide biosynthesis may 
influence cancer mortality due to its critical role  in  
DNA synthesis and methylation, the repeatedly 
suggested reduction in cancer risk and mortality of 
diabetic patients chronically treated with metformin  
may therefore represent an unintended metronomic 
chemotherapy approach targeting the differential 
utilization of de novo one-carbon metabolism by 
malignant and non-malignant cells [43]. In light of the 
findings by Stenesen and colleagues [23], it may be 
reasonable to suggest that metformin treatment may 
silently operate not only to eliminate genetically 
damaged, initiated, or malignant cells addicted to higher 
nucleotide concentrations but also activate the 
gerosuppressant activity of AMPK by unbalancing the de 
novo biogenesis of the purine AMP in metabolically 
active tissues (Fig. 1). It may be argued that the ability of 
metformin to activate AMPK following the inhibition of 
one-carbon metabolism indicates its teratogenic potential 
[43, 44]. Although one study reported no alterations in 
embryonic growth and no major malformations during 
mouse embryogenesis, it is noteworthy that the 
metformin analog phenformin, an AMPK activator that is 
more potent than metformin, remarkably produced 
embryolethality and embryo malformations, including 
neural  tube  closure  defects  and  craniofacial hypoplasia 
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[44]. Future studies may elucidate whether phenformin 
has a stronger inhibitory effect on de novo purine 
biosynthesis compared with metformin. 

 
Nevertheless, we should acknowledge that while high 
doses of metformin have been reported to increase the 
lifespan of C. elegans in an AMPK-dependent manner 
[42], this metformin effect could not be observed in  
fruit flies [45]. Thus, while AMPK activation increases 
lifespan in Drosophila,  metformin  supplementation 
does not. Forthcoming studies should determine  
whether the lack of equivalence between feeding 
metformin and activating AMPK may be due to either 
off-target detrimental metformin effects or the 
detrimental effects of systemically activating AMPK in 
relevant versus non-relevant tissues for lifespan 
extension [24]. In this regard, it should also be 
considered that while previous studies in fibroblasts and 
rat hepatoma cells have shown that AMPK activation by 
metformin occurred by mechanisms other than changes 
in the cellular AMP:ATP ratio [46],  recent  evidence  in 

primary hepatocytes has revealed that metformin 
activates AMPK by decreasing the  cellular  energy 
status via a significant rise in the cellular AMP:ATP 
ratio [47]. Moreover, metformin has been reported to 
mimic a low-energy AMPK-activating state by 
increasing AMP levels through the inhibition of AMP 
deaminase (AMPD) in skeletal muscle cells and the 
development of fatty liver [48, 49]. Curiously, when 
Stenesen and colleagues [23] tested the longevity  
effects of an insertional mutation in AMPD that 
catalyzes the hydrolytic deamination of AMP into 
inosine monophosphate, i.e., the opposite direction of 
the longevity genes adenylsuccinate synthetase, 
adenylsuccinate lyase, adenosine kinase, and adenine 
phosphoribosyltransferase, they failed to observe any 
effects on lifespan. Whether the metformin ability to 
directly [48] or indirectly inhibit AMPD, such as 
through the accumulation of intermediates during the 
folate-dependent metabolism of one carbon unit [43], 
could counteract the longevity induced by AMPK 
activation certainly merits further exploration. 

 
 
 

 
 
 
 
 

Figure 1. De novo biosynthesis of purine nucleotide at the crossroads 
of aging and cancer: A new target for the gerosuppressant metformin. 
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The molecular mechanism(s) through which the 
gerosuppressant metformin could increase life span and 
delay tumor formation and progression remain unclear. 
Most studies have focused on ultimate causes, which 
mostly involve the reasons why metformin has 
beneficial effects. An ever-growing experimental body 
of evidence strongly suggests that metformin operates  
as an efficient inhibitor of the mTOR/S6K1 gerogenic 
pathway due to its ability to ultimately activate the 
AMPK energy-sensor in a cell-autonomous manner. If 
an aging-related decline in the AMPK sensitivity to 
cellular stress is a crucial event for mTOR-driven aging 
and aging-related diseases, including cancer, it is now 
time to explore molecular events that primarily involve 
the “how” questions; unraveling new proximal causes 
through which AMPK activation endows its 
gerosuppressive effects may offer not only a better 
understanding of metformin function but also the likely 
possibility of repositioning our existing gerosuppressant 
drugs. 
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Abstract: The nutrient‐sensing mTOR (mammalian Target of Rapamycin) pathway regulates cellular metabolism, growth 
functions, and proliferation and is involved in age‐related diseases including cancer, type 2 diabetes, neurodegeneration 
and cardiovascular disease. The inhibition of mTOR by rapamycin, or calorie restriction, has been shown to extend lifespan 
and delays tumorigenesis in several experimental models suggesting that rapamycin may be used for cancer prevention. 
This requires continuous long‐term treatment making oral formulations the preferred choice of administration route. 
However, rapamycin by itself has very poor water solubility and low absorption rate. Here we describe pharmacokinetic 
and biological properties of novel nanoformulated micelles of rapamycin, Rapatar. Micelles of Rapatar were rationally 
designed to increase water solubility of rapamycin to facilitate oral administration and to enhance its absorption. As a 
result, bioavailability of Rapatar was significantly increased (up to 12%) compared to unformulated rapamycin, which 
concentration in the blood following oral administration remained below level of detection. We also demonstrated that  
the  new  formulation  does not  induce  toxicity during lifetime  administration. Most importantly, Rapatar  extended   the 
mean lifespan by 30% and delayed tumor development in highly tumor‐prone p53‐/‐ mice. Our data demonstrate that  
water  soluble  Rapatar  micelles  represent  safe,  convenient  and  efficient  form  of  rapamycin  suitable  for  a  long‐term 
treatment and that Rapatar may be considered for tumor prevention. 

 
 

INTRODUCTION 

Rapamycin (or Sirolimus) is a macrolide antibiotic that 
was first isolated from Streptomyces hydroscopicus and 
was initially utilized as an antifungal agent [1, 2]. Under 
the name of Rapamune, it is now used as an 
immunosuppressant to prevent organ rejection after 
transplantation. Rapamycin inhibits the nutrient-sensing 
mTOR (mammalian Target of Rapamycin), a conserved 
protein kinase that controls cellular growth and 
metabolism. The mTOR signaling pathway is activated 
by nutrients, growth factors,  hormones,  cytokines,  and 

 
cellular energy status. When nutrients and growth 
factors are abundant, mTOR promotes protein synthesis, 
ribosome biogenesis, angiogenesis, cell cycle 
progression and cytoskeleton re-organization (reviewed 
in [3]-5]). 

 
Recent data demonstrated that rapamycin extends life 
span in various model organisms including mammals 
[4-6]. The life-long administration of rapamycin  
inhibits age-related weight gain, decreases aging rate 
and increases lifespan of inbred [7] and genetically 
heterogeneous     [6]     mice.     Previous     data       has 
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demonstrated that rapamycin significantly delayed the 
onset of spontaneous carcinogenesis both in normal 
(129/Sv  [7])  and  cancer-prone  (HER-2/neu transgenic 
[8] and p53+/- [9]) mice. Importantly, the anti-cancer 
effect of  rapamycin  in  p53+/- mice  was  blunted when 
treatment started at the age of 5 months [9] suggesting 
that rapamycin does not directly inhibit tumor growth 
but rather has an indirect effect. 

 
Since rapamycin exhibits poor water solubility and 
instability in aqueous solutions, its clinical use through 
oral administration requires development of special  
drug design such as complex nanoparticle formulation  
to facilitate increased bioavailability and efficacy. 
Therefore, various oral formulations, such as inclusion 
complexes [10, 11], liposomes [12], nanocrystals [13], 
and solid dispersion [14] have been developed and  
tested in pre-clinical and clinical studies. In this study, 
we tested the biological activity of a novel formulation 
of rapamycin, Rapatar. This formulation is based on 
Pluronic block copolymers as nanocarriers, which  
serves to improve water solubility of the drug, and to 
enhance various biological responses favorable for 
therapeutics, such as activity of drug efflux transporters 
(reviewed in [15]). We show that Rapatar has 
significantly higher bioavailability after oral 
administration when compared to unformulated 
rapamycin. We also show that Rapatar effectively  
blocks mTOR in mouse tissues. Moreover, life-long 
administration of Rapatar increases lifespan and  delays 
carcinogenesis in highly tumor-prone p53-/- mice. 

 
RESULTS 

 
Rapatar is efficiently absorbed and systemically 
distributed and effectively inhibits mTOR in vivo 

 
To compare the absolute and relative bioavailability and 
other pharmacokinetic properties of Rapatar with those 
of  an  unformulated  rapamycin,  we  administered  both 

compounds as a single dose to female ICR mice.  
Rapatar was administered intravenously (IV) or orally 
(PO) at a dose of 0.4 mg/kg and 4 mg/kg respectively, 
while rapamycin was administered PO at 4 mg/kg. 
Blood samples were collected at different times after 
administration and analyzed for rapamycin by mass 
spectrometry (LC/MS/MS). Pharmacokinetic values of 
the area under the curve (AUC), the maximum drug 
concentration (Cmax), the time of peak concentration 
(Tmax), and the absolute bioavailability (F) were 
calculated from whole blood drug concentration-time 
data (Fig. 1A). Importantly, following oral administ- 
ration, rapamycin could only be detected in whole blood 
samples of mice that received Rapatar whereas its 
concentration in blood of rapamycin-treated mice was 
beyond the level of detection. As shown in Table 1, 
when compared to unformulated rapamycin, Rapatar 
demonstrated very fast absorption (Tmax 15 min) and 
significant increase in AUC value with mean T1/2 
extending to 6.4 hours. Consequently, a single oral 
administration of Rapatar resulted in 12% 
bioavailability, which is comparable with commercially 
available formulations used in clinical practice (14% 
when administered orally in combination with 
cyclosporine A). 

 
Ribosomal protein S6 is a substrate of mTOR, and 
therefore phospho-ribosomal protein S6 is a marker of 
mTOR activity [16-19]. To test whether Rapatar inhibits 
mTOR activity in vivo, we compared levels of 
phosphorylated S6 (pS6) in livers of wild type C57Bl/6J 
mice, in which mTOR was suppressed by a period of 
food deprivation. Rapatar (0.5mg/kg or PBS were given 
by gavage at a time when animals were allowed access 
to food. Fig. 1B shows that S6 is highly phosphorylated 
in livers of control animals indicating mTOR activation 
in response to food. In contrast, in animals  that  
received Rapatar, S6 phosphorylation was reduced ~10- 
fold. Thus, Rapatar  successfully  inhibits  mTOR 
activity in the liver in vivo. 

 

Table 1. Pharmacokinetic parameters of unformulated rapamycin and Rapatar in C57Bl/6J mice. 
Abbreviations: Cmax – the peak concentration; Tmax – time taken to reach peak concentration; AUC – 
area under the curve; F – absolute bioavailability. 

 

 Units Rapamycin, IV 
0.4mg/kg 

Rapatar, PO 4mg/kg 

Dose amount ng 10.4 104 
Dosage ng/kg 400 4000 
Cmax ng/ml 958 656 
Tmax hr 0.04 0.25 
AUC ng-hr/ml 2634.6 3161.5 

Half-life hr 6.4 N/A 
F % 100 12 
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Figure 1. Pharmacokinetic and biological characteristics of Rapatar. (A) Rapamycin concentration–time profile in 
blood after intravenous (IV, top) and oral (PO, bottom) administration of Rapatar to mice (mean values, n = 3). A 
single dose of Rapatar was administered either IV (0.4mg/kg) or PO (4mg/kg). Blood samples were collected at 
designated times and analyzed for rapamycin by LC/MS/MS. (B) Rapatar blocks mTOR activation in vivo. Six 
C57/Bl/6J mice were food‐deprived for 18 hrs. At the end of fasting period animals received either Rapatar 
(0.5mg/kg) or PBS via gavage and were allowed access to food. One hour later animals were sacrificed, livers 
were dissected and protein lysates were analyzed for mTOR activity by probing with p70S6(Thr389) antibody. (C) 
No acute or long‐term toxicity are associated with PO administration of Rapatar. C57Bl/6J male mice received 
either Rapatar or PBS starting 8 weeks of age (10 mice/group) for 24 weeks according to the protocol described 
above. No loss in body weight was detected in experimental group throughout the treatment period. Both 
experimental and control groups showed similar gain in body weight with age. 

 
 
 

 
 

Figure 2. Rapatar increases lifespan in p53‐/‐ mice. Mice 
received Rapatar at 0.5 mg/kg via gavage according to the 
schedule described in Materials and Methods. Rapatar 
increased lifespan from 23 to 31 weeks (p<0.001, Mantel‐Cox 
log‐rank test). 

 
 
 

To test whether life-long administration of Rapatar 
causes in vivo toxicity, we administered it to wild type 
C57Bl/6J mice at 0.5 mg/kg via gavage according to 
protocol described in Materials and Methods section. 
Rapatar- and PBS-treated animals were monitored for 
any signs of toxicity by visual inspection and body 
weight measurements. Mice receiving Rapatar 
maintained a healthy appearance with physical activities 
and body weights comparable to the control mice (Fig. 
1C). 

 
Rapatar increases lifespan of p53-/- mice 

 
Our data showed that Rapatar effectively inhibits  
mTOR in vivo. Suppression of mTOR by rapamycin has 
been shown to increase lifespan in various model 
organisms including mice [6-8, 20-25]. To test  whether 
Rapatar can extend lifespan, we administered it to mice 
with targeted disruption of tumor suppressor  p53. p53-/-
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mice are characterized by increased carcinogenesis and 
reduced lifespan (reviewed in [26]. Twenty p53-/- mice 
received Rapatar starting 8 weeks of age at a dose of 
0.5mg/kg according to the schedule described in 
Material and Methods. Another group of 17 p53-/- mice 
received PBS as control. Throughout the experiment, 
animals were monitored for tumor development by 
visual inspection and total body weight measurements. 
Both Rapatar- and PBS-treated p53-/- mice die early in 
life due to a high rate of spontaneous carcinogenesis, 
which is characteristic for this mouse model. However, 
treatment with Rapatar resulted in an overall significant 
increase in median survival of p53-/- mice from 23 (±10) 
weeks in the control group to 31 (±1.5) weeks in the 
experimental group (Fig. 2A). 

 
To gain insight into the potential mechanism of increase 
in survival of Rapatar-treated animals, we performed a 
detailed histological analysis of all tissues collected 
from each individual animal in  the  course  of  the  expe- 

riment (summarized in Table 2). Based on this analysis, 
82% of mice in the control group (14 out of 17) 
developed lymphomas whereas 12% (2 out of 17) 
developed sarcomas. One animal showed the presence  
of both sarcoma and lymphoma and one animal 
developed myeloid leukemia. This   spectrum of tumors 
is   characteristic   to   p53-/-  mice   and   comparable to 
previous reports [27]. The mice developed these 
spontaneous neoplasms from 2 to over 8 months of age 
with an average latency time of 161 days. When 
compared to the control group, Rapatar-treated mice 
showed later appearance and delayed progression of 
spontaneous tumors. They arose from 4.5 to over 9.5 
months, with average latency of 261 days; one animal 
remained tumor-free until the end of the experiment. 
Interestingly, the incidence of sarcomas in Rapatar- 
treated mice was increased to 30% compared to 17% in 
control group (Table 2); however the number of animals 
used in the experiment was not enough to obtain a 
statistically significant difference. 

 

Table 2. Summary of histological analysis. Tissues of 17 control and 20 Rapatar‐treated 
p53‐/‐ mice were evaluated for the presence of tumor cells. The type of tumors and the 
stage of their development were determined as described in Materials and Methods. 
The incidence of sarcomas in Rapatar‐treated p53‐/‐ mice was higher than in control 
group (30% and 17% respectively); however, due to a relatively small group size, 
statistical significance was not achieved (p=0.2; Fisher’s exact test). 

 

 Initial 
Lymphoma 

Advanced 
Lymphoma 

Sarcoma Leukemia Tumor∆free 

Rapatar 7 (35%) 6 (30%) 6 (30%) 1 (5%) 1 (5%) 
PBS 4 (23%) 10 (58%) 3 (17%) 1 (6%) 0 

 
 

Figure 3. Rapatar delays development of lymphomas in p53‐/‐ mice. (A) Representative initial lymphoma developed in control 
mouse at the age of 101 days. (B) Similar appearance of lymphoma in Rapatar‐treated mouse at 281 days of age. Both A and B 
show monotonous infiltrate of medium‐sized neoplastic cells with round nuclei, fine chromatin, indistinct nucleoli, and numerous 
mitotic figures and apoptotic cells. (C) Advanced lymphoma in 134‐day old control mouse with metastases in liver (D) and lung  
(E). (D) Metastasis in liver showing the extensive spread of neoplastic cells effaces the normal structure and only minimal 
remnants of hepatocytes (marked by arrows). (E) Metastasis in the lung showing neoplastic infiltrates in perivascular area and in 
the alveolar walls (arrows) (F) Advanced lymphoma with pathological changes similar to shown in C in the thymus of 241day‐old 
Rapatar‐treated animal with metastasis in liver (G) and lung (H). (G) Metastasis in liver showing neoplastic infiltrates in portal  
tract (yellow arrow) and sinusoids (white arrow). (H) Metastasis in the lung showing perivascular neoplastic infiltrate (arrow). 
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and control groups respectively) suggesting that Rapatar 
slows down tumorigenesis. Consistently, the proportion 
of the advanced disseminated lymphomas, spreading to 
other organs in Rapatar-treated group was smaller than 
in control (30% and 58% respectively). Although 
histopathological appearance of lymphomas and 
sarcomas were very similar in control and experimental 
groups, Rapatar-treated mice develop tumors 
significantly later in life (Fig. 3 and 4). Based on these 
data  we  concluded  that  Rapatar  increased  lifespan of 
p53-/- mice by delaying tumorigenesis. 

 
DISCUSSION 

 

 
 
 
 
 
 
 
 

Figure 4. Rapatar delays development of sarcomas in p53‐/‐ 

mice. (A) Liver sarcoma in 172‐old control mouse. (B,C) 
Sarcoma developed in 261 day‐ and 204 day‐old Rapatar‐ 
treated mice. No metastases are detected. D. Sarcoma in 212‐ 
day old Rapatar‐treated mouse with metastases in the lung. 

 
 

 
Since lymphomas represented the major type of tumor  
in both groups, we performed a detailed pathological 
evaluation of individual tumors. Based on the severity  
of pathological changes, the developmental stage, and 
involvement of non-lymphoid tissues, all lymphomas 
were graded as initial or advanced. Initial lymphomas 
mainly involved thymus and were presented 
macroscopically as enlarged masses. Under the 
microscope they were seen to be composed of broad 
sheets of densely packed rather uniform large 
lymphoblastic cells, with little or sparse cytoplasm that 
completely obliterated the normal thymus structure and 
cortical and medullary zones. In most cases, neoplastic 
lymphoid cells expanded through the thymic capsule 
and spread through the mediastinal fat, lymph nodes, 
along peritracheal and periaortal spaces,  even 
infiltrating lungs and pericardium with limited 
penetration of the myocardium. Such lymphomas with 
predominantly local involvement were designated 
provisionally as initial. Tumors were graded as  
advanced when the rise of the malignancy and 
aggressiveness of the lymphoma cells resulted in 
metastases and infiltration into spleen, liver, lung, 
kidney, mesentery lymph nodes, testis, and bone 
marrow. Based on this designation, the proportion of the 
initial lymphomas in Rapatar-treated group was larger 
compared to controls (35% and 23% for    experimental 

The mTOR signaling pathway is a key coordinator of 
cell growth and cell proliferation in response to a  
variety of environmental conditions. Its  deregulation  
has been implicated in many pathological conditions, 
including those that are associated with aging, such as 
cancer, type 2 diabetes, neurological and cardiovascular 
disorders (reviewed in [28, 29]). Furthermore, the 
activation of the mTOR pathway is the most universal 
alteration in cancer [30]. Several analogs of rapamycin 
(rapalogs) have been approved for cancer therapy [31- 
35] and numerous clinical trials are underway. 
However, as anti-cancer drugs rapamycin and other 
rapalogs showed modest efficacy. There are several 
reasons that can explain relatively low therapeutic  
effect. First, rapamycin itself is not cytotoxic. 
Additionally, mTOR inhibition activates several 
feedback loops that drive mitogenic signaling (reviewed 
in [28, 36]). Therefore, it is still not quite clear whether 
rapamycin exhibits direct antitumor activity or whether 
it acts in a more indirect systemic way. Our previous 
data  [9] and data presented here  show that   rapamycin 
delays carcinogenesis in  tumor-prone p53+/- and   p53-/-

 

mice, most likely by slowing down the process  of 
aging. If this is the case, than rapamycin can be 
considered as a tumor-preventive agent (i.e. 
administration is required before tumor initiation). This 
necessitates the development of efficacious nontoxic 
rapamycin-formulations that could be taken orally for 
extended periods of time. Here we show that oral 
administration of Rapatar results in high systemic 
bioavailability and does not induce toxicity during life- 
long administration. Importantly, biological effects of 
Rapatar were prominent at low doses (0.5 mg/kg) and 
intermittent schedules. Taken together, our data suggest 
that Rapatar is a promising candidate for clinical use as 
an effective cancer prevention drug. 

 
MATERIALS AND METHODS 

 
Materials. Rapamycin was purchased from LC 
Laboratories (Woburn, MA). Polymeric formulation  of 



 
www.aging-us.com                                                                        69                                                                AGING (Albany NY) 

rapamycin (Rapatar) was developed by Tartis Aging, 
Inc. using Pluronic block co-polymers [15] according to 
the following protocol. One gram of rapamycin was 
dissolved in 25 ml of ethanol. The resulting solution  
was mixed with 5 grams of Pluronic L-92 (BASF) and 2 
grams of citric acid dissolved in 200 ml of 20%  
Pluronic F-127 (BASF) solution in ethanol and water 
mixture (97:3 v:v). The solution was then incubated at 
20-25ºC for 30 minutes with constant stirring. The 
ethanol was removed using Speedvac and the 
formulation was further dried using high vacuum. 

 
Animals. ICR female mice were obtained from Charles 
River. C57Bl/6J mice were obtained from Jackson 
Laboratory. p53-/- mice on C57Bl/6J background 
originally obtained from Jackson  Laboratory,  were 
housed and bred at the Department of Experimental 
Animal Resources of Roswell Park Cancer Institute. For 
pharmacokinetic analysis, three groups of 8 weeks  old 
ICR female mice received a single dose of either Rapatar 
(2 groups) or rapamycin. Rapatar was administered via 
gavage at 4mg/kg in 0.5% methyl cellulose or IV at 
0.4mg/kg in PBS. Rapamycin was administered via 
gavage at 4mg/kg in 0.5% methyl cellulose. 

 
For estimating potential long-term toxic effects of  
Rapatar, two groups of C57BL/6J mice received the drug 
at a dose of 0.5 mg/kg via gavage once a day for 5 
consecutive days, followed by 9-day interval without 
treatment. Mice were maintained on this treatment 
schedule for 24 weeks and were weighed  weekly.  
Control mice receive PBS according to the  same  
schedule. 

 
For longevity studies, 38 p53-/- male mice were randomly 
divided into two groups. Twenty one experimental  
animals received 0.5 mg/kg Rapatar and 17 animals 
received PBS according to the above described schedule. 
Treatment started at 8 weeks of age and continued until 
tumor appearance was visually observed or dramatic loss 
of weight, indicative of tumor appearance, was detected. 
At this point, mice were sacrificed and examined for  
gross pathological changes. Tumors, heart, kidney, liver, 
lungs, thymus and spleen were collected for histological 
evaluation. All procedures were approved by the 
Institutional Animal Care and Use Committee of Roswell 
Park Cancer Institute. 

 
Pharmacokinetic study. Whole blood was collected into 
EDTA-blood tubes 0.5, 1, 2, 4, 8, 16 and 24 hours after 
administration of either Rapatar or unformulated 
rapamycin. Tubes were inverted a few times, and stored 
on ice in dark container during the experiment. At the 
end  of  the  experiment,  all  samples  were  placed  for 
storage at -700C in a light-protected container.    Frozen 

blood samples were submitted to the Rocky Mountain 
Instrumental Laboratory (Fort Collins, Co) for 
LC/MS/MS analysis of rapamycin. Pharmacokinetic 
analysis was performed using data from individual mice 
for which the mean and standard error of the mean 
(SEM) were calculated for each group using PK 
Solutions software (Version 2.0). 

 
Western blot analysis. In order to maximize and be able 
to detect p70S6 phosphorylation [37, 38], six C57Bl/6J 
mice were food-deprived for 18 hrs. At the end of the 
fasting period, animals received either Rapatar (0.5 
mg/kg) or PBS via gavage and 15 minutes later were 
allowed access to food. One hour later animals were 
sacrificed; livers were dissected, lysed in RIPA buffer 
and loaded on a 8% SDS-PAGE gel. After separation 
and transfer to a PVDF membrane, protein lysates were 
analyzed for mTOR activation by probing with an 
antibody against phospho-p70 S6 Kinase (Thr389) 
(1:1000; Cell Signaling) and Actin (1:10000 Cell 
Signaling). After incubation with HRP conjugated 
secondary antibodies (Santa Cruz Biotechnologies), 
transferred proteins were visualized with the ECL 
detection kit (Jackson Research Laboratories). 

 
Histopathology. The mice were visually inspected for 
tumor development and weighed weekly. Animals 
showing deteriorating clinical status manifested by 
constant weight loss or visual tumor appearance were 
sacrificed and evaluated for gross pathological changes 
by complete necropsy. For histological evaluation, all 
tissues were fixed in 10% neutral formalin for 24 hours, 
and then transferred to 70% ethanol. Samples were 
embedded in paraffin, sectioned and stained with hema- 
toxylin and eosin. Histopathological examination was 
performed on tumors, gross lesions and target tissues 
using Zeiss AxioImager A1 with Axiocam MRc digital 
camera. The guidelines of Bethesda classification was 
used in determining the diagnosis [39]. 

 
Statistical Analyses. Differences in survival and tumor 
incidence were evaluated by the Mantel-Cox log-rank 
test. 
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Abstract: The TOR (Target of Rapamycin) pathway accelerates cellular and organismal aging. Similar to rapamycin, p53 can 
inhibit the mTOR pathway in some mammalian cells. Mice lacking one copy of p53 (p53+/‐ mice) have an increased cancer 
incidence and a shorter lifespan. We hypothesize that rapamycin can delay cancer in heterozygous p53+/‐ mice. Here we 
show that rapamycin (given in a drinking water) extended the mean lifespan of p53+/‐ mice by 10% and when treatment 
started early in life (at the age less than 5 months) by 28%. In addition, rapamycin decreased the incidence of spontaneous 
tumors. This observation may have applications in management of Li‐Fraumeni syndrome patients characterized by 
heterozygous mutations in the p53 gene. 

 

INTRODUCTION 
 

The mTOR (mammalian Target of Rapamycin) pathway 
plays a crucial role in the geroconversion from  cell 
cycle arrest to senescence (geroconversion) [1]. 
Rapamycin suppresses or decelerates geroconversion, 
maintaining quiescence instead [2-8]. Furthemore, 
inhibition of the TOR pathway prolongs lifespan in 
model organisms, including mice [9-13]. In an 
organism, nutrients activate mTOR [14-16], whereas 
fasting or calorie restriction deactivates mTOR [17-19]. 
Calorie restriction slows down aging [20] and postpones 
tumorigenesis in several animal models [21, 22], 
including p53-deficient mice [23-25]. 

 
Similar to other tumor suppressors, p53 can inhibit 
mTOR in mammalian cells [26-31]. While causing cell 
cycle arrest, p53 can suppress geroconversion, thus 
preventing a senescent phenotype in the arrested cells 
[30, 31]. Therefore, it is not suprising that p53 inhibits 
hyper-secretory  phenotype,  a  hallmark  of  senescence 

 
[32] whereas p53-deficiency resulted in pro- 
inflammatory phenotype [33, 34]. Noteworthy, the 
activity of p53 is decreased with aging [35]. Lack of  
one p53-allele (p53+/- ) accelerates carcinogenesis and 
shortens lifespan [36-41]. We propose that rapamycin 
can decelerate cancer development in p53+/- mice. Here 
we show experimental evidence supporting this 
hypothesis. 

 
RESULTS 

 
Rapamycin (approximate dose, 1.5 mg/kg/day) was 
given in drinking water. 75 mice were divided into two 
groups: control (n=38) and rapamycin-treated (n=37). 
The mean lifespan of animals in control group was 373 
days and the last 10% of survivals lived as long as 520 
days (Fig. 1 A). In rapamycin-treated mice, the mean 
lifespan was 410 days and lifespan of the last 10% of 
survivals could not be determined (Fig. 1 A). Mice in 
both groups were also monitored for tumor 
development.    The    data    presented    in    Fig.     1B 
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demonstrate that carcinogenesis was significantly 
delayed in rapamycin-treated mice compared to control 
mice. 

 
Since in our experiments animals started to receive 
rapamycin at different age, we sought to test whether 
this affected the outcome of the treatment. 

 
For this, we further subdivided all mice used into two 
groups: “young” (receiving rapamycin from the age of 5 
months or earlier) and “old” (receiving rapamycin 
starting at 5 months of age or older). Results of the data 
analysis for the “young” group are shown in Figure 1C 
and D. The mean lifespan in control group was 373  
days, whereas in rapamycin-treated “young” mice the 
mean lifespan reached 480 days, 3.5 months increase 
over the control group. Furthermore, 40% of rapamycin- 
treated “young” mice survived 550 days (Fig. 1C) and 
by this age developed 2 times less tumors than control 
mice (Fig. 1D). In the “old” group the difference 
between control and treated group was blunted (data not 
shown). 

Thus, the life-extending effect of rapamycin is more 
pronounced when treatment starts earlier in  life.  In 
order to confirm that rapamycin administered with 
drinking water has biological activity in vivo, we 
measured levels of phosphorylated ribosomal protein S6 
(pS6), a marker of the mTOR activity in tissues of 
control and rapamycin-treated mice. After receiving 
rapamycin in drinking water for 2 days, mice were 
sacrificed and the levels of total S6 and pS6 were 
estimated by Western blot analysis and immuno- 
cytochemistry (Fig. 2). 

 
As shown in Fig. 2A, levels of pS6 were reduced in the 
heart, kidney and liver of  rapamycin-treated  mice. 
Also, pS6/S6 ratios were lower in rapamycin-treated 
mice (Fig. S1). 

 
These results were confirmed by immunohistochemical 
staining showing lower levels of pS6 in tissues of 
rapamycin-treated mice (Fig. 2B). The  variability  of 
pS6 levels among mice may explain the variability of 
biological effects of rapamycin. 

 

 
 

Figure 1. Administration of rapamycin extends lifespan and delays carcinogenesis in p53+/‐ male mice. (A) 
Kaplan Meier survival curve of rapamycin‐treated (red line) and control (blue line) mice. (B) Incidence of tumors in rapamycin‐ 
treated (red) and control (blue) mice. Animals received rapamycin starting at various ages at 1.5 mg/kg per day in drinking 
water throughout entire life. * p<0.05. (C) Kaplan Meier survival curve of rapamycin‐treated (red line) and control (blue line) 
mice that start receiving rapamycin early in life (<5 months). (D) Incidence of tumors in rapamycin‐treated (red) and control 
(blue) mice that start receiving rapamycin early in life (<5 months). * p<0.05 toph 



 
www.aging-us.com                                                                        74                                                                AGING (Albany NY) 

 
 

Figure 2. Administration of rapamycin in drinking water inhibits the mTOR pathway in p53+/‐ male mice. 
(A) Western blot analysis of whole cell lysates of 6 organs of rapamycin‐treated and control mice probed with antibodies 
specific to S6 and phospho‐S6 (Ser240/244). Mice received rapamycin in drinking water for 2 days. (B) 
Immunohistochemistry.  pS6 in the heart and the liver. Mice received rapamycin in drinking water for 2days. 

 
 
 

DISCUSSION 

Previously it was shown that rapamycin prolongs 
lifespan in genetically heterogeneous mice [11], [12], 
inbred mice [42] and Her2-expressing mice [13]. In 
normal genetically heterogeneous mice, rapamycin 
extended life span even when its administration was 
started later in life [11]. Our data in p53+/- mice show 
that the effect of rapamycin was blunted when treatment 
started at the age of 5 months or older. 

 
This indicates that the anti-cancer effect of rapamycin is 
likely to be indirect and is imposed via its systemic 
effect at the level of an organism rather than through 
direct inhibition of tumor growth. To further address  
this question we plan to test the effect of rapamycin on 
animals with established tumors (by measuring tumor 
growth) along with evaluating the functional status of 
mTOR and the ability of rapamycin to suppress it in 
tumors and normal tissues. As we report here, 
administration of rapamycin starting early in life 
increased mean lifespan in p53+/- male mice by 28%. 
Previous work has demonstrated that the life-extending 
effects of rapamycin [11, 12] as well as metformin [43, 
44], calorie restriction [45] and genetic inhibition of the 
IGF-I/mTOR/S6K pathway [46, 47] were less 
pronounced in male mice compared with female mice. 
Moreover, in some cases, life span extension was 
achieved in female  mice  only  [43, 47].  Therefore, the 

observed increase in the median lifespan is dramatic, 
taking into account that it was achieved in male mice. 
However, because of low bioavailability of rapamycin,  
it was given constantly (in drinking water) without 
interruptions, whereas intermittent schedules may be 
more appropriate for future clinical developments as 
cancer-preventive interventions. In fact, a novel 
formulation of rapamycin (Rapatar) may be given 
intermittently, which still reveal even more pronounced 
extension of life span in p53-deficient mice (Comas et 
al, Aging 2012; this issue). 

 
Our study suggests that rapamycin can be considered  
for cancer prevention in patients with Li-Fraumeni 
syndrome. Li-Fraumeni syndrome is an autosomal 
dominant disorder with a germline p53 mutation [48]. 
The incidence of cancer in carriers of mutation reaches 
50% at the age of 40 and 90% at the age 60. Children of 
affected parents have an approximate 50% risk of 
inheriting the familial mutation [48]. Although 
functional assays have been established allowing for 
easy genetic testing for TP53 mutation, no effective 
chemopreventive therapy is currently available. The p53 
rescue compounds may hold some promise in the future 
[48-50]; however these are not clinically approved 
drugs. In contrast, rapamycin has been used in the clinic 
for over a decade mostly in renal transplant patients. It 
was reported that rapamycin significantly decreased 
cancer  incidence  in  renal  transplant  patients [51-53]. 
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Our data suggest that rapamycin or its analogs can be 
considered for cancer prevention in Li-Fraumeni 
syndrome. 

 
METHODS 

Mice. All animal studies were conducted in accordance 
with the regulations of the Committee of Animal Care 
and Use at Roswell Park Cancer Institute. The colony of 
p53-knockout mice on a C57B1/6 background 
(originally obtained from Jackson Laboratories, Bar 
Habor, ME) was maintained by crossing p53+/- females 
with p53-/- males followed by genotyping of the 
progeny (PCR) as described previously [54]. 
Heterozygous p53+/- mice were generated by crossing 
p53-/- males with wild type p53 females. Male mice 
were kept in polypropelene cages (30x21x10 cm) under 
standard light/dark regimen (12 hours light : 12 hours 
darkness) at 22 ± 2 °C, And received standard 
laboratory chow and water ad libitum. 

 
Rapamycin treatment. Rapamycin (LC Laboratories, 
USA) was diluted in ethanol at concentration 15 mg/ml. 
Then the stock was diluted 1:1000 in drinking water. 
Drinking water was changed every week. Male mice 
were randomly divided into two groups. Mice of the 
first group (n=37) were given rapamycin in drinking 
water (approximately 1.5 mg/kg per day), whereas mice 
of the second group (n=38) were given tap water  
without rapamycin and served as control. Once a week 
all mice were palpated for detection of tumor mass 
appearance. 

 
Pathomorphological examination. All animals were 
autopsied. Site, number and size of tumors were 
checked. All tumors, as well as the tissues and organs 
with suspected tumor development were excised and 
fixed in 10% neutral formalin. After the routine 
histological processing the tissues were embedded into 
paraffin. 5-7 μm thin histological sections were stained 
with haematoxylin and eosine and were microscopically 
examined. Tumors were classified according to 
International Agency for Research on Cancer 
recommendations. 

 
Western blot analysis. Tissues were homogenized in 
Bullet blender using stainless steel 0.5 mm diameter 
beads (Next Advantage, Inc. NY, USA) and RIPA lysis 
buffer supplemented with protease and phosphatase 
inhibitors tablets (Roche Diagnostics, Indianopolis, IN, 
USA). Lysates were cleared by centrifugation at 4°C at 
13000 rpm.  Equal amounts of protein were separated  
on gradient Criterion gels (BioRad) and immunoblotting 
was performed with rabbit anti-phospho S6 (Ser 
240/244)   and   mouse   anti-S6   antibodies   from Cell 

Signaling Biotechnology as described previously [55], 
[56]. 

 
Immunochemistry. Dissected tissue samples were fixed 
in 10% buffered formalin, embedded into paraffin. 5-7 
μm thin histological sections were stained with anti- 
phospho S6 (Ser240/244) antibody (Cell Signaling) and 
counterstained with Hematoxylin. 

 
Statistical analyses. The SigmaStat software package 
was used for analysis. The P values were calculated 
using Fisher’s Exact Test (2-tail). P<0.05 was  
considered as statistically significant. 
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SUPPLEMENTAL FIGURE 
 
 

 
Supplemental Figure S1. Quantitative analysis of 
data shown in Figure 2A. Top panel ‐ Intensity of 
phosphorylated S6 (pS6) signal was quantified using 
ImageJ program (intensity units, IU). Bottom panel – 
Intensity of pS6 and S6 signals were quantified and the 
ratio pS6/S6 was calculated. 
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Editorial 

 

Rapamycin as longevity enhancer and cancer preventative agent in the context of p53 deficiency 
 

Lawrence A. Donehower doi:10.18632/aging.100494 
 
 

Since initial rodent studies in the mid-1930s, caloric 
restriction (CR) has been known to be an effective non- 
pharmacological intervention that can extend longevity 
in many species. Over the last 15-20 years, studies in 
yeast, worms, and flies have defined many of the 
signaling pathways mediating these CR-driven  
longevity effects. A prominent mediator of CR is the 
target of rapamycin (TOR) signaling pathway, which 
functions to monitor nutrient levels in the cell and 
modulate protein synthesis and cell growth in response. 
Dysfunctional regulation of TOR in humans has been 
associated with a number of aging-associated diseases 
such as diabetes, obesity, cardiovascular disease, and 
cancer [1]. On the other hand, downregulation of the 
TOR pathway in yeast, worms and flies by the  
inhibitory molecule rapamycin has been shown to 
significantly increase lifespan in each of those species. 
Moreover, in 2009, Miller, Harrison and colleagues 
showed that mixed inbred mice treated with rapamycin 
at a relatively late age (600 days) exhibited extended 
lifespans [2]. Recently, this group also showed that 
aging phenotypes were significantly delayed in the 
rapamycin-treated group, though testicular degeneration 
and cataracts increased [3]. 

 
Despite potential side effects, the rapamycin-induced 
longevity enhancement in a mammalian species has 
generated much excitement, and further studies in 
animal models have now indicated that cancer incidence 
is delayed by rapamycin treatment. This should not be 
too surprising, since rapamycin integrates signals 
initiated from a number of growth factor receptors, is 
upregulated in numerous cancers, and has been used as  
a cancer therapeutic drug in some contexts  [1].  One 
such study by Anisomov et al. [4] showed that 
rapamycin treatment of HER-2 transgenic mammary 
cancer prone mice not only resulted in significantly 
extended lifespans, but also dramatically delayed tumor 
appearance and decreased tumor number and  size.  
Thus, rapamycin may be a highly effective cancer 
preventative drug in addition to its many other 
beneficial effects. 

 
To follow up and extend this initial exciting result, 
Gudkov, Blagosklonny, Antoch, and their colleagues 
have  investigated  the  effects  of  rapamycin  on  tumor 

 
incidence and longevity in p53-deficient mice. The 
results, appearing in two papers in this issue of Aging, 
confirm that the cancer preventative effects of 
rapamycin are significant and broad in scope [5,6]. The 
p53 tumor suppressor protects against an array of 
different tumors and p53-deficient mice succumb to 
lymphomas and many different types of sarcomas [7].  
In the paper by Komarova et al. [5], mice heterozygous 
for a germline p53 null allele (p53+/-) that were 
continuously treated with rapamycin in the drinking 
water beginning at a young age (<5 months) had a mean 
lifespan of 480 days compared to that of the control 
group’s 373 day mean lifespan (a 28% increase). 
Importantly, these rapamycin-treated mice developed 
only half as many tumors as the control mice, a  
dramatic and significant anti-cancer effect. They also 
show direct inhibition of mTOR kinase activity in 
several tissues of the rapamycin-treated mice, an 
indicator that the rapamycin effects continuously inhibit 
mTOR signaling. In their discussion, the authors 
acknowledge that the anti-cancer effects of rapamycin 
are likely to be indirect, but don’t speculate further. 
However, because mTOR integrates signals from so 
many growth signaling pathways, intersects with so 
many key growth signal transducers (such as AKT, PI-3 
kinase, and Ras), and drives so many cell growth 
outputs, it’s easy to argue that reduction of mTOR 
activity by rapamycin acts as a major brake on 
transformation. The authors suggest that the dramatic 
effects of rapamycin on p53+/- mice could lead to use  
of this agent as a cancer preventative drug in Li- 
Fraumeni syndrome patients. Li-Fraumeni patients are 
analogous to p53+/- mice, as they carry germline p53 
mutations and are highly cancer prone at a young age 
[8]. This may be a good place to start in considering 
patients for rapamycin in clinical trials, though some of 
the side effects of rapamycin in mice indicated above 
[3] certainly need further evaluation. 

 
In the second paper by Comas et al. [6], the authors  
treat p53 null (p53-/-) mice with rapamycin from the  
age of 8 weeks. These mice are  profoundly  tumor 
prone and succumb to lymphomas by 4-6 months  of 
age. In this paper, however, the bioavailability of the 
relatively insoluble rapamycin was enhanced by a novel 
rapamycin  formulation  called  Rapatar   that  improved 
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water solubility. The authors showed that blood 
rapamycin levels were significantly  increased  in 
animals treated with Rapatar compared to the standard 
form of rapamycin. As with the p53+/- mice, Rapatar 
treatment of the p53-/- mice resulted in significant 
longevity extension and delayed cancer formation 
relative to untreated p53-/- mice. Mean tumor latencies 
for the control p53-/- mice and the Rapatar-treated p53- 
/- were 161 and 261 days, respectively, a very 
significant effect. The authors  argue that improvement 
of rapamycin bioavailabity through improved 
formulations is a necessity for clinical applications. 
They are uncertain whether the rapamycin effects are 
direct or indirect, but believe it to delay tumorigenesis 
by slowing aging. However, because the  p53-/-  mice 
are relatively young when they develop tumors, this 
interpretation seems less likely. Nevertheless, both 
papers represent exciting new advances that could lead 
us closer to pharmaceuticals that both enhance lifespan 
and delay cancer. 
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Abstract: I discuss a very obscure activity of p53, namely suppression of senescence (gerosuppression), which is also 
manifested as anti‐hypertrophic, anti‐hypermetabolic, anti‐inflammatory and anti‐secretory effects of p53. But can 
gerossuppression suppress tumors? 

 

INTRODUCTION 
 

Wt p53   can  induce  apoptosis,  cell  cycle   arrest  and 
senescence,    which   are  sufficient  to   explain  tumor 
suppression  by  p53  [1].  A    recent  paper in Cell 
described   that  these   activities   are   dispensable   for 
tumor  suppression  [2].   Mutant  p53 (p533KR)  that 
cannot   cause   arrest,   senescence   and   apoptosis still 
suppressed tumors in mice [2, 3]. Why do then wt p53 
induce apoptosis, cell cycle arrest and senescence? 
Before entertaining this  intriguing  question,  I will 
focus on suppression of senescence (gerosuppression) 
by p53, overlapping with its anti-hypertrophic, anti- 
hypermetabolic, anti-inflammatory and anti-secretory 
effects. 

 
P53 suppresses the conversion from arrest to 
senescence (geroconversion) 
How can p53 suppress senescence, if it also can cause 
senescence? As recently suggested, induction of 
senescence is not an independent activity of p53 but a 
consequence of cell-cycle arrest [4-8]. This predicts that 
any mutant p53 that cannot cause arrest will not cause 
senescence  too.  In  agreement,  p533KR  did  not   cause 
senescence [2]. This is not trivial. To create p533KR, wt 
p53  was  altered  to  abolish  apoptosis  and   cell-cycle 
arrest only [2]. Li et al did not modify p53 to abolish 
senescence as an independent activity. It was not  
needed, simply because p53 does not induce senescence 
as an independent effect. (Note: Seemingly in contrast,  
it was reported  that  mutant p53,  which  cannot  induce 

 
arrest in response to DNA damage, can cause 
senescence [9]. Although this mutant p53 did not cause 
instant arrest, it still arrested proliferation later and then 
senescence developed [9]. So there is no  exception). 
p53 cannot induce senescence without inducing arrest. 
But p53 can induce quiescence, a reversible condition 
characterized by low protein synthesis and metabolism 
(see detailed definitions in ref. [7, 8]). It was assumed 
that when p53 causes quiescence, it simply fails to 
induce senescence. But another possibility is  that  in 
such cases p53 suppresses the conversion from cell- 
cycle arrest to senescence (geroconversion). How can 
that be tested? In some cell lines, induction of ectopic 
p21 causes irreversible  senescence, whereas  induction 
of p53 causes quiescence [4]. Does p53 suppresses a 
senescent program? This question can be answered by 
simultaneously inducing both p53 and ectopic p21. 
When both p21 and p53 were induced, then cells  
become quiescent not senescent [4]. p53 was dominant, 
actively suppressing senescence caused by p21... or by 
something else? In fact, p21 merely causes cell cycle 
arrest and does not inhibit mitogen-activated, nutrient- 
sensing and growth-promoting pathways such as Target 
of Rapamycin (mTOR) [4]. During several days, these 
pathways (gerogenic pathways, for brevity) convert 
p21-induced arrest into senescence. Rapamycin can 
decelerate geroconversion [10-13]. Also, p53 can inhibit 
the mTOR pathway [4-6, 14-17]. In some conditions, 
p53 can suppress senescence during arrest [4-6]. Wt p53 
induces arrest and then if it fails to suppress senescence, 
then  senescence  prevails.  Rather than  p53, gerogenic 
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pathways drive senescence during cell-cycle arrest [18]. 
 

In summary, wt p53 seems to have three independent 
effects: apoptosis, cell-cycle arrest and gerosuppression. 
By inducing arrest, wt p53 primes cells for senescence, 
unless p53 is able or “willing” to suppress 
geroconversion. At high  levels, gerosuppression  by p53 
is  limited  by  apoptosis  [6].  This  predicts  that p533KR

 

would potently suppress senescence because gero- 
suppression by p533KR will not be limited by apoptosis. 

 
Hyper-metabolic senescent phenotype 
Senescent cells are hyper-functional: hypertrophic, 
hypermetabolic, hyper-secretory and hyper- 
inflammatory [8]. Also, senescent cells may accumulate 
lipids, becoming not only large but also “fat” (Figure1). 
Induction of p53 decreased both cellular hypertrophy 
and fat accumulation (Figure 1). This is in line with 
numerous metabolic effects of p53 including inhibition 
of glycolysis and stimulation of fatty acids oxidation 
[19-32]. Importantly, p533KR retained the ability to 
inhibit glycolysis and reactive oxygen species (ROS) 
[2]. (Noteworthy, ROS and mTOR co-activate  each 
other [33] and N-Acetyl Cysteine (NAC), which 
decreases  ROS,  also  inhibits  mTOR  [34]).  Also, p53 
decreases hyper-secretory phenotype also known as 
SASP [35] and suppresses a pro-inflammatory 
phenotype [36, 37]. How might gerosuppression 
contribute to tumor suppression? There are several 
overlapping explanations, from different points of view 
of the same process. 

Gerogenic conversion and oncogenic transformation 
In proliferating epithelial cells, pro-gerogenic 
conversion   may  contribute  to  carcinogenesis  directly. 
The  PI3K/mTOR  pathway  is  universally  activated  in 
cancer   [38-49].    p53   can   inhibit   the   PI3K/mTOR 
pathway [4-6, 14-17, 50]. Like p53,  many  other  tumor 
suppressors such as PTEN, AMPK, TSC2, LKB1, NF1 
inhibit the PI3K/mTOR pathway [51]. 

 
Geroconversion of stromal cells creates carcinogenic 
microenvironment 
First, senescence creates a selective disadvantage for 
normal cells, thus selecting for cancer [52-54]. Also, 
senescent stromal cells secrete factors that favors pre- 
cancer and cancer growth [37, 54-62]. Third, the 
senescent stroma is hyper-metabolic and thus promotes 
cancer by fueling cancer growth [59, 60, 63-71]. In a 
model of accelerated host aging, mTOR activity was 
increased in normal tissues [72]. This pro-senescent 
microenvironment accelerated growth of implanted 
tumors. The tumor-promoting effects of pro-senescent 
microenvironment were abrogated by rapamycin [72]. 

 
Cancer is an age-related disease 
The incidence of cancer is increased exponentially in 
aging mammals. Manipulations that slow down aging 
delay cancer [73]. For example, calorie restriction  
delays cancer [74-76] including cancer in p53-deficient 
mice [77, 78]. Rapamycin, which decelerates  aging,  
also postpones cancer in animals [73, 79-81] and in 
patients after renal transplantation [82-86]. 

 
 

 
 
 

Figure 1. Nutlin‐3a decreased lipid accumulation during IPTG‐induced  
senescence. HT‐p21 cells were treated with IPTG, nutlin‐3a and IPTG+nutlin‐3a (as 
indicated) for 3 days as described previously [4‐6] and cells were stained with “oil red O” for 
lipids. In HT‐p21 cells, IPTG induces ectopic p21 and senescence. As described previously, 
nutlin‐3a induces endogenous p53 and suppresses IPTG‐induced senescence [4‐6]. 
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Is aging accelerated in p53-deficient mice? 
Inactivation of tumor suppressors accelerates both aging 
and cancer [87]. It was thought that p53 is an  exception. 
Yet, given that p53 can suppress geroconversion, it  may 
not be the exception after all. A complex role of  p53  in 
cellular senescence and organismal aging was discussed 
[88-91]. Mice with  increased,  but  normally  regulated, 
p53 lives longer  [92].  p53  knockout  mice   have  both 
accelerated carcinogenesis and decreased longevity [93- 
98].  p53-/- mice  have  a  pro-inflammatory  phenotype 
characteristic   of   accelerated   aging   [36, 37].  Also, 
atherosclerosis  is  accelerated  in   p53-/- animals  [99- 
102]. While loss of p53 by itself  makes cells  prone  to 
become tumorigenic, an increased rate  of   organismal 
aging in the absence  of  p53   may  further  accelerate 
carcinogenesis. 

 
Rapalogs and p53 
Rapamycin (sirolimus) and other rapalogs (everolimus 
and temsirolimus) are pharmacological tumor 
suppressors. Noteworthy, like p53, rapamycin decreases 
glycolysis [103] and lactate production [34] and 
stimulates oxidation of fatty acids [104, 105]. 
Furthermore, rapamycin slows cellular proliferation, and 
so, not surprisingly, p533KR inhibits  clonogenicity  too 
[2]. Yet, p53 affects metabolism and aging not only via 
mTOR but also via direct transactivation of metabolic 
enzymes, rendering it a more potent tumor suppressor. 

 
Puzzles remain 
Still, even if gerosuppression and anti-hypermetabolic 
effects can in part explain tumor suppression, puzzles 
remain. Why does wt p53 cause “unneeded” apoptosis 
and “instant” (p21-dependent) arrest? Why is p53 
needed at all? In the wild, most mice die from 
external/accidental causes and only a few would live 
long enough to die from cancer, regardless of p53  
status. In the wild, starvation (natural calorie restriction) 
would delay cancer further. Yet, p53 is also needed very 
early in life, or technically speaking, even  before  life 
has begun, because p53 plays role in fertility and 
reproduction [106-113]. And is tumor suppression a late 
life function? 

 
Alternatively, tumor suppression is a primary function  
of p53. And each of the three activities (apoptosis, 
arrest, gerosuppression) is partially sufficient for cancer 
prevention. In their combination, these activities are the 
most effective tumor suppressor. And each activity may 
be partially dispensable in some mice strains and  in 
some conditions. For example, the gerosuppressive 
activity of p53 may be preferentially important in 
peculiar strains of laboratory mice, or mice fed ad 
libitum, which constantly activates mTOR and 
accelerates  aging.  In  fact,  calorie  restriction,    which 

deactivates mTOR and decelerates aging, partially 
substitutes for the loss of p53 in mice. 
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Hypothesis 

 
INTRODUCTION 

 
Aging is defined as a decline caused by accumulation of 
all sorts of damage, in particular, molecular damage. 
This statement seemed so obvious that it was not 
questioned. Yet several lines of evidence rule out 
molecular damage as a cause of aging [1-15]. Yes, of 
course, molecular damage accumulates over time. But 
this accumulation is not sufficient to cause organismal 
death. Eventually it would. But the organism does not 
live long enough, because another cause terminates life 
first [8]. This cause is aging, a continuation of 
developmental growth. Definitely, developmental 
growth is not driven by accumulation of molecular 
damage, although molecular damage accumulates. 
Similarly, aging is not driven by damage. 

 
Growth is stimulated in part by mitogen- and nutrient- 
sensing (and other) signaling pathways such as mTOR 
[16-35]. Aging, “an aimless continuation of develop- 
mental program”, is driven by the same signaling 
pathways including mTOR [8, 14, 24]. Aging in turn 
causes damage: not molecular damage but non-random 
organ damage (stroke, infarction, renal failure and so  
on) and death [13]. Seemingly, one objection to this 
concept is that cancer is caused by molecular damage. 
And cancer is often a cause of death in mammals. So 
how may one claim that damage does not drive aging, if 
it is involved in cancer. Let us discuss this. 

Damage in cancer 
 

Damage causes activate oncogenes and de-activate 
tumor suppressors due to genetic mutations, epigenetic 
alterations and microRNAs dysregulation [36-57]. Even 
according to alternative theories, cancer is caused by 
damage too [58]. So damage is involved in cancer.  
There are some exceptions, mostly related to embryonic 
cells. Also, in theory, extra-genetic alterations such as 
stable activation of oncogenic pathways via positive 
feedback loops can contribute to malignant phenotype 
[59]. Finally, positive feedback loops could be 
established between cancer and normal cells [59-61]. 
But in general molecular damage is a key factor in 
cancer origin. In agreement, cancer is associated with 
genetic instability [59, 62-69]. 

 
Not decline but robustness 

 
Due to genetic instability, cancer cells accumulate high 
levels of unrepaired damage, resulting in genomic 
mutations and epigenetic alterations as well as 
aneuploidy [36-49, 70-80]. Despite of accumulation of 
damage, cancer is neither decline nor ‘wear and tear’. 
Cancer cells are robust and aggressive. Cancer cells 
damage organs, thus killing organism. If cancer cells 
with all damage are so robust, then how possibly aging 
of normal cells could be “a decline due to accumulation 
of molecular damage”. In fact, it does not. 
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Immortality of cancer cells 
 

Cancer is associated with cellular immortality [38, 81- 
88]. Not only cancer cells can become cell lines but also 
they can become free-living organisms [89-96]. Such 
free-living cancer cells spread from one animal to 
another. Thus, venereal sarcoma in dogs spread as 
unicellular mammalian organisms for several millennia, 
once originated from a single cancer cell [89-96]. Thus 
accumulation of damage is associated with cellular 
immortality. 

 
Damage is not sufficient to cause cancer 

 
However, molecular damage is not sufficient either to 
cause cancer or to hurt organism. This damage is 
multiplied billions of times via cell replication. Also, 
cells with random mutations undergo non-random 
selection (Figure 1). 

 
Multiplication and selection 

A 1 cm tumor contains 109 (1 billion) cells. Therefore, 
damage does not passively  accumulate  but  is  actively 

multiplied. Cells undergo clonal selection, analogous to 
Darwinian selection [70, 97-100]. Importantly, most 
mutations are so called “passenger” mutations that 
remain random and useless [72, 79, 80, 101]. But 
nevertheless they do not decrease cell vitality. 

 
Selective microenvironment 

 
Oncogenic mutations occur randomly. Cancer arises 
when cellular microenvironment favors oncogenic 
mutations, creating selective advantage to cells bearing 
oncogenic mutations. For example, carcinogens  not 
only damage DNA but also cytostatic to normal cells, 
thus favoring selection of oncogenic mutations that 
render cells resistant to cytostatic/toxic carcinogens 
[102, 103]. This is especially apparent with non- 
damaging carcinogens such as phorbol esters [104]. 
Cancer therapy can select for additional oncogenic 
mutations (such as loss of p53), rendering cancer cells 
not only drug resistant but also increasingly oncogenic 
[102, 103, 105-108]. Inflammation and chronic 
infections also favor cancer [109-121]. And the aging 
microenvironment favors cancer [122-128]. 

 
 
 

 
 
 
 
 

Figure 1. From random damage to cancer. Random damage undergoes multiple rounds of replication and 
selection. Aging is one of selection forces that favors cells with oncogenic mutations. Cancer cell is characterized 
by (a) activation of growth‐promoting pathways such as mTOR and (b) loss of cell cycle (CC) control. Isolated 
activation of mTOR favors senescence, whereas isolated cell cycle progression may trigger apoptosis. 
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Aging as selective force 
 

Organismal aging is the most important risk factor in 
common cancers such as prostate, breast, colon, gastric, 
lung, pancreatic, skin, brain, thyroid (and so on) cancers 
as well as melanomas and certain leukemias. Calorie 
restriction [129-137] and rapamycin [138-141], which 
decelerate aging, also postpone cancer. Why does aging 
favors cancer? One explanation is that aging stromal 
cells secrete factors that promote growth of pre-cancer 
cells [122, 123, 142-144] and aging is associated with 
pro-inflammation that favors cancer growth [145-147]. 
The pro-inflammatory NF-kB pathway is involved in 
both DNA damage response (DDR), cancer and aging 
[60, 147-156]. 

 
One additional explanation is that chronic 
overactivation of mTOR renders normal cells 
irresponsive to growth factors [157]. (In fact, 
mTOR/S6K renders cells resistant to insulin and growth 
factors [158, 159]). Then, cancer cells, which are  
growth signal- independent, acquire selective  
advantage. In theory, by restoring responsiveness of 
normal cells to mitogenic signals, treatment with 
rapamycin can eliminate selective advantage for cancer 
cells. It was predicted that rapamycin can restore 
responsiveness of aging cells [157]. In fact, mTOR may 
cause exhaustion of the proliferative potential of stem 
cells and, in some studies, rapamycin improved the 
responsiveness of aging stem cells and immune cells 
[160-163]. As an example, activation of mTOR 
promoted leukemia-initiated cells, while depleting 
normal hematopoietic stem cell. Rapamycin not only 
depleted leukaemia-initiating cells but also restored 
normal stem cell function [160, 164]. Thus decreased 
proliferative potential of normal cells is associated with 
selective advantage to cancer cells. 

 
 

Non-random activation of the PI3K/mTOR pathway 
 

The PI3K/mTOR pathway is universally involved in 
cancer [37, 165-180]. It is activated by mutations in 
PI3K, Ras, Raf, non-receptor and growth factor receptor 
kinases and autocrine growth factors [165, 177, 181, 
182]. Also, inactivation of tumor suppressors such as 
PTEN, AMPK, TSC2, LKB1, NF1 causes activation of 
this pathway [160, 169, 183-191]. In addition, the 
hypertrophic effect is often achieved via activation of 
downstream mTOR targets, translation factors [178]. 
Finally, p53, which is lost in cancer, is also a suppressor 
of the mTOR pathway [192-201]. Therefore, it can 
suppress conversion of cell cycle arrest to senescence 
[198-204]. In turn, the GF/PI3K/Akt/mTOR pathway 
drives cellular  mass  growth, hypersecrtory  phenotype, 

HIF-1 expression, angiogenic phenotype, high levels of 
glycolysis and biosyntesis (metabolic switch) and 
apoptosis avoidance  [16-35, 205-208]. In other words,  
it is involved in most of hallmarks of cancer [38, 88], 
with a notable exception of loss of cell  cycle  control. 
On the other hand, the mTOR pathway is involved in 
senescent phenotype.  Therefore, the second alteration  
in cancer is deactivation of cell cycle checkpoints. Thus 
cancer cells can be viewed as cycling senescent cells. 

 
Avoiding cell cycle arrest 

 
In order to proliferate, cell with TOR-activating 
oncogenes must disable cell cycle control. Inactivation 
of tumor suppressors such p53, Rb, p16 and activation  
of c-myc, cyclins D and E, all disable cell cycle control, 
allowing “pro-senescent” cancer cell to proliferate [209- 
216]. Still, acute DNA damage, anticancer drugs and 
induction of p21 or p16 cause cell cycle arrest. Arrested 
cancer cells rapidly become senescent (geroconversion), 
revealing their pro-senescent phenotype. 

 
Oncogenic transformation and gerogenic conversion 

 
There are non-mutually exclusive ways to depict 
oncogenic transformation, as complementary activation/ 
disabling of signaling pathways [88, 217-225]. Here to 
compare cancer with aging, I view oncogenic 
transformation as (a) activation of growth-promoting 
pathways such as mTOR and (b) loss of cell cycle 
control. Growth promoting pathways can drive either 
growth or aging, whereas avoidance of cell cycle arrest 
precludes aging (Fig. 1). In quiescent cells, activation of 
growth-promoting pathways (such as mTOR) converts 
quiescence into senescence, a process named gerogenic 
conversion or geroconversion [226, 227]. In 
proliferating cells, mTOR is fully activated. Induction  
of cell cycle arrest, without inhibition of mTOR causes 
gerogenic conversion too. When cell cycle is arrested, 
growth-promoting pathways drive hypertrophy and 
aging instead of growth. The difference between 
quiescence and senescence was recently discussed in 
detail [227]. Cellular hyper-functions and feedback 
signal resistance are manifestations of cellular 
senescence/aging that lead to age-related diseases [227]. 
These hallmarks result from excessive activation of 
signaling pathways not from accumulation of damage. 

 
Why aging is not caused by accumulation of damage 

 
To harbor the active mTOR pathway, cancer cells 
undergo multiple rounds of selection. In other words, 
numerous random mutations are selected for non-random 
activation of mTOR. In contrast it is resting non-dividing 
cells such as liver, muscle, fat, connective tissue,  neurons 
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that undergo aging (geroconversion) in the organism. Not 
only levels of molecular damage are low in normal cells, 
but also there is no amplification and selection. So 
random damage hardly can cause non-random activation 
of mTOR. Noteworthy, calorie restriction (CR) inhibits 
mTOR. Even short-term CR suppresses cellular 
senescence in the organism [228, 229]. 

 
Extragenetic activation of mTOR in aging 

 
mTOR pathway is activated by growth factors, 
hormones, mitogens, pro-inflammatory cytokines and 
other secretory molecules and nutrients. Cells can 
overactivate each other, via positive feedback loops. For 
example in the liver and fat, hyper-active mTOR causes 
insulin-resistance, which in turn leads to activation 
mTOR in beta-cells, which produce insulin. Insulin 
further activates mTOR in the liver and fat. 

 
DNA damage response (DDR) and aging 

 
In proliferating cells, mTOR is fully activated. Acute 
DNA damage induces DDR and cell cycle arrest. If 
mTOR is still active, such cells undergo geroconversion. 
Rapamycin and other inhibitors of the mTOR pathway 
decelerate geroconversion [198, 200, 206, 226, 230- 
236]). This is how accelerated senescence is usually 
induced in proliferating cells (in cell culture). However, 
in quiescent cells with inactive mTOR, DNA  damage 
does not induce sensecence, whereas activation of mTOR 
does [226, 237]. 

 
In oncogene-induced senescence (OIS), DDR causes cell 
cycle arrest, leading to senescence [238-245]. Note- 
worthy, most oncogenes that induce senescence (Ras, 
Raf, MEK, Akt and so on) activate the mTOR pathway. 
We can call them TOR-activating oncogenes or 
gerogenes [14], because they are involved in aging from 
cells to organisms [14, 246, 247]. Loss of PTEN also  
activates the mTOR pathway, causing senescence [243]. 
In OIS, oncogenes induce cell cycle arrest but not 
necessary DNA damage or even DDR [248, 243, 249]. 
Furthermore, atypical DDR can occur without DNA 
damage (pseudo-DDR) [231, 236, 250-256]. DDR path- 
ways and the mTOR pathway are interconnected [257- 
260]. And it seems that pseudo-DDR and DDR are 
markers of cellular hyper-activation associated with sene- 
scence [145] and can be blocked by rapamycin [231]. 

 
Cancer prevention and therapy 

 
Prevention of DNA damage can decrease cancer 
incidence. For example, non-smoking prevents 
smoking-induced cancer. Also, cancer can be prevented 
by decelerating the aging process by calorie  restriction 

and rapamycin. Both calorie restriction and rapamycin 
delay cancer. Although rapalogs can directly affect 
cancer cells, rapalogs are only modestly effective as 
anti-cancer therapy [168, 261, 262], compared  with  
their dramatic preventive effects. In  any case,  cancer 
can be prevented without decreasing levels of molecular 
damage. Furthermore, DNA damaging drugs are 
cornerstone of cancer therapy. And these drugs are also 
carcinogens, because anti-cancer and carcinogenic 
effects are two sides of the same coin [103]. 

 
CONCLUSION 

Although molecular damage is typically necessary for 
cancer initiation, this damage limits life span not 
because of cellular decline but because of cellular 
robustness. Damage undergoes multiplication and 
selection. Aging by itself is a selective force that favors 
cancer probably because aging cells are signal resistant, 
thus providing selective advantage to cells that by-pass 
the need in mitogenic signals. In addition to non- 
random selection for oncogenic mutations, cancer cells 
accumulate even higher levels of random “passenger” 
mutations. Despite that cancer cells are robust. It must 
be expected that a lower rate of DNA damage in normal 
cells cannot cause cellular decline. Yes, molecular 
damage accumulates but is not a driving force for aging. 
Aging would occur in the absence of any molecular 
damage. On the other hand, yes, molecular damage is 
involved in something like cancer that can limit lifespan 
in mammals to some extend. Noteworthy, worms and 
flies do not die from cancer. Still they undergo 
PI3K/TOR-dependent aging [263-269]. 

 
As already discussed, if quasi-programmed TOR-driven 
aging would be eliminated, thus extending lifespan,  
then accumulation of molecular damage would become 
life-limiting [10]. In any case, in mammals, cellular 
aging (characterized by cellular overactivation, 
hyperfunction and secondary signal resistance)  can 
cause diseases, which lead to organ damage. And  
cancer, an age-related disease, is not an exception: it 
kills not because cancer cells fail due to decline but 
because these cells damage organs. Perhaps, cancer is 
not the only one damage-related disease among aging- 
dependent conditions. But a subtle interference of 
molecular damage with TOR-driven aging will be a 
topic for another article, which will discuss the intricate 
relationship between non-random organ damage and 
random molecular damage. 
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Abstract: We have shown before that constitutive DNA damage signaling represented by H2AX‐Ser139 phosphorylation 
and ATM activation in untreated normal and tumor cells is a reporter of the persistent DNA replication stress induced by 
endogenous oxidants, the by‐products of aerobic respiration. In the present study we observed that exposure of normal 
mitogenically stimulated lymphocytes or tumor cell lines A549, TK6 and A431 to metformin, the specific activator of 
5’AMP‐activated protein kinase (AMPK) and an inhibitor of mTOR signaling, resulted in attenuation of constitutive H2AX 
phosphorylation and ATM activation. The effects were metformin‐concentration dependent and seen even at the 
pharmacologically pertinent 0.1 mM drug concentration. The data also show that intracellular levels of endogenous  
reactive oxidants able to oxidize 2',7'‐dihydro‐dichlorofluorescein diacetate was reduced in metformin‐treated cells. Since 
persistent constitutive DNA replication stress, particularly when paralleled by mTOR signaling, is considered to  be  the 
major cause of aging, the present findings are consistent with the notion that metformin, by reducing both DNA replication 
stress and mTOR‐signaling, slows down aging and/or cell senescenceprocesses. 

 

INTRODUCTION 
 

In live cells, DNA is continuously being damaged by 
reactive oxygen species (ROS), the by-products of 
aerobic respiration in mitochondria [1-6]. Exogenous 
oxidants originating from environmental pollutants [7], 
phagocyte-oxidative burst [8-10], and even iatrogenic 
factors [11], additionally contribute to DNA damage. 
Such DNA damage involves oxidation of the  
constituent DNA bases, particularly of guanine by 
formation of 8-oxo-7,8-dihydro-2'-deoxyguanosine 
(oxo8dG), base ring fragmentation, modification of 
deoxyglucose, crosslinking of DNA and protein, and 
induction of DNA double strand breaks (DSBs) [12,13]. 
Another important injurious effect of endogenous and 
exogenous oxidants is peroxidation of lipids in cell 
membranes [14]. 

 
The extent of ROS-induced DNA damage varies widely 
in different studies [1-6].  According  to one  rather con- 

 
servative estimate, about 5,000 DNA single-strand 
lesions (SSLs) are generated per nucleus during a single 
cell cycle of approximately 24 h duration [6]. About 1% 
of those lesions become converted to DSBs, mostly 
during DNA replication. This leads to formation of ~50 
“endogenous DSBs”, the most severe and potentially 
mutagenic lesions [6]. DSBs can be repaired by two 
mechanisms, recombinatorial repair or nonhomologous 
DNA-end joining (NHEJ). The template-assisted 
recombinatorial repair is essentially error-free but takes 
place only when cells have already replicated  their  
DNA which can serve as a template, namely in late-S 
and G2 phase of the cell cycle. DNA repair in cells 
lacking a template such as in G1 and early S phase 
occurs via the NHEJ mechanism. The latter is error- 
prone and may result in deletion of some base pairs 
[15,16]. When such change occurs at the site of an 
oncogene or tumor suppressor gene it may promote 
carcinogenesis [17,18]. It can also lead to translocations 
and telomere fusion, hallmarks of tumor cells [19].  The 
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progressive accumulation of DNA damage with each 
sequential cell cycle has been considered to be the 
primary cause of cell aging and senescence [20]. 
However, the notion that persistent stimulation of 
mTOR-driven pathways (rather than the ROS-induced 
DNA damage) is the major mechanism responsible for 
aging appears to have more merit [21-27]. Oxidative 
DNA damage, on the other hand, by contributing to 
replication stress may be a factor enhancing the TOR- 
driven aging or senescence process [28]. 

 
Strategies for preventing cancer or slowing down aging 
are often directed at protecting DNA from oxidative 
damage. Protective agents can be identified by their 
ability to reduce formation of “endogenous DSBs”. The 
direct detection of endogenous DSBs in individual cells 
has been difficult because the leading methodology, 
single cell electrophoresis (comet) assay [29], lacks the 
desired sensitivity. The TUNEL assay, developed to 
label DSBs in apoptotic cells, also lack sufficient 
sensitivity [30,31]. While the assays of DNA damage 
measurement in bulk offer greater sensitivity, these 
approaches do not allow one to relate the damage to 
individual cells, reveal any heterogeneity within cell 
populations, or the relationship of DSBs to cell cycle 
phase or apoptosis. 

 
Among the early and most sensitive reporters of DNA 
damage, and in particular formation of DSBs, is the 
activation of the Ataxia Telangiectasia mutated protein 
kinase (ATM) through its autophosphorylation on 
Ser1981 [32], and the phosphorylation of histone H2AX 
on Ser139; the phosphorylated H2AX is designated as 
γH2AX ]33]. Immunocytochemical detection of these 
events offers high sensitivity in assessment of DSBs 
formation in individual cells [34-37]. These biosensors 
of DNA damage have been used in conjunction with 
flow- or image-cytometry to assess DNA damage in 
cells exposed to a variety of exogenous genotoxins 
(reviews, [31,38]). In fact, the high sensitivity of these 
biomarkers makes it possible to use them to detect and 
measure the extent of constitutive DNA damage  
induced by the metabolically generated ROS in 
untreated cells [39-41]. Furthermore, these markers can 
be used to explore the effectiveness of factors protecting 
nuclear DNA from endogenous oxidants [42-45]. Thus, 
the anti-oxidants (N-acetyl-L-cysteine, ascorbate, 
Celecoxib), inhibitors of glycolysis and oxidative 
phosphorylation (2-deoxy-D-glucose and 5-bromo- 
pyruvate), hypoxia (3-5% O2), confluency, low serum 
concentration, were all shown to distinctly reduce the 
level of constitutive ATM activation and H2AX 
phosphorylation [40-45]. Conversely, the factors 
enhancing metabolic activity (aerobic glycolysis) such 
as cell mitogenic activation, glucose, or dichloroacetate 

amplified the level of constitutive expression of γH2AX 
and activated ATM [42-45]. Collectively, these 
observations provide strong evidence that the extent of 
the ongoing DNA damage imposed by endogenous 
oxidants as well as the effectiveness of factors that 
protect from (or enhance) the damage can be assessed  
by analysis of the level of constitutive DNA damage 
signaling. 

 
In the present study we tested whether metformin, a  
drug widely prescribed to treat type 2 diabetes, has the 
ability to modulate the level of constitutive DNA 
damage signaling. Metformin is a specific activator of 
5’AMP-activated protein kinase (AMPK), a phylo- 
genetically conserved serine/threonine kinase that plays 
a key role in cellular energy homeostasis (reviews, [46- 
52]). AMPK is the energy sensor (”fuel gauge”) 
monitoring and regulating cellular energy in response to 
metabolic needs and nutritional environmental 
variations. This kinase is activated by low cellular 
energy status (increased AMP/ATP ratio) and responds 
by: (i) activating ATP-producing catabolic pathways 
such as glycolysis and fatty acids oxidation and (ii) 
suppressing the energy (ATP)-consuming anabolic 
pathways such as lipogenesis, gluconeogenesis and 
protein synthesis. Another effect of AMPK activation is 
inhibition of mammalian target of rapamycin (mTOR), 
the downstream effector of growth factor signaling 
pathways [51]. AMPK affects these activities by 
phosphorylating proteins regulating these pathways 
(instant effect) as well as by modulating transcription of 
genes encoding proteins of these pathways (delayed 
effect) [53-55]. AMPK itself is activated by the 
upstream mediator liver kinase B1 (LKB1) [52]. 
Activation of AMPK by metformin was shown to 
reduce intracellular reactive oxygen species (ROS) 
levels via upregulation of expression of the antioxidant 
thioredoxin through the AMPK-FOXO3 pathway[55]. 

 
There is a growing body of evidence that metformin 
may be considered a promising anti-aging candidate, 
applicable for life span extension, prevention and even 
treatment of cancer [22-27,50,56]. Given the above, it  
is of additional interest to know how metformin affects 
the level of constitutive DNA signaling in normal and 
tumor cells. Our present data show that in normal 
lymphocytes, as well as in cells of tumor lines the level 
of constitutive ATM activation and γH2AX expression 
was distinctly attenuated upon exposure to metformin. 
Also reduced was the level of intracellular ROS. 

 
RESULTS 

The  effect  of  metformin  was  tested  on  the  level   of 
constitutive    expression    of    γH2AX    and Ser1981- 
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phoshorylated ATM in human lung adenocarcinoma 
A549 cells. The cells were grown attached on slides and 
the expression of these phospho-proteins was measured 
by laser scanning cytometry (LSC) [57]. The data  
provide clear evidence that expression of γH2AX in 
A549 cells growing in the presence of metformin for 48 h 
was reduced (Figure 1). The reduction was apparent at 1 
mM, and was progressively more pronounced following 
exposure to 5 and 20 mM concentrations of metformin. 

Across all the three metformin concentrations, the degree 
of reduction in γH2AX expression was more distinct in 
G2M- and S- phase cells compared to cells in the G1- 
phase of the cycle. The DNA content frequency 
histograms did not show major changes in the cell cycle 
distribution following 48 h treatment with up to 10 mM 
metformin, while only a modest decrease in the 
proportion of S-phase cells was apparent following 
exposure to 20mM metformin (Figure 1, insets). 

 
 

 
 

Figure 1. Effect of metformin (MF) on the level of constitutive γH2AX expression in A549 cells. 
Exponentially growing A549 cells were left untreated (Ctrl) or treated with 1, 5 or 20 mM metformin for 48 h. Left 
panels present bivariate distributions of cellular DNA content versus intensity of γH2AX immunofluorescence (IF) 
detected with H2AX‐Ser139 phospho‐specific Ab in cells of these cultures; fluorescence of individual cells was 
measured by laser scanning cytometry (LSC) [76]. Based on differences in DNA content the cells were gated in G1,  
S and G2M phases of the cell cycle, as shown in the left panel, and the mean values of γH2AX IF for cells in each of 
these cell cycle phases by were obtained gating analysis. These mean values (+SD) are presented as the bar plots 
(right panel). The percent decrease in mean values of γH2AX expression of the metformin‐treated cells with 
respect to the same phase of the cell cycle of the untreated cells is shown above the respective bars. The skewed 
dash line shows the upper level of γH2AX IF intensity for 97% of G1‐ and S‐ phase cells in Ctrl. The insets show 
cellular DNA content frequency histograms in the respectivecultures. 

 
 

 
 
 

Figure 2. Effect of metformin (MF) on the level of constitutive ATM phosphorylation on Ser1981 in 
A549 cells. Similar as in Figure 1, the cells were treated with 1, 5 or 20 mM MF for 48 h. Left panels present 
bivariate distributions of cellular DNA content vs intensity of ATM‐S1981P IF. The mean values of ATM‐S1981P for 
cells in G1, S, and G2M were obtained by gating analysis and are shown (+SD) as the bar plots (right panel). The 
skewed dash line shows the upper level of ATM‐S198P IF intensity for 97% of G1‐ and S‐ phase cells in Ctrl. 
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The effect of metformin on the level of constitutive 
expression of ATM phosphorylated on Ser1981 in A549 
cells was strikingly similar to that of γH2AX (Figure 2). 
The degree of reduction of ATM-S1981P was 
metformin-concentration dependent. While the  decline 
in ATM activation was seen in all phases of the cell 
cycle, the most pronounced reduction was evident in S- 
phase cells (Figure 2). 

 
In the next set of experiments we have tested the effect 
of metformin on human lymphoblastoid TK6 cells. 
These cells  grow  in suspension and their  fluorescence, 

upon staining with phospho-specific Abs, was measured 
by flow cytometry [57]. The data show that, similar to 
A549, the expression of γH2AX was also reduced in 
TK6 cells exposed to metformin (Figure 3). The effect 
could be seen (7 – 10% decrease) even at a metformin 
concentration as low as 0.1 mM, and was more 
pronounced (up to 44% reduction) at higher 
concentrations. In TK6 cells the reduction in γH2AX 
was more pronounced in G1 and S phase than in G2M 
phase cells. The level of constitutively activated ATM 
was also decreased in TK6 cells growing in the  
presence of metformin (Figure 4). 

 
 

 
 

Figure 3. Effect of metformin on the level of constitutive expression of γH2AX in TK6 cells. 
Exponentially growing TK6 cells were untreated (Ctrl) or were grown in the presence of 0.1, 1.0, 5.0 and 10 mM 
metformin (MF) for 48 h. The expression of γH2AX was detected with phospho‐specific (Ser139‐P) Ab and cell 
fluorescence was measured by flow cytometry. Based on differences in DNA content the cells were gated in G1, S 
and G2M phases of the cell cycle and the mean values of γH2AX IF for cells in each of these cell cycle phases were 
calculated. The numerical figures show the percent reduction in mean values of γH2AX IF of the metformin‐ 
treated cells with respect to the mean values of the untreated cells (Ctrl) in the respective phases of the cell cycle. 

 
 
 

 
 

Figure 4. Effect of metformin on the level of constitutive expression of ATM‐S1981P.   Exponentially 
growing TK6 cells were untreated (Ctrl) or were grown in the presence of 0.1, 1.0, 5.0 and 10 mM metformin  (MF) 
for 48 h. The expression of ATM‐S1981P was detected with phospho‐specific Ab. As in Fig. 3, the cells were gated  in 
G1, S and G2M phases of the cell cycle and the mean values of ATM‐S1981P   for  cells  in  each   of  these  cell  cycle  
phases were estimated. The figures show the percent reduction in mean values of ATM‐S1981P IF of the metformin‐ 
treated cells with respect to the mean values of the untreated cells (Ctrl) in the respective phases of the cell cycle. 
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Figure 5. Effect of metformin on constitutive expression γH2AX and ATM‐S1981P in normal 
human proliferating lymphocytes. Peripheral blood lymphocytes were mitogenically stimulated by 
phytohemagglutinin for 48 h and then were grown in the absence (Ctrl) or presence of 5 mM metformin 
(MF) for additional 24 h. The expression of γH2AX and ATM‐S1981P was detected with phospho‐specific 
Abs and cell fluorescence we as measured by flow cytometry. The numerical figures show the percent 
reduction in expression of γH2AX and ATM‐S1981P of cells treated with metformin with respect to Ctrl, in 
the respective phases of the cell cycle. 

 
 
 

Figure 5 illustrates the effect of metformin on 
proliferating human lymphocytes. The peripheral blood 
lymphocytes were stimulated to proliferate by the 
polyvalent mitogen phytohemagglutinin for 48 h and 
subsequently were grown in the absence or presence of  
5 mM metformin for 24 h. The data show that, as was 
the case with the tumor cell lines A549 and TK6,  
growth of lymphocytes in the presence of 5mM 
metformin distinctly reduced both the level of 
constitutive expression of γH2AX as well as of    ATM- 
S1981P. 

 

As mentioned in the Introduction, the decline in  the 
level of constitutive expression of γH2AX and 
phosphorylation of ATM was observed in cells treated 
with agents that decrease the level of endogenous 
oxidants such as ROS scavengers or antioxidants [39- 
45,58]. Therefore, we assessed the effect of metformin 
on the abundance of reactive oxidants in human 
leukemic TK6 cells in the same cultures in which we 
observed the decline in expression of γH2AX (Figure 3) 
and ATM-S1981P (Figure 4). As is quite evident    from 
the data shown in Figure 6, the growth of TK6 cells for 
48 h in the presence of metformin led to a decrease in 
the level of ROS that were detected by their ability to 
oxidize 2',7'-dihydro-dichlorofluorescein diacetate 
(H2DCF-DA); following oxidation by ROS the non- 
fluorescent substrate H2DCF-DA is converted to the 
highly fluorescent product DCF [59]. The effect was 
concentration dependent and the oxidation of H2DCF- 
DA was reduced by nearly two orders of magnitude at a 
10 mM concentration of metformin compared to 
untreated cells (Figure 6). 

 
 
 

Figure 6. Effect of metformin on ability of TK6 cells to 
oxidize 2',7'‐dihydro‐dichlorofluorescein diacetate 
(H2DCF‐DA). TK6 cells were untreated (Ctrl) or treated with 1, 5 
or 10 mM metformin (MF) for 48 h. The cells were then 
incubated for 30 min with 10 μM H2DCF‐DA and their 
fluorescence was measured by flow cytometry. While H2DCF‐DA 
is not fluorescent, the product of its oxidation (DCF) by 
intracellular ROS shows strong green fluorescence. Note 
dramatic decline in fluorescence intensity of cells treated with 5 
or 10 mM metformin. 

 
 

DISCUSSION 
 

The present data demonstrate that exposure of either 
normal, mitogenically activated lymphocytes, or tumor 
cell lines (A549, TK6) to metformin leads to a decrease 
in the level of constitutive phosphorylation of H2AX on 
Ser139    and   constitutive   activation    of   ATM.   The 
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observed decrease was evident even at a concentration  
as low as 0.1 mM metformin (Figures 3 and 4). 
Pharmacokinetic data indicate that this concentration of 
metformin is of pharmacological relevance [60]. Since 
the  level  of  constitutive  expression  of  γH2AX    and 
ATM-S1981P  to  a  large  extent  reports  DNA damage 
signaling in response to DNA damage by endogenous 
oxidants generated during aerobic respiration [39- 
45,58]. the present findings would be consistent with a 
notion that metformin exerts protective effect on  
nuclear DNA against oxidative damage. These findings 
are consistent with the observation that exposure  of  
cells to metformin lowered the extent of reactive 
oxidants that were able to oxidize the H2DCF-DA 
substrate (Figure 5). They are also in accordance with 
numerous studies in which a decrease in the level of 
ROS in cells treated with metformin has been observed 
[55,61-65]. It appears that the mechanisms activated by 
metformin for neutralizing ROS such as upregulation of 
the antioxidant thioredoxin [55], and/or suppression of 
NAD(P)H oxidase activity [61] may prevail over the 
ROS-generating inhibitory effect on mitochondrial 
respiratory complex I or catabolic processes activated  
by AMPK [66,67]. 

 
It should be noted that DNA damage signaling such as 
reported by H2AX phosphorylation and ATM activation 
do not necessarily indicate the actual DNA damage that 
involves formation of DNA strand breaks [68]. While 
some breaks may be formed during replication of DNA 
sections containing the primary oxidative lesions (e.g. 
oxo8dG) the presence of such lesions by themselves can 
induce persistent replication stress. The persistent 
replication stress combined with activation of mTOR 
pathways is considered to be the main mechanism 
contributing to aging and senescence [22-27,69,70]. 
Induction of replication stress by arrest in the cell cycle 
e.g. by upregulation of the CKI p21, with no evidence  
of actual DNA damage, elevates the level of  
constitutive DNA damage signaling (“pseudo-DNA 
damage response”) whereas attenuation of this “pseudo- 
DNA damage response” can be achieved by reduction  
in mTOR-signaling [29]. Likewise, the cell senescence 
induced by the replication stress triggered by low doses 
(1 – 2 nM) of the DNA damaging agent mitoxantrone, 
that is also accompanied by elevated levels of DNA 
damage signaling, was shown to be attenuated by the 
caloric restriction-mimicking drug 2-deoxy-D-glucose 
[71]. All this evidence collectively indicates that the 
observed constitutive DNA damage signaling occurs as 
a response to persistent DNA replication  stress. Thus, 
by reducing the level of DNA damage signaling, as we 
presently see, metformin appears to alleviate the extent 
of the persistent DNA replication stress. Since 
metformin  inhibits  mTOR  pathways,  the  reduction of 

replication stress by metformin may not only be 
mediated by attenuation of the oxidative stress through 
reduction of ROS, but also may be mediated by its  
direct inhibitory effect on mTOR [50-53]. 

 

 

Figure 7. Detection of γH2AX and ATM‐S1981P in TK6 
cells untreated (Ctrl) and treated with 5  mM 
metformin (MF) for 48 h, by immunoblotting. The  
figures on right side of the blot represent the percent intensity 
of the scanned protein bands of the metformin‐treated cells 
(UN‐SCAN‐IT gel 6.1) as that of the intensity of the respective 
protein bands of the untreated (Ctrl) cells. 

 
 
 

Our observation that cells exposure to  metformin 
reduces expression of γH2AX and ATM-S1981P 

remains in contrast to recent data by Vazquez-Martin et 
al., that show the opposite, namely an  activation  of 
ATM and phosphorylation of H2AX in cells treated  
with metformin [72]. This report prompted us to repeat 
our experiments numerous times, using a variety of 
positive and negative controls. Yet in each experiment 
we observed that treatment of proliferating  
lymphocytes,  TK6  or  A549  cells  led  to  a  decline in 
expression of γH2AX and ATM-S1981P. We have   also 
tested the A431 epidermoid carcinoma cells used by 
these authors [72]. The data show that treatment of 
A431with metformin decreased the level of H2AX and 
ATM phosphorylation (Supplemental data, Figure  1). 
To exclude the possibility of bias resulting from 
different methodologies we also assessed the effect of 
metformin on expression of γH2AX and ATM-S1981P 

in TK6 cells using immonoblotting, the methodology 
used by the authors [72]. The results obtained by 
immunobloting (Figure 7) confirm all our 
immunocytochemical data (Figs. 1-5) by showing a 
distinct reduction of γH2AX and ATM-S1981P in cells 
treated with metformin. In fact, the reduction in 
expression of ATM-S1981P was nearly 45% related to 
the  control.  We  have  also  observed  that  constitutive 
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H2AX phosphorylation and ATM activation in  
quiescent A549 cells, maintained for 5 days at high cells 
density (>106 cells/ml) with no medium  change  also 
was reduced by treatment with  metformin 
(Supplemental data Figure 2). The effect of metformin, 
thus, was unrelated as to whether the cells were in 
exponential- or stationary- phase of growth. Our data 
also concur with the findings of Nilsson et al., who did 
not detect any induction of γH2AX in U2OS or HT1080 
cells treated with 40 mM metformin [73]. Actually, 
careful inspection of their data provides some evidence 
of a decline in expression of γH2AX upon treatment 
with metformin [73]. At present we see no explanation 
for the apparent discrepancy of our results (and the data 
of Nilsson et al., [73]) versus the data presented by 
Vazquez-Martin al., [72]. 

 
As mentioned, cell aging and senescence appear to be 
driven by persistent mTOR activation in conjunction 
with DNA replication stress; the latter can be induced  
by ROS as well as by inhibition of cell cycle 
progression, such as activation of CKIs. DNA 
replication stress and mTOR activation are being 
reported by the elevated level of constitutive DNA 
damage signaling (“pseudo-DNA damage response”) 
[29,71]. As shown in the present study, the effective- 
ness of potential anti-aging factors such as metformin 
may be tested by monitoring their effect on constitutive 
DNA damage signaling. This approach offers novel 
means to assess the anti-aging or aging-promoting 
properties of different factors suspected of such 
activities. Assessment of DNA damage signaling may 
serve to detect both genotoxicity [38,74] as well as 
genome-protective mechanisms related to attenuation of 
DNA replication stress. 

 
MATERIALS AND METHODS 

 
Cells, cell treatment. Human lung carcinoma A549  
cells, epidermoid carcinoma A431 and lymphoblastoid 
TK6 cells were obtained from American Type Culture 
Collection (ATCC CCL-185, Manassas,VA). Human 
peripheral blood lymphocytes were obtained by 
venipuncture from healthy volunteers and isolated by 
density gradient centrifugation. A549 cells were  
cultured in Ham’s F12K, TK6 and lymphocytes were 
cultured in RPMI 1640 and A431cells in Dulbecco 
modified Eagle medium, with 2 mM L-glutamine 
adjusted to contain 1.5 g/L sodium bicarbonate 
supplemented with 10% fetal bovine serum 
(GIBCO/Invitrogen, Carlsbad, CA). Adherent A549 and 
A431 cells were grown in dual-chambered slides (Nunc 
Lab-Tek II), seeded with 105 cells/ml suspended in 2 ml 
medium per chamber. TK6 cells and lymphocytes were 
grown in suspension; lymphocyte cultures were  treated 

with the polyvalent mitogen phytohemaglutinin (Sigma 
/Aldrich; St Louis, MO) as described [75]. During 
treatment with metformin (1,1-dimethylbiguanide; 
Calbiochem, La Jolla, CA) the cells were in exponential 
phase of growth unless indicated otherwise. After 
exposure to metformin at various concentrations and for 
specified periods of time (as shown in figure legends) 
the cells were rinsed with phosphate buffered salt 
solution (PBS) and fixed in 1% methanol-free 
formaldehyde (Polysciences, Warrington, PA) for 15 
min on ice The cells were then transferred to 70% 
ethanol and stored at -20 oC for up to 3 days until 
staining. 

 
Detection of H2AX phosphorylation and ATM 
activation. The cells were washed twice in PBS  and 
with 0.1% Triton X-100 (Sigma) in PBS for 15 min and 
with a 1% (w/v) solution of bovine serum albumin 
(BSA; Sigma) in PBS for 30 min to suppress 
nonspecific antibody (Ab) binding. The cells were then 
incubated in 1% BSA containing a 1:300 dilution of 
phospho-specific (Ser139) γH2AX mAb (Biolegend, 
San Diego, CA or with a 1:100 dilution of phospho- 
specific (Ser1981) ATM mAb (Millipore, Tamecula, 
CA). The secondary Ab was tagged with  AlexaFluor 
488 fluorochrome (Invitrogen/Molecular Probes, used at 
1:200 dilution). Cellular DNA was counterstained  with 
2.8 μg/ml 4,6-diamidino-2-phenylindole (DAPI; 
Sigma). Each experiment was performed with an IgG 
control in which cells were labeled only with the 
secondary AlexaFluor 488 Ab, without primary Ab 
incubation to estimate the extent of nonspecific 
adherence of the secondary Ab to the cells. The  
fixation, rinsing and labeling of A549 or A431 cell was 
carried out on slides, and lymphocytes and TK6 cells in 
suspension. Other details have been previously  
described [38-40]. 

 
Analysis of cellular fluorescence. A549 and A431 cells: 
Cellular immunofluorescence representing the binding 
of the respective phospho-specific Abs as well as the 
blue emission of DAPI stained DNA was measured with 
an LSC (iCys; CompuCyte, Westwood, MA) utilizing 
standard filter settings; fluorescence was excited with 
488-nm argon, helium-neon (633 nm) and violet (405 
nm) lasers [76]. The intensities of maximal pixel and 
integrated fluorescence were measured and recorded for 
each cell. At least 3,000 cells were measured per  
sample. Gating analysis was carried out as described in 
Figure legends. TK6 cells and lymphocytes: Cellular 
fluorescence was measured by using a MoFlo XDP 
(Beckman-Coulter, Brea, CA) high speed flow 
cytometer/sorter. DAPI fluorescence was excited with 
the UV laser (355-nm) and AlexaFluor 488 with the 
argon ion (488-nm) laser. 
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Protein immonoblotting. Nitrocellulose membrane was 
blocked with 5% w/v nonfat dry milk in TBST (20 mM 
TrisHCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) for 
1h at room temperature. The blot was then incubated 
with the primary antibody either phospho-specific 
(Ser139) γH2AX mAb (Biolegend) or a phospho- 
specific (Ser1981) ATM mAb (Millipore) at 1:500 
dilution overnight at 4 °C. After three washes in TBST, 
the blot was incubated with HRP-conjugated goat anti- 
mouse IgG (Pierce, Rockford, IL) for 1h at room 
temperature and washed with TBST three times. 
SuperSignal West Pico chemiluminescence substrate 
(Pierce) was used for signal production. 
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Supplemental Figure 1. Effect of metformin (MF) on the level of constitutive expression of 
γH2AX and ATM‐S1981P in A431 cells. Exponentially growing A431 cells were left untreated (Ctrl) or 
treated with 5 mM metformin for 48 h. γH2AX and ATM‐S1981 immunofluorescence (IF) was detected 
with the phospho‐specific Abs and cells fluorescence was measured by laser scanning cytometry.75 Based 
on differences in DNA content the cells were gated in G1, S and G2M phases of the cell cycle and the mean 
values of γH2AX and ATM‐S1981P IF for cells in each of these cell cycle phases by were obtained gating 
analysis. The percent reduction of these mean values of the metformin‐treated related to the untreated 
(Ctrl) cells is shown in the respective panels (the means of the three separate bands per each protein).  
The insets show DNA content frequency histograms in the untreated and metformin‐treated cultures. 
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Supplemental Figure 2. Effect of metformin (MF) on the level of expression of γH2AX 
in TK6 cells in stationary cultures. TK6 cells were maintained at high cell density (>106 

cells/ml) with no medium change for 5 days, then cells were left untreated (Ctrl) or treated with 
5 mM metformin for 24 h (MF) . The percent decline in mean values of γH2AX IF of cells in G1, S, 
and G2M phases of the cycle in the metformin‐treated culture is shown in the MF panel. 
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Abstract: Dysregulated signaling through the Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways is often the result of
genetic alterations in critical components in these pathways or upstream activators. Unrestricted cellular proliferation and
decreased sensitivity to apoptotic‐inducing agents are typically associated with activation of these pro‐survival pathways.
This review discusses the functions these pathways have in normal and neoplastic tissue growth and how they contribute
to  resistance  to apoptotic  stimuli. Crosstalk and  commonly  identified mutations  that occur within  these pathways  that
contribute to abnormal activation and cancer growth will also be addressed. Finally the recently described roles of these
pathways  in  cancer  stem  cells,  cellular  senescence  and  aging  will  be  evaluated.  Controlling  the  expression  of  these
pathways could ameliorate human health.  
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INTRODUCTION 

The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/ 
mTOR signaling pathways have been shown over the 
past 25 years to play key roles in the transmission of 
proliferative signals from membrane bound receptors. 
Mutations can occur in the genes encoding pathway 
constituents (e.g., RAS, RAF, PIK3CA, PTEN, AKT, 
TSC1, TSC2) or in upstream receptors which activate 
these pathways. These pathways relay this information 
through interactions with various other proteins to the 
nucleus to control gene expression [1-13]. This review 
will discuss how these pathways may be aberrantly 
regulated by either upstream mutations/amplification or 
by intrinsic mutations of key components of these 
signaling pathways. Elevated levels of activated 
components of these pathways are often associated with 
poor prognosis in cancer patients or premature aging [2-
5, 7]. Increased expression of signaling pathways can 
also be correlated with altered sensitivity to targeted 
therapy compared to patients that do not exhibit 
elevated expression [2-4]. Inhibition of Raf, MEK, 
PI3K, Akt and mTOR may prove useful in cancer 
treatment as well as in preventing or suppressing 
cellular aging. These observations have propelled the 
pharmaceutical industry to develop inhibitors that target 
key components of these pathways. 

 The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/ 
mTOR signaling pathways consist of kinases cascades 
that are regulated by phosphorylation and de-
phosphorylation by specific kinases, phosphatases as 
well as GTP/GDP exchange proteins, adaptor proteins 
and scaffolding proteins. The regulation of these 
cascades can be much like the axiom of real estate, 
“location-location-location”, as the membrane 
localization of these components is often critical for 
their activity, even though some members of these 
pathways can function in other cellular regions (e.g., 
mitochondrion, nucleus). Indeed, one emerging 
observation in both extracellular signal-regulated kinase 
1 and 2 (ERK1/2) and mammalian target of rapamycin 
(mTOR) signaling is the realization that pathways 
generate specific biological responses dependent upon 
where in the cell the signal originates [12]. For 
example, phosphorylation of both epidermal growth 
factor receptor (EGFR) and cytosolic phospholipase 
A(2) [cPLA(2)] is most prominent when ERK1/2 is 
activated from lipid rafts, whereas p90 Ribosomal S6 
kinase-1 (p90Rsk-1) is mainly activated by Ras signals 
emanating from disordered membranes. This substrate 
selectivity is governed by the participation of different 
scaffold proteins that distinctively couple ERK1/2, 
activated at defined subcellular domains, to specific 
substrates. Ras subcellular localization can determine 

substrate specificity through distinct utilization of 
scaffold proteins [1,6,12]. Clearly the subcellular 
localization of pathway components and the presence of 
various adaptor and scaffolding molecules are critical 
for the activity of these pathways. The regulation and 
function of these two pathways will be concisely 
reviewed as well as the effects of genetic mutations that 
are important in human cancer. 

The Ras/Raf/MEK/ERK Pathway 

An introductory overview of the Ras/Raf/MEK/ERK 
pathway is presented in Figure 1. Also outlined in this 
figure are common sites of intervention with signal 
transduction inhibitors. Many of these inhibitors have 
been evaluated in various clinical trials and some are 
currently being used to treat patients with specific 
cancers. Extensive reviews of many inhibitors targeting 
these pathways have been recently published [2-4]. This 
figure serves as a starting reference point for 
understanding the flow of information through the 
Ras/Raf/MEK/ERK pathway from a growth factor to a 
specific receptor to phosphorylation of appropriate 
transcription factors in the nucleus, which modulate the 
expression of key genes [7-11]. The effects of this 
pathway on the translational apparatus are also 
diagrammed. Often mRNAs encoding growth factors 
are entitled “weak” mRNAs and require the    
effects of the Ras/Raf/MEK/ERK and Ras/PI3K/ 
PTEN/Akt/mTOR pathways for efficient translation 
[2,4,11]. As an example, we present the autocrine 
production of a growth factor. Importantly, many 
components and interacting members of this pathway 
are also present as mutated forms in the genomes of 
retroviruses that induced cancer in experimental 
animals. Thus there have always been direct pivotal 
links of this pathway with malignancy. 

After growth factor/cytokine/mitogen stimulation of the 
appropriate (cognate) receptor, a Src homology 2 
domain containing protein (Shc) adaptor protein 
becomes associated with the C-terminus of the specific 
activated growth factor receptor (e.g., vascular 
endothelial growth factor receptor [VEGFR], epidermal 
growth factor receptor [EGFR], insulin like growth 
factor-1  receptor [IGF-1R] and many others) [2-4]. Shc 
recruits the Grb2 protein and the son of sevenless (SOS) 
homolog protein, resulting in the loading of membrane-
bound Ras with GTP [7]. Ras can also be activated by 
growth factor receptor tyrosine kinases [GFRTK], such 
as insulin receptor (IR), via intermediates like insulin 
receptor substrate (IRS) proteins that bind growth factor 
receptor-bound protein 2 [7,8]. Ras:GTP then recruits 
Raf to the membrane where it becomes activated, likely 
via a Src-family tyrosine (Y) kinase [9]. At this point 
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we will be somewhat generic, although it should be 
pointed out that both Ras and Raf are members of multi-
gene families and there are three Ras members (Ki-Ras, 
N-Ras and Ha-Ras) [7] and three Raf members (B-Raf,
Raf-1 [a.k.a c-Raf] and A-Raf) [9].  Raf is responsible for
serine/threonine (S/T) phosphorylation of mitogen-
activated protein kinase kinase-1 (MEK1) [2,3,7]. MEK1
phosphorylates ERK1 and 2 at specific T and Y residues
[10]. Activated ERK1 and ERK2 serine S/T kinases
phosphorylate and activate a variety of substrates,
including p90Rsk1 [2,3,7,10]. ERK1/2 has many
downstream and even upstream substrates (see below).
p90Rsk1 can activate the cAMP response element binding
protein (CREB) transcription factor [13].

The number of ERK1/2 targets is easily in the hundreds 
(>600). Thus suppression of MEK and ERK activities 
will have profound effects on cell growth and aging. 
Activated ERK can also phosphorylate B-Raf, Raf-1 
and MEK1 which alter their activity (Figure 1). 
Depending upon the site phosphorylated on Raf-1, ERK 
phosphorylation can either enhance [14] or inhibit [15] 
Raf-1 activity. In contrast, when B-Raf [16] or MEK1 
[17] are phosphorylated by ERK, their activity
decreases. These phosphorylation events serve to alter
the stability and/or activities of the proteins. This is the
first discussion of feed-back loops which will become
important in consideration of whether to just target
MEK or to target both Raf and MEK in various cancers.
It is important that the reader realize that certain
phosphorylation events can either inhibit or repress the
activity of the affected protein. This often depends on
the particular residue phosphorylated on the protein
which can confer a different configuration to the protein
or target the protein to a different subcellular
localization that may result in proteasomal degradation.
Furthermore, as previously mentioned, certain
phosphorylation events will actually serve to shut off or
slow down the pathway. Thus protein phosphorylation
by the Ras/Raf/MEK/ERK pathway is a very intricate
process which serves to fine tune the signal often
originating from a growth factor or mitogens.

Activated ERK can translocate to the nucleus and 
phosphorylate additional transcription factors, such as 
Elk-1, CREB, Fos and globin transcription factor 1 
(Gata-1) and others [2-4, 14,18], that bind promoters of 
many genes, including growth factor and cytokine genes 
that are important in promoting growth and preventing 
apoptosis of multiple cell types. Under certain 
circumstances, aberrant regulation of this pathway can 
contribute to abnormal cellular proliferation which may 
lead to many abnormalities including; autocrine 
transformation, drug resistance, senescence or 
premature aging [2,4,5,19].  

The Ras/PI3K/PTEN/Akt/mTOR Pathway 

An introductory overview of the Ras/PI3K/PTEN/ 
Akt/mTOR pathway is presented in Figure 2. Also 
outlined in this diagram are common sites of 
intervention with signal transduction inhibitors. Many 
of these inhibitors have been evaluated in various 
clinical trials and some are currently being used to treat 
patients with specific cancers. Extensive reviews of 
many inhibitors targeting these pathways have been 
recently published [2,4,19,20]. Phosphatidylinositol-3-
kinase (PI3K) is a heterodimeric protein with an 85-kDa 
regulatory subunit and a 110-kDa catalytic subunit 
(PIK3CA) [20,21].  PI3K serves to phosphorylate a 
series of membrane phospholipids including 
phosphatidylinositol 4-phosphate (PtdIns(4)P) and 
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2), 
catalyzing the transfer of ATP-derived phosphate to the 
D-3 position of the inositol ring of membrane
phosphoinositides, thereby forming the second
messenger lipids phosphatidylinositol 3,4-bisphosphate
(PtdIns(3,4)P2) and phosphatidylinositol 3,4,5-
trisphosphate (PtdIns(3,4,5)P3) [4,19,20]. Most often,
PI3K is activated via the binding of a ligand to its
cognate receptor, whereby p85 associates with
phosphorylated tyrosine residues on the receptor via a
Src-homology 2 (SH2) domain. After association with
the receptor, the p110 catalytic subunit then transfers
phosphate groups to the aforementioned membrane
phospholipids [4,19,20].  It is these lipids, specifically
PtdIns(3,4,5)P3, that attract a series of kinases to the
plasma membrane thereby initiating the signaling
cascade [4,19,20].

Downstream of PI3K is the primary effector molecule 
of the PI3K signaling cascade, Akt/ protein kinase B 
(PKB). Akt was originally discovered as the cellular 
homologue of the transforming retrovirus AKT8 and as 
a kinase with properties similar to protein kinases A and 
C [4,19,21,22]. Akt contains an amino-terminal 
pleckstrin homology (PH) domain that serves to target 
the protein to the membrane for activation [21,22]. 
Within its central region, Akt has a large kinase domain 
and is flanked on the carboxy-terminus by hydrophobic 
and proline-rich regions [22].  Akt is activated via 
phosphorylation of two residues: T308 and S473.   

The phosphotidylinositide-dependent kinases (PDKs) 
are responsible for activation of Akt. PDK1 is the 
kinase responsible for phosphorylation of T308 [23]. 
Akt is also phosphorylated by the mammalian target of 
Rapamycin (mTOR) complex referred to as 
(Rapamycin-insensitive companion of mTOR/mLST8 
complex) mTORC2 [4,19] (See Figures 2 & 3).     
Before  its  discovery,  the  activity  responsible  for  this 
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Figure  1. Overview  of  the  Ras/Raf/MEK/ERK  Pathway  and  Potential  Sites  of  Therapeutic  Intervention with  Small 
Molecule Membrane‐Permeable Inhibitors. The Ras/Raf/MEK/ERK pathway is regulated by Ras (indicated in green ovals), 
as well as various upstream growth factor receptors (indicated in purple) and non‐receptor kinases. Sites where various small 
molecule inhibitors suppress this pathway are indicated by red octagons. The downstream transcription factors regulated by 
this pathway are indicated in purple diamond shaped outlines. The Ras/Raf/MEK/ERK pathway also interacts with key proteins 
involved in protein translation (indicated in green ovals). The Ras/Raf/MEK/ERK pathway aids in the assembly of the protein 
translation complex responsible for the translation of “weak” mRNAs (indicated in a red line folding over on itself) important 
in  the prevention of apoptosis. This drawing depicts a  relative common, yet  frequently overlooked phenomenon  in human 
cancer, autocrine transformation. GF = growth factor, GFR = growth factor receptor. 
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Figure  2. Overview  of  the  Ras/PI3K/PTEN/Akt/mTOR  Pathway  and  Potential  Sites  of  Therapeutic  Intervention.  The 
Ras/PI3K/PTEN/mTOR pathway is regulated by Ras (indicted in green ovals), as well as various upstream growth factor receptors 
(indicated  in  purple).  Sites  where  various  small molecule  inhibitors  suppress  this  pathway  are  indicated  by  red  octagons. 
Naturally occurring miRNAs have been discovered to certain components of this pathway (e.g., PTEN) and are indicated in a red 
triangle;  other miRNAs  to  other  components,  especially  tumor  suppressor  genes will  likely  be  discovered.  The  downstream 
transcription  factors  regulated by  this pathway are  indicated  in diamond shaped purple  (active) or  red  (inactivated) outlines. 
This drawing depicts some of the complicated regulations of this pathway by both positive and negative phosphorylation events 
which serve to fine tune this pathway. Phosphorylation of some molecules by certain kinases (e.g., phosphorylation of β‐catenin 
by glycogen synthase kinase‐3β [GSK‐3β], indicated in red oval) results in their proteosomal degradation (indicated in red box), 
while  phosphorylation  of  some  molecules  by  certain  kinases  (e.g.,  β‐catenin  by  Akt)  results  in  their  activation  (nuclear 
translocation,  indicated  in  green  box).  The  Ras/PI3K/PTEN/Akt/mTOR  pathway  plays  a  key  role  in  regulating  p53  activity 
(indicated  in  purple  diamond)  by  phosphorylating  MDM2  (indicated  in  red  oval)  which  controls  the  stability  of  p53  by 
ubiquitination.  The  Ras/PI3K/PTEN/Akt/mTOR  pathway  plays  a  key  role  in  regulating  critical  proteins  involved  in  protein 
translation  (indicated  in  green  ovals),  especially  those  necessary  for  the  translation  of  “weak” mRNAs  (mTORC1,  grouped 
together  a  purple  box).  This  pathway  also  indicates  that  Akt  can  result  in  the  activation  of  downstream mTOR which  can 
subsequently serve as either a negative feedback to inactivate Akt by p70S6K or activate Akt by mTORC2 (grouped together in a 
blue box). GF = growth factor, GFR = growth factor receptor.
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phosphorylation event was referred to as PDK2. 
Therefore, phosphorylation of Akt is somewhat 
complicated as it is phosphorylated by a complex that 
lies downstream of activated Akt itself [4,19]. Thus, as 
with the Ras/Raf/MEK/ERK pathway, there are 
feedback loops that serve to regulate the 
Ras/PI3K/PTEN/Akt/mTOR pathway. Once activated, 
Akt leaves the cell membrane to phosphorylate 
intracellular substrates. 

After activation, Akt is able to translocate to the nucleus 

[4,19,24] where it affects the activity of a number of 
transcriptional regulators. CREB [25], E2F [26], nuclear 
factor kappa from B cells (NF-κB) via inhibitor kappa B 
protein kinase (Iκ-K) [27], the forkhead transcription 
factors [28] and murine double minute 2 (MDM2) 
which regulates p53 activity. These are all either direct 
or indirect substrates of Akt and each can regulate 
cellular proliferation, survival and epithelial 
mesenchymal transition (EMT) [4,11,19,28-31]. Aside 
from transcription factors, Akt is able to target a number 
of other molecules to affect the survival state of the cell 
including: the pro-apoptotic molecule Bcl-2-associated 
death promoter (BAD) [29], and glycogen-synthase 
kinase-3β (GSK-3β) [30]. GSK-3β regulates β-catenin 
protein stability. Hence the PI3K/PTEN/Akt/mTOR 
pathway is connected to the Wnt/β-catenin, p53 and 
many additional pathways (Figure 3). 

Negative regulation of the PI3K pathway is primarily 
accomplished through the action of the phosphatase and 
tensin homologue deleted on chromosome ten (PTEN) 
tumor suppressor proteins. PTEN encodes a lipid and 
protein phosphatase whose primary lipid substrate is 
PtdIns(3,4,5)P3 [31-39]. The purported protein 
substrate(s) of PTEN are more varied, including focal 
adhesion kinase (FAK), the Shc exchange protein and 
the transcriptional regulators ETS-2 and Sp1 and  the 
platelet-derived growth factor receptor (PDGFR) [31-
33]. 

PTEN has four primary structural domains. On the 
amino terminus is the lipid and protein phosphatase 
domain, which is flanked adjacent to the C2 domain that 
is responsible for lipid binding and membrane 
localization. Next are two protein sequences rich in 
proline (P), glutamic acid (E), serine (S), and threonine 
(T) (PEST) domains that regulate protein stability.
Lastly, PTEN has a PDZ domain, which helps facilitate
protein-protein interactions. Mutations within the
phosphatase domain have been reported to nullify the
endogenous function of PTEN [31, 35]. Thus PTEN is
an enticing therapeutic target for activation since it is
frequently inactivated in many human cancers through
point mutations as well as other means (e.g., promoter

hypermethylation, gene deletion) and its inactivation 
results in elevated Akt activity and abnormal growth 
regulation [31, 35]. Moreover, PTEN can be inactivated 
by phosphorylation and oxidation in human cancer and 
which results in elevated Akt activity and abnormal 
growth regulation [31,35,36]. Thus, drugs reactivating 
PTEN could potentially be very useful in some types of 
tumors driven by PTEN inactivation. 

Another negative regulator of the PI3K pathway is the 
PH domain leucine-rich repeat protein phosphatase 
(PHLPP). PHLPP dephosphorylates S473 on Akt which 
induces apoptosis and inhibits tumor growth [37]. Two 
other phosphatases, SH2 domain-containing inositol 
5’phosphatase (SHIP)-1 and SHIP-2, remove the 5-
phosphate from PtdIns(3,4,5)P3 to produce 
PtdIns(3,4)P2 [38-41]. Mutations in these phosphatases, 
which eliminate their activity, can lead to tumor 
progression.  Consequently, the genes encoding these 
phosphatases are referred to as anti-oncogenes or tumor 
suppressor genes.   

Next we discuss some of the key downstream targets of 
Akt that can also contribute to abnormal cellular growth 
and are key therapeutic targets [4,19,35,42-47]. Akt-
mediated regulation of mTOR activity is a complex 
multi-step phenomenon. Some of these targets and how 
they interact with the Ras/PI3K/PTEN/Akt/mTOR and 
Ras/Raf/MEK/ERK pathways are indicated in Figure 3. 
Akt inhibits tuberous sclerosis 2 (TSC2 or hamartin) 
function through direct phosphorylation [4,19,35,42]. 
TSC2 is a GTPase-activating protein (GAP) that 
functions in association with the putative tuberous 
sclerosis 1 (TSC1 or tuberin) to inactivate the small G 
protein Rheb [4,19,35,43,44]. TSC2 phosphorylation by 
Akt represses GAP activity of the TSC1/TSC2 complex, 
allowing Rheb to accumulate in a GTP-bound state. 
Rheb-GTP then activates, through a mechanism not yet 
fully elucidated, the protein kinase activity of mTOR 
when complexes with the Raptor (Regulatory associated 
protein of mTOR) adaptor protein, DEPTOR and 
mLST8, a member of the Lethal-with-Sec-Thirteen 
gene family, first identified in yeast [4,19]. The 
mTOR/Raptor/mLST8 complex (mTORC1) is sensitive 
to rapamycin and, importantly, inhibits Akt via a 
negative feedback loop which involves, at least in part, 
p70S6K [44]. This is due to the negative effects that 
p70S6K has on IRS1 [43] (see Figure 3). 

The mechanism by which Rheb-GTP activates 
mTORC1 has not been fully elucidated yet, however it 
requires Rheb farnesylation and can be blocked by 
farnesyl transferase (FT) inhibitors. It has been 
proposed that Rheb-GTP would relieve the inhibitory 
function of FKBP38 (another component of mTORC1) 
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on mTOR, thus leading to mTORC1 activation [44]. 
However, more recent investigations did not confirm 
these findings [45]. 

Nevertheless, Akt also phosphorylates proline-rich Akt-
substrate-40 (PRAS40), an inhibitor of mTORC1, and 
by doing so, it prevents the ability of PRAS40 to 
suppress mTORC1 signalling (recently reviewed in 
[4,19,44]). Thus, this could be yet another mechanism 
by which Akt activates mTORC1. Moreover, PRAS40 
is a substrate of mTORC1 itself, and it has been 
demonstrated that mTORC1-mediated phosphorylation 
of PRAS40 facilitates the removal of its inhibition on 
downstream signaling of mTORC1 [4,19,44]. Also 
Ras/Raf/MEK/ERK signaling positively impinges on 
mTORC1. Indeed, both p90Rsk-1 and ERK 1/2 
phosphorylate TSC2, thus suppressing its inhibitory 
function [4,19,44] (See Figure 3). Moreover, recent 
evidence has highlighted that, in solid tumors, 
mTORC1 inhibition resulted in ERK 1/2 activation, 
through p70S6K/PI3K/Ras/Raf/MEK [46]. 

The relationship between Akt and mTOR is further 
complicated by the existence of the mTOR/Rictor 
complex (mTORC2), which, in some cell types, 
displays rapamycin-insensitive activity. mTORC2 has 
been found to directly phosphorylate Akt on S473 in 
vitro and to facilitate T308 phosphorylation. Thus, 
mTORC2 can function as the elusive PDK-2 which 
phosphorylates Akt on S473 in response to growth 
factor stimulation [47]. Akt and mTOR are linked to 
each other via positive and negative regulatory circuits, 
which restrain their simultaneous hyperactivation 
through a mechanism involving p70S6K and PI3K 
[4,19,35,44,48-55]. Assuming that equilibrium exists 
between these two complexes, when the mTORC1 
complex is formed, it could antagonize the formation of 
the mTORC2 complex and reduce Akt activity [44-46]. 
Thus, at least in principle, inhibition of the mTORC1 
complex could result in Akt hyperactivation. This is one 
problem associated with therapeutic approaches using 
rapamycin that block some actions of mTOR but not all. 

mTOR is a 289-kDa S/T kinase. It regulates translation 
in response to nutrients and growth factors by 
phosphorylating components of the protein synthesis 
machinery, including p70S6K and eukaryotic initiation 
factor (eIF)-4E binding protein-1 (4EBP-1), the latter 
resulting in release of the eukaryotic initiation factor-4E 
eIF-4E, allowing eIF-4E to participate in the assembly 
of a translational initiation complex [4,19,35,44]. 
p70S6K phosphorylates the 40S ribosomal protein S6, 
(rpS6), leading to active translation of mRNAs 
[4,19,35,44]. Integration of a variety of signals 
(mitogens, growth factors, hormones) by mTOR assures 

cell cycle entry only if nutrients and energy are 
sufficient for cell duplication [4, 48-52]. Therefore, 
mTOR controls multiple steps involved in protein 
synthesis, but importantly enhances production of key 
molecules such as c-Myc, cyclin D1, p27Kip1, and 
retinoblastoma protein (pRb) [35].  

mTOR also controls the translation of hypoxia-
inducible transcription factor-1α (HIF-1α) mRNA 
[51,52]. HIF-1α upregulation leads to increased 
expression of angiogenic factors such as vascular 
endothelial growth factor (VEGF) and PDGF [4]. 
Moreover, HIF-1α regulates the glycolytic pathway by 
controlling the expression of glucose-sensing molecules 
including glucose transporter (Glut) 1 and Glut3 [51]. 
By regulating protein synthesis, p70S6K and 4E-BP1 
also control cell growth and hypertrophy, which are 
important processes for neoplastic progression. Hence 
targeting the mTOR pathway could have many effects 
on the regulation of cellular growth.  

Many of the mRNAs encoding the previously 
mentioned genes contain 5’untranslated regions which 
are G+C rich and difficult to translate and referred to as 
weak mRNAs [35]. 4EP-B1 forms a complex with these 
mRNAs and other binding factors allowing the 
translation of these weak mRNAs [35,53-58]. 
Rapamycin and mTOR kinase inhibitors suppress the 
translation of these critical mRNAs involved in cell 
survival and growth.   

Control of Apoptotic Regulatory Molecules by  
the Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR 
Pathways 

These two pathways regulate the activity of many 
proteins involved in apoptosis. In the following section, 
we will mainly discuss the effects of these pathways 
elicited  by post-translational mechanisms [2, 3, 58-62], 
although it should be noted that both ERK and Akt also 
phosphorylate transcription factors that influence the 
transcription of the Bcl-2 family of genes as well as 
other important genes involved in the regulation of 
apoptosis [2, 4, 35, 60-62]. Many of the effects of the 
Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR 
pathways on apoptosis are mediated by ERK or Akt 
phosphorylation of key apoptotic effecter molecules 
(e.g., Bcl-2, Mcl-1, Bad, Bim, CREB, Foxo, Caspase-9 
and many others) [2, 4, 35, 59-62]. In addition, both 
pathways regulate the translation of weak mRNAs. 
ERK, p90Rsk-1, MNK1/2 and p70S6K regulate the 
phosphorylation of many of the proteins involved in the 
key complex required for the translation of the weak 
mRNAs [35,44,56,57]. In some cases, members of the 
two pathways (e.g., p90Rsk-1 and p70S6K)  will  phosphor- 
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Figure 3. Interactions between the Ras/Raf/MEK/ERK, Ras/PI3K/PTEN/mTOR and Wnt/β‐Catenin Pathways that Result 
in  the  Regulation  of  Protein  Translation  and Gene  Transcription.  The  Ras/Raf/MEK/ERK  and  Ras/PI3K/PTEN/Akt/mTOR 
pathways can affect protein translation by complex interactions regulating the mTORC1 (grouped together in a purple box) and 
mTORC2  (grouped  together  in  a  blue  box)  complexes. GF  stimulation  results  in GFR  activation which  can  activate  both  the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways. Akt can phosphorylate and  inhibit the effects of GSK‐3β, TSC2 and 
PRAS‐40 (indicated in red ovals), which result in mTORC1 activation. ERK and PDK1 can phosphorylate p90Rsk1 (indicated in green 
ovals), which  in turn can phosphorylate and  inhibit TSC2 (indicated  in red oval). Akt‐mediated phosphorylation of GSK‐3β also 
affects the Wnt/β‐catenin pathway and EMT. Rapamycin targets mTORC1 and inhibits its activity and also results in inhibition of 
downstream p70S6K. The effects of rapamycin are complex as long term administration of rapamycin may prevent mTOR from 
associating with mTORC2 and hence full activation of Akt is prevented. However, rapamycin treatment may result in activation 
of PI3K, by  inhibiting the effects of p70S6K on  IRS‐1 phosphorylation which results  in PI3K and Akt activation. Also rapamycin 
treatment may result in the activation of ERK in some cells, presumably by inhibition of the p70S6K mediated inhibition of IRS1. 
These later two effects of rapamycin could have positive effects on cell growth. Energy deprivation will result in the activation of 
serine/threonine  kinase 11  (STK11 a.k.a  LKB1) and AMP  kinase  (AMPK) which  can  result  in TSC2 activation  (indicated  in  red 
ovals) and subsequent suppression of mTORC1. In contrast Akt can phosphorylate and inhibit the activity of AMPK. Inhibition of 
PDK‐1  activity  can  also  result  in  activation  of mTORC1,  presumably  by  suppression  of  p70S6K  and  hence  inhibition  of  IRS1 
(indicated  in  red oval) effects on PI3K activity. The PTEN, TSC1, TSC2 and  LKB1  tumor  suppressor genes all  converge on  the 
mTORC1 complex to regulate protein translation. Thus the Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR pathways can finely 
tune protein  translation and cell growth by regulating mTORC1. Rapamycin can have diverse effects on  these processes. Also 
these pathways can  interact with  the Wnt/β‐catenin pathway which  is  important  in developmental processes, EMT and CICs. 
Upon activation of the Wnt pathway, β‐catenin forms a complex with Bcl‐9, PYGO, plakoglobulin and TCF/LEF which result in the 
transcription of critical genes including cyclin D1, c‐Myc, SALL4 and PPARδ. 
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ylate the same molecule in the translation complex at 
the same site e.g. ribosomal protein S6 (rpS6) [57, 58]. 
However, the kinetics of phosphorylation of rpS6 by the 
two kinases differs. Thus these two pathways regulate 
the activity of this translation complex which is 
responsible for the translation of certain weak mRNAs 
involved in regulation of apoptosis. Mcl-1 is an 
example of a weak mRNA and it plays key roles in the 
regulation of apoptosis. 

Aberrant regulation of apoptosis is critically implicated 
in cancer as well as many other diseases (e.g., 
inflammation, auto-immune diseases). Therefore 
controlling the activity of the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR pathways have been keen 
pharmaceutical objectives for many years. The activity 
of many key components in apoptotic cascades is 
sensitive to inhibitors that target these pathways.  

Akt regulates the apoptotic response to a variety of 
stimuli via its ability to interact with a number of key 
players in the apoptotic process [2,4,61,62].  Akt can 
directly phosphorylate BAD on S136, causing its 
inactivation preventing it from interacting with anti-
apoptotic members of the Bcl-2 family of proteins (Bcl-
2, Bcl-XL) [29,62].  Activated Akt can inhibit the 
release of cytochrome c from the mitochondria, which 
is a potent activator of the apoptotic caspase cascade 

[59].  The Akt target, Foxo-3 is capable of upregulating 
Fas ligand (Fas-L) and Bim, two very important 
molecules that are potent inducers of apoptosis; 
however, when inactivated by Akt, Foxo-3 is localized 
to the cytosol where it is unable to augment expression 
of these genes [28,60]. Akt can also phosphorylate Bim 
which inhibits its proapoptotic activity [61]. In concert, 
these events caused by Akt activation affect the survival 
status of the cell.  

Frequent Oncogenic Mutations at Members of these 
Pathways Result in Activation: Rationale for 
Therapeutic Targeting of these Pathways 

Effective targeting of signal transduction pathways 
activated by mutations and gene amplification may be 
an appropriate approach to limit cancer growth, 
metastasis, drug resistance as well as aging. The 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways can be activated by mutations/ 
amplifications of upstream growth factor receptors. The 
abnormal production of growth factors can result in 
receptor activation which in turns mobilizes the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
cascades. An illustration of some of the receptors, 
exchange factors, kinases and phosphatases that are 
mutated/amplified in human cancer and how they may 

impact the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR cascades is presented in 
Figure 4.   

Perhaps one of the biggest advances in medical science in 
the 1980’s was the confirmation of the proto-oncogene 
hypothesis, that predicted that the human genome contains 
genes related to viral oncogenes which when mutated 
could cause human cancer [4,7,19,35,62-84]. Key 
genetic members of the Ras/Raf/MEK/ERK pathway       
[e.g., RAS, RAF), MEK (rarely) [81-84], the 
downstream transcription factor (ETS) the 
Ras/PI3K/PTEN/Akt/mTOR (e.g., PIK3CA, AKT, 
PTEN) pathway and upstream receptors (e.g., ERBB1 
(EGF-R), ERBB2 (HER2), PDGFR, KIT, FLT3, FMS) 
were shown to fulfill this hypothesis as they were 
sometimes mutated/amplified/deleted in specific human 
cancers. The RAS, RAF, PIK3CA, AKT, ERBB1, KIT, 
FMS and ETS oncogenes are also contained as viral 
oncogenes in the genomes of certain retroviruses that 
cause cancer in animals [2,7,35,62]. Furthermore, 
genetic mutations at these cellular oncogenes often alter 
sensitivity to specific targeted therapeutic approaches. 
Thus many of the genes in these two signal transduction 
pathway can cause cancer under the appropriate 
conditions.  

Mutation of Upstream Receptors that Activate the 
Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR 
Pathways in Human Cancer 

Amplification/overexpression of HER2 [human epidermal 
growth factor receptor, a.k.a., c-ErbB-2, (ERBB2)] is an 
important cause of sporadic breast cancer that occurs in 
approximately 30% of breast cancer. HER2 is a receptor 
tyrosine kinase (RTK) [85]. HER2 can heterodimerize 
with c-ErbB-3 which has six docking sites for PI3K. 
While a normal breast cell possesses 20,000 to 50,000 
HER2 molecules, amplification of this gene in HER2+ 
cancers can increase levels of HER2 up to 2,000,000 
molecules per cell [85]. Overexpression of HER2 is 
linked to comedo forms of ductal carcinoma in situ 
(DCIS) and occurs in approximately 90% of these cases. 
HER2 overexpression will lead to increased     
expression of both the Ras/PI3K/Akt/PTEN/mTOR and 
Ras/Raf/MEK/ERK pathways. Association of genes that 
regulate signal transduction pathways with breast cancer 
implies an important role of these pathways in neoplasia. 

In acute myeloid leukemia (AML), activation of the 
Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR pathway 
can result from mutated upstream targets such as class 
III RTKs. These include point mutations such as FLT3-
internal tandem duplications (FLT3-ITD) and mutated 
c-KIT,  which  are  present   in   35-40%   of  all  AML
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[2,4,35,62]. Mutations in upstream signaling molecules 
such as KIT and FLT3 are believed to activate the 
downstream signal transduction cascades, such as 
Ras/Raf/MEK/ERK  and Ras/PI3K/Akt/mTOR pathways.  

 

 
 
 
 
 
 
 
 

Mutations at RAS in Human Cancer 

Mutations that lead to expression of constitutively-
active Ras proteins have been observed in approximate- 

Figure 4. Dysregulated Expression of Upstream Receptors and Kinases Can Result in Activation of the Ras/Raf/MEK/ERK 
and Ras/PI3K/PTEN/Akt/mTOR Pathways. Sometimes dysregulated expression of growth  factor  receptors occurs by either 
increased expression or genomic amplifications (e.g., VEGFR, EGFR, HER2, IGF1R). Mutations have been detected in EGFR, FLT3, 
KIT, PDGFR, PIK3CA, RAS, BRAF, MEK1/MEK2, SOS,  PTPN11 (indicated in red ovals), and PTEN (indicated in a purple square) . Akt 
and Rheb are overexpressed  in certain cancers. Other signaling molecules which may be overexpressed  (e.g.,  IGF‐1R, VEGF‐R, 
ERK, mTOR,  p70S6K)  but  not  necessarily mutated  or  amplified  are  indicated  in  yellow  ovals.  The MDM2  ubiquitin  ligase  is 
indicated  in a green oval. The p53 tumor suppressor  is one of the most frequently  inactivated genes  in human cancer and has 
multiple effects on these pathways and  is  indicated  in a purple oval. Amplifications of HER2 and EGFR are detected  in certain 
cancer  types.  The BCRABL  chromosomal  translocation  is present  in  virtually  all  chronic myeloid  leukemias  (CMLs)  and  some 
acute  lymphatic  leukemias  (ALLs). Many  of  these mutations  and  chromosomal  translocations  result  in  the  activation  of  the 
Ras/Raf/MEK/ERK  and  Ras/PI3K/PTEN/Akt/mTOR  cascades.  These  pathways  can  also  be  activated  by  autocrine  growth 
stimulation, the genetic basis of which is frequently unknown. Deregulated expression of these pathways can result in cancer as 
well as premature aging. 
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ly 20 to 30% of human cancers [7,63-69]. The 
frequency of RAS mutations and other key genes in the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways in various types of cancers is presented in 
Table 1. Often point mutations are detected in RAS 
genes in cancer cells from patients which enhance Ras 
activity. Genome RAS amplification or overexpression 
of Ras, perhaps due to altered methylation of its 
promoter region, are also detected in some tumors 
[7,63-69]. In cholangiocarcinoma, KRAS gene 
mutations have been identified in 45% of examined 
tumors [7]. Ras mutations are present in up to 20% of 
AML [67] and are another major cause of activation of 
this cascade. The frequency of KRAS mutations is very 
high (~80%) in advanced pancreatic cancers [7,63]. 
Mutations that result in increased Ras activity often 
perturb the Raf/MEK/ERK and also the 
PI3K/PTEN/Akt/mTOR cascades [7].  
 
A key event in the activation of the Ras protein is 
farnesylation. Inhibitors that target the enzyme farnesyl 
transferase (FT) have been developed with the goal of 
targeting Ras [2]. Clinical testing of FT inhibitors 
(FTIs) unfortunately has yielded disappointing results. 
The lack of usefulness of FTIs may be due to multiple 
reasons. First, there are many proteins that are regulated 
by FT. Second, although H-Ras is exclusively modified 
by FT and K-Ras to a lesser extent, N-Ras can also be 
modified by geranylgeranyltransferase (GGT).         
This modified N-Ras is still able to support the 
biological requirement of Ras in the cancer cell. 
Geranylgeranylation of K-Ras and N-Ras become 
critical only when farnesylation is inhibited. The 
majority of RAS mutations in humans occur in KRAS, 
which is followed by NRAS [7,67]. The mutation rate at 
HRAS is a distant third [7]. Hence, it is very possible 
that the effects that FTIs had in initial clinical trials 
were not due to inhibition of mutant RAS genes present 
in the cell, but in fact resulted from non-specific effects 
which are related to the first point mentioned. Another 
important target of FTIs is the Rheb protein (Ras 
homologue enriched in brain) (See Figure 2). Rheb, 
another GTP binding/exchange protein, plays key roles 
in regulating mTORC1 and controlling the efficiency of 
protein translation [4,19,35].  
 
Mutations at RAF in Human Cancer 
 
Prior to 2003, it was believed that the RAF oncogenes 
were not frequently mutated in human cancer. There are 
three RAF genes in humans, (ARAF, BRAF and CRAF 
(a.k.a. Raf-1) encoding three distinct proteins with 
diverse and common functions. With the advent of 
improved methods of DNA sequencing, it was 
demonstrated that BRAF is frequently mutated in 

melanoma (27 to 70%), papillary thyroid cancer (36 to 
53%), colorectal cancer (5 to 22%), cholangiocarcinoma 
(22%), ovarian cancer (30%), and a small minority of 
lung cancer patients (1-3%) [70-75]. BRAF mutation 
occurs in approximately 7% of all cancers [70-73]. In 
contrast, CRAF and ARAF are not believed to be 
frequently mutated in human cancer [80-81].  
 
It was proposed that the structures of B-Raf, Raf-1 and 
A-Raf kinases may dictate the ability of activating 
mutations to occur at, and be selected in, the genes 
encoding these proteins, which can permit the selection 
of oncogenic forms [75]. These predictions have arisen 
from the solved structure of B-Raf [75]. Like many 
enzymes, B-Raf is proposed to have small and large 
lobes, which are separated by a catalytic cleft. The 
structural and catalytic domains of B-Raf and the 
importance of the size and positioning of the small lobe 
may be critical in its ability to be stabilized by certain 
activating mutations. In contrast, the functionally 
similar mutations in ARAF and CRAF are not predicted 
to result in small lobe stabilization, this may prevent or 
hinder the selection of mutations at ARAF and CRAF, 
which would result in activated oncogenes [75]. 
 
The most frequent mutation detected at the BRAF gene 
is a change at amino acid 600, which converts a Val to 
Glu (Val600→Glu, V600E) [72]. This BRAF mutation 
accounts for > 90% of the BRAF mutations found in 
melanoma and thyroid cancer. BRAF mutations may 
arise in certain cells that express high levels of B-Raf as 
a result of hormonal stimulation. Certain hormonal 
signaling events will elevate intracellular cAMP levels, 
which result in B-Raf activation, leading to 
proliferation. Melanocytes and thyrocytes are two such 
cell types that have elevated B-Raf expression, as they 
are often stimulated by the appropriate hormones [76]. 
Moreover, it is thought that B-Raf is the most important 
kinase in the Ras/Raf/MEK/ERK cascade [75]. In some 
models, wild-type (WT) and mutant B-Raf are   
proposed to activate Raf-1, which then activates MEK 
and ERK [77,78]. A number of pharmaceutical and 
biotechnological companies have developed inhibitors 
that specifically target mutant B-Raf alleles (mutant-
allele specific inhibitors), which do not inhibit WT B-
Raf [3]. 
 
In many cancers with BRAF mutations, the mutations 
are believed to be initiating events and also the      
driver mutations, but are not sufficient for complete 
neoplastic transformation [35,65,66,72-75]. Mutations 
at other genes (e.g., in components of the 
Ras/PI3K/PTEN/Akt/mTOR pathway) have been 
hypothesized to be also necessary for malignant 
transformation in some  cancers.  Moreover,  there  may 
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Table 1. Mutations of the Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR Pathways in Human Cancer.

Gene Cancer Mutated At Approximate Reported Frequency Reference 
RAS genes can be activated by point mutations, gene amplifications and other mechanisms. 
RAS Many different types 

including pancreatic, acute 
myeloid leukemia, 
endometrial, lung, 
colorectal  

20-25% all human cancers,
KRAS mutations account for
about 85%, NRAS for about

15%, HRAS for <1%. 

7 

KRAS Pancreatic 90% 7
HRAS, KRAS, 
NRAS 

Thyroid (papillary) 60% 7 

HRAS, KRAS, 
NRAS 

Thyroid (follicular) 55% 7 

KRAS Colorectal 45% 7
KRAS, NRAS Seminoma 45% 7
NRAS, KRAS Myelodysplastic syndrome 40% 7 
KRAS Non Small Cell Lung 

Carcinoma 
35% 7

NRAS Acute myelogenous 
leukemia 

30% 7

NRAS Liver 30% 7
KRAS Endometrial 20% 7
NRAS Melanoma 15% 7
HRAS Bladder 10% 7
HRAS Kidney 10% 7

BRAF is activated in approximately 7% all cancers, highest in melanoma, often activated by point 
mutations. 

BRAF Melanoma 27-70% 72
BRAF Papillary Thyroid  36-53% 72 
BRAF Serous Ovarian 30% 72 
BRAF Colorectal 5-22% 72

PIK3CA is often activated by point mutations, also by gene amplification. 
PIK3CA One of the most frequently 

mutated kinases in human 
cancer 

>30% solid cancers 106, 110 

PIK3CA Breast 8-40% 106, 108, 110 
PIK3CA Endometrial 23-36% 106, 110
PIK3CA Hepatocellular 36% 106, 108, 110 
PIK3CA Colon 19-32% 110
PIK3CA Prostate 29% 31
PIK3CA Glioblastoma 5-27% 106, 110
PIK3CA Head/Neck Squamous Cell 33% 106, 110 
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PIK3CA Gastric 25% 106, 110
PIK3CA Urinary Track 17% 31 
PIK3CA Anaplastic 

Oligodendroglioma 
14% 106, 110

PIK3CA Ovarian 6-12% 110
PIK3CA Intraductal Papillary 

Mucinous Neoplasm 
Carcinoma of the pancreas 

11% 110

PIK3CA Upper Digestive Track 10% 31 
PIK3CA Stomach 8% 31
PIK3CA Esophagus 7% 31
PIK3CA Oral Squamous Cell 7% 110 
PIK3CA Pancreas 6% 31
PIK3CA Medulloblastoma 5% 110
PIK3CA Lung 4% 110
PIK3CA Hematopoietic & Lymphoid 4% 31 
PIK3CA Skin 3% 31
PIK3CA Anaplastic Astrocytoma 3% 110 
PIK3CA Thyroid 2% 31

PTEN often inactivated by deletion, gene methylation, protein stability and other genetic mechanisms. 
PTEN Endometrial  38% 31 
PTEN Central nervous system  20% 31 
PTEN Skin 17% 31
PTEN Prostate 14% 31
PTEN Colon 9% 31
PTEN Urinary track 9% 31 
PTEN Lung 8% 31
PTEN Ovary 8% 31
PTEN Breast 6% 31
PTEN Hematopoietic & Lymphoid 6% 31 
PTEN Thyroid 5% 31
PTEN Stomach 5% 31
PTEN Liver 5% 31
PTEN Upper aerodigestive track 4% 31 
PTEN Esophagus 1% 31
PTEN Pancreas 1% 31

AKT is infrequently mutated in human cancer but AKT2 gene can undergo amplification in certain 
cancers. 

AKT1 Thryoid 5% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic

AKT1 Breast 3% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic

AKT1 Endometrial 3% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic 
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be certain situations where certain potent BRAF 
mutations (Val600→Glu) and RAS mutations are not 
permitted in the same cell, as they might result in 
hyperactivation of Ras/Raf/MEK/ERK signaling and 
expression, which could lead to cell cycle arrest [75]. In 
contrast, there are other cases that require both BRAF 
and RAS mutations for transformation. The BRAF 
mutations in these cases may result in weaker levels of 
B-Raf activity which is insufficient for abnormal
proliferation [65,66,75,77,78]. It should be pointed out
that RAS mutations may also result in activation of the
Ras/PI3K/Akt/mTOR pathway.

Different BRAF mutations have been mapped to various 
regions of the B-Raf protein. Mutations at BRAF that 
result in low kinase activity may signal through Raf-1 
[75,77,78]. Heterodimerization between B-Raf and Raf-
1 proteins may allow the impaired B-Raf to activate 
Raf-1. Other mutations, such as Asp593→Val, may 
activate alternative signal transduction pathways [75]. 

One study has observed that mutated alleles of CRAF 
are present in therapy-induced acute myelogenous 
leukemia (t-AML) [80]. This t-AML arose after 
chemotherapeutic drug treatment of breast cancer 
patients. The mutated CRAF genes were transmitted in 
the germ line, thus, they were not spontaneous 
mutations in the leukemia, but they may be associated 
with  the  susceptibility  to  induction  of  t-AML  in  the 

 

 
 
 
 

 
 

breast cancer patients studied. Subsequent studies 
demonstrated that blast cells from patients with the 
CRAF germline mutations also had loss of the tumor 
and metastasis suppressor Raf kinase inhibitor protein 
(RKIP) [81]. The importance of RKIP was determined 
by transfection experiments with either siRNA directed 
against RKIP or expression vectors overexpressing 
RKIP [81]. The levels of RKIP were determined to 
influence the levels of CRAF-mediated transformation 
as high levels of RKIP suppressed CRAF-mediated 
transformation, while low levels enhanced CRAF-
mediated transformation [81]. Decreased RKIP 
expression has also been observed in some cutaneous 
squamous cell carcinomas which also displayed 
decreased BRAF expression [79]. Thus mutation at both 
BRAF and CRAF have been detected in certain cancer 
patients and other studies have shown that the levels of 
mutant and WT B-Raf, Raf-1 and RKIP will influence 
the levels of transformation observed, hence there is a 
strong basis for the development of Raf inhibitors [3]. 

Mutations downstream of Raf in the Ras/Raf/ 
MEK/ERK cascade have not been frequently detected 
in human cancer although there are some rare germline 
mutations detected at MEK1 and MEK2 in 
cardiofaciocutaneous syndrome (CFC) [82].  There    
are also mutations at other components of the 
Ras/Raf/MEK/ERK pathway including KRAS and 
BRAF in CFC. There are mutations at components of 

AKT1 Ovary 1% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic 

AKT1 Urinary track 1% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic 

AKT1 Prostate 1% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic 

AKT1 Large Intestine 1% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic 

AKT1 Hematopoietic & Lymphoid 
tissue 

1% www.sanger.ac.uk/perl. 
genetics/CGP/cosmic 

AKT2 Head and Neck squamous 
cell carcinomas 

30% amplified 31 

AKT2 Pancreatic 20% amplified 31
AKT2 Ovarian 12% amplified 31
AKT2 Breast 3% amplified 31

TSC1/TSC2 is inactivated by point mutations, deletion and other genetic mechanisms. Only TSC1is 
associated with some human cancers. 

TSC1 Urothelial Carcinoma 15% 159 

www.aging‐us.com             122               AGING (Albany NY)



the Ras/Raf/MEK/ERK pathway in the related Costello 
and Noonan syndromes, including: SOS, and PTPN11 
(Shp2) in Noonan syndrome and HRAS mutations in 
Costello syndrome [83]. These germline mutations 
confer sensitivity to MEK inhibitors. MEK1 but not 
ERK2 mutations have been observed in some 
melanomas and colon carcinomas [84].   
 
Activation of the Ras/Raf/MEK/ERK Cascade in the 
Absence of Mutations in the Pathway 
 
Hepatocellular carcinoma (HCC) is the fifth most 
common cancer worldwide and the third most prevalent 
cause of cancer mortality, accounting for approximately 
6% of all human cancers and more than 600,000    
deaths annually worldwide [85,86]. Although the 
clinical diagnosis and management of early-stage HCC 
has improved significantly, HCC prognosis is still 
extremely poor. Therefore, investigating HCC 
pathogenesis and finding new diagnostic and treatment 
strategies is important. 
 
Signaling via the Ras/Raf/MEK/ERK cascade plays a 
critical role in liver carcinogenesis [86-91]. Although 
mutations of Ras and Raf occur infrequently in HCC, a 
recent study demonstrated that activation of Ras 
pathway occurred in 100% of HCC specimens analyzed 
when compared with non-neoplastic surrounding tissues 
and normal livers [91].  
 
In addition, activation of Ras/Raf/MEK/ERK pathway 
in HCC may be due to down-regulation of Ras 
inhibitors Sprouty and the Sprouty-related protein with 
Ena/vasodilator-stimulated phosphoprotein homology-1 
domain (Spred-1) and Spred-2 proteins [92,93]. It has 
been shown that the expression of Spred-1 and -2 in 
human HCC tissues is frequently decreased, in 
comparison to adjacent non-tumorous tissues. This 
decreased expression inversely correlated with the 
incidences of tumor invasion and metastasis [92]. 
Moreover, ectopic Spred expression inhibited HCC cell 
proliferation both in vitro and in vivo, which was 
associated with reduced ERK activation, suggesting that 
Spred could be both a novel prognostic factor and a new 
therapeutic target for human HCC [93].  
 
Down-regulation of RKIP expression is a major factor 
in activation of the Ras/Raf/MEK/ERK pathway   
during human hepatocarcinogenesis [94]. These   
studies indicate the complex interplay of various    
genes that serve to regulate the Ras/Raf/MEK/ERK 
pathway. Deregulation of their expression by various 
mechanisms (e.g., promoter methylation, point 
mutations, post-translational mechanisms) may result in 

Ras/Raf/MEK/ERK pathway activation in the absence 
of detectable mutations at either RAF or MEK. Hence, 
the Ras/Raf/MEK/ERK cascade is a therapeutic target 
in HCC [3,95,96]. 
 
Obesity is another important contributing factor for the 
development of HCC [97]. The important role of 
Ras/Raf/MEK/ERK signaling has also been suggested 
for HCC progression in obese patients. A possible 
explanation for risk associated between obesity and 
HCC comes from the study of Saxena et al., which for 
the first time demonstrated that leptin, a key molecule 
involved in the regulation of energy balance and body 
weight control, promotes HCC growth and invasiveness 
through activation of Ras/Raf/MEK/ERK signaling 
[98].  
 
Other well known risk factors for HCC such as hepatitis 
B and C viruses (HBV and HCV) also utilize the 
Ras/Raf/MEK/ERK pathway for the control of 
hepatocyte survival and viral replication [99]. Among 
the four proteins encoded by HBV genome, HBx is 
involved in heptocarcinogenesis. HBx activates 
Ras/Raf/MEK/ERK signaling cascade [100]. Among 
HCV components, the core protein has been reported to 
activate the Ras/Raf/MEK/ERK pathway and thereby 
might contribute to HCC carcinogenesis [101, 102]. 
Therefore, these studies suggest that the 
Ras/Raf/MEK/ERK pathway is a novel therapeutic 
target that could be exploited for the treatment of HCC 
resulting from HBV and HCV infection. microRNAs 
(miRNAs) may play a key role in regulating HCV 
translation [103]. Protein translation is regulated by the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways and may be a therapeutic target for HCC 
[104]. The interacting Wnt/β-catenin pathway also has 
effects on HCC [105]. 
 
Mutations at PIK3CA in Human Cancer 
 
The PI3K p110α catalytic subunit (PIK3CA) gene is 
currently the most frequently mutated kinase in human 
cancer. PIK3CA is mutated in approximately 25% of 
breast, 32% of colorectal, 30% of endometrial, 27% of 
brain, 25% of gastric, 4% of lung cancers [106-110] 
(Table 1). These mutations are clustered in small hot-
spot regions within the helical (E542, E545) and kinase 
(H1047) domains [106-110]. The locations of these 
mutations have been recently critically evaluated [110]. 
These mutations frequently result in activation of its 
kinase activity [110]. Furthermore increased expression of 
the Ras/PI3K/Akt/mTOR pathway also occurs frequently 
in some cancers as the PIKC3A gene is amplified in 
approximately 40% of ovarian cancers [109]. 
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Activation of PI3K/PTEN/Akt/mTOR signaling through 
mutation, inactivation or silencing of pathway 
components occurs in various malignancies, including 
liver cancer [111]. Deregulation of this pathway has 
clinical importance in HCC. For example, recent data 
from genomic sequence of HCC samples identified 
mutations in PIK3CA in 50% of patients with poor 
prognosis, survival length < 3 years following partial 
liver resection, and only 10% of the HCC patients with 
a good prognosis had mutation in PIK3CA [111]. The 
identified mutations were restricted to residues H1047 
in 61.1%, to E545 in 33.3%, and to E542 in 5.5% of 
cases, and as a consequence this result in gain of 
enzymatic function and consequently in oncogenic 
activity of PI3K [111].  

Mutations at PTEN in Human Cancer 

Germline PTEN mutations are present in approximately 
80% of patients with Cowden syndrome [112]. This 
disease, which is also known as multiple hamartoma 
syndrome, is another familial syndrome that includes 
many different types of cancer conditions including early 
onset breast cancer. Mutations have been reported to 
occur at PTEN in breast cancer in varying frequencies (5-
21%) [113,114]. Loss of heterozygosity (LOH) is 
probably more common (30%) [114]. Mutations at certain 
residues of PTEN, that are associated with Cowden’s 
disease, affect the ubiquitination of PTEN and prevent 
nuclear translocation. These mutations leave the 
phosphatase activity intact [115]. Inhibition of PTEN 
activity leads to centromere breakage and chromosome 
instability [34]. Thus PTEN has diverse activities.  

Akt and mTOR phosphorylation are frequently detected 
in ovarian and endometrial cancers. An early occurrence 
in endometrial cancer is the loss of functional PTEN 
activity by mutation or other mechanisms, this occurs in 
approximately 40-80% of patients [116]. Since the loss 
of PTEN results in activation of Akt, that in turn up-
regulates mTOR activity, cancer cells deficient in PTEN 
are thought to be major targets of mTOR inhibitors. 

The best evidence that strongly supports the connection 
between PTEN-suppression and liver carcinogenesis 
comes from genetic studies. All mice with PTEN-
deficient hepatocytes exhibited liver adenomas and 66% 
of them developed HCC [117]. In these mice, 
hepatocytes were hyperproliferative and displayed an 
abnormal activation of Akt [117]. Furthermore, 
although mutations in the PTEN gene rarely occur in 
HCC, frequent loss of heterozygosity of PTEN allele 
has been identified in 20-30% of HCC patients [118-
121]. In addition, down-regulation of PTEN expression 
may be partly due to PTEN promoter methylation [122]. 

PTEN expression plays a critical role in HCC 
progression and patient’s outcome. Patients with high 
expression of PTEN had a significantly better overall 
survival than patients with low PTEN expression [123]. 
As mentioned above, hepatitis viruses protect 
hepatocytes from apoptotic cell death by promoting the 
activation of Ras/PI3K/Akt/mTOR survival pathway 
[124,125]. Among the four proteins encoded by HBV 
genome, HBx has been reported to be involved in 
hepatocarcinogenesis. It has been reported that HBx 
expression downregulated PTEN expression in 
hepatocytes [125,125]. In contrast, PTEN expression in 
liver cells downregulated HBx-induced PI3K and Akt 
activities [126]. Therefore, these studies suggest the 
possible use of PTEN as a target in therapeutic 
approaches for the treatment of at least those HCC 
caused by HBV infection. 

In some cancer settings, PTEN and BRAF mutations 
appear to interact. Two recent papers have highlighted 
the hypothesis of mutant BRAF- and PTEN-loss-driven 
carcinogenesis in mouse models. In a study by Dhomen 
et al., inducible expression of B-RafV600E was sufficient 
to induce multiple melanocytic lesions including skin 
hyperpigmentation, dysplastic nevi and melanoma 
[127]. Tumor cells from these B-RafV600E mice 
displayed both melanoma growth and melanocyte 
senescence in this system. Approximately 70% of these 
mice developed melanomas that exhibited histological 
and molecular characteristics similar to that of human 
melanoma and were able to colonize the lungs in 
nude mice [127]. In contrast, another group of 
researchers generated mice that conditionally-expressed 
melanocyte-specific B-RafV600E that were only able to 
induce benign melanocytic hyperplasias and were 
unable to progress any further over a 15-20 month 
period [128].  However, B-RafV600E expression in a 
PTEN gene-silenced background led to the production 
of melanoma with 100% establishment, short latency 
and metastasis to lymph nodes and lungs.  This 
development was prevented by the treatment of mice 
with either the mTOR inhibitor rapamycin or the 
MEK1/2 inhibitor (PD0325901). Moreover, while 
combination treatment with rapamycin or PD0325901 
led to the reduction of established tumors, upon 
termination of drug treatment the melanomas 
reappeared the presence of drug resistant melanoma-
initiating cells in these mice. Overall, these two papers 
further validated the mutant B-Raf/MEK/ERK and the 
PI3K/Akt/mTOR pathways, as promising therapeutic 
targets in melanoma. 

Mutations and hemizygous deletions of PTEN have 
been detected in AML and non Hodgkin’s lymphoma 
(NHL) and other cancers [129,130]. Thus the PTEN 
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gene is a critical tumor suppression gene, frequently 
mutated in human cancer.  
 
Alterations of PTEN Expression in Human Cancer 
 
Phosphorylation (inactivation) of PTEN has been 
associated with increased Akt-activity. Although many 
groups have investigated the PTEN-phosphorylation 
status in leukemia and lymphoma, its relevance 
concerning Akt-activation is still not clear [129-133]. 
PTEN phosphorylation as well as low or absent PTEN 
expression has been observed in AML.  
 
Furthermore, the level of PTEN expression does not 
always correlate with the degree of phosphorylation     
of Akt [129]. Although the picture concerning      
PTEN-inactivation and corresponding Akt-activation is 
not clear, in vivo studies indicate, that PTEN 
dysregulation promotes leukemogenesis. PTEN-
deficient hematopoietic stem cells display dysregulated 
cell cycle progression, and the mice develop a 
myeloproliferative disease which leads to leukemic 
transformation [131]. In T-acute lymphoblastic 
leukemia (T-ALL), PTEN-downregulation is also 
closely correlated with Akt-activation [132,133]. To 
discern the role of PTEN for Akt-activation, it may be 
useful to exclude concomitant causes for Akt-activation 
such as mutant upstream targets and to include the 
investigation of regulators of PTEN such as c-Myc and 
Notch/Hes1 [132,133]. 
 
PTEN promoter methylation leads to low PTEN 
expression [134]. In one study, 26% of primary breast 
cancers had low PTEN levels that correlated with lymph 
node metastases and poor prognoses [135].  
 
Other mechanisms important in the regulation of PTEN 
are miRNAs. Certain miRNAs have been shown to 
regulate PTEN protein expression. mi-214 induces cell 
survival and may contribute to oncogenesis and drug 
resistance (see below) by binding the 3’untranslated 
region (3’UTR) of PTEN which prevents PTEN mRNA 
translation and leads of overexpression of downstream 
Akt [136]. 
 
Mutations at SHIP Phosphatase in Human Cancer 
 
The SHIP-1 phosphatase has been implicated as a 
suppressor of hematopoietic transformation as it 
basically can prevent Akt-activation [137]. SHIP-1-
deficient mice develop a myeloproliferative disease 
[138] and an inactivating point mutation (SHIP V684E) 
has been observed in approximately one of thirty AML 
cases [137]. Also another mutation,  SHIP Q1154L,  has  

been observed in AML, but was even less frequent (1 of 
192 cases) [138]. Though some studies confirmed, that 
SHIP-1 is a leukemia suppressor [137,138] it is unlikely 
that SHIP1 mutations are a frequent cause of Akt-
activation in AML. Disruption of PTEN or SHIP activity 
by various genetic mechanisms could have vast effects on 
different processes affecting the sensitivity of different 
cancers to various therapeutic approaches. 
 
Mutations of AKT in Human Cancer 
 
The roles that Akt plays in cancer are complex. Akt can 
be activated by genetic mutations, genome 
amplifications and more commonly by mutations in 
upstream signaling components. Amplification of Akt-2 
was observed in human ovarian carcinomas [139]. 
Increased levels of Akt are detected in carcinomas of 
the breast, ovary and prostate and are associated with a 
poorer prognosis in comparison with tumors that do not 
display increased levels of expression. Akt is a member 
of a multi-gene family that consists of AKT1, AKT2 and 
AKT3. AKT1 has been reported to be mutated in some 
breast, colorectal, melanoma and ovarian cancers [140-
142] (see below). AKT2 is not mutated frequently in 
human cancer. AKT2 is amplified in certain cancers 
(e.g., 12.1% ovarian and 2.8% breast carcinomas) [142]. 
A recent report documents the mutation of AKT3 in 
some melanoma samples [143].  
 
AKT1 is mutated in 2 to 8% of breast, 6% of colorectal 
and 2% of ovarian cancers samples examined in one 
study [140]. This study documented an Akt mutation 
that results in a glutamic acid (E) for a lysine (K) 
substitution at amino acid 17 (E17K) in the PH domain. 
Cells with this AKT1 mutation have not been observed 
to have mutations at PIK3CA; a similar scenario is also 
frequently observed with RAS and BRAF mutations 
[144]. This AKT1 mutation alters the electrostatic 
interactions of Akt-1 which allows it to form new 
hydrogen bonds with the natural PtdIns ligand [140]. 
The PH domain mutation confers many different 
properties to the AKT1 gene. Namely the mutant AKT1 
gene has: 1) an altered PH domain conformation, 2) is 
constitutively-active, 3) has an altered cellular 
distribution as it is constitutively-associated with the 
cell membrane, 4) morphologically transforms Rat-1 
tissue culture cells and 5) interacts with c-Myc to 
induce leukemia in Eμ-Myc mice (Eμ = Enhancer of 
immunoglobulin μ gene, Myc = Myc oncogene 
originally isolated in avian myelocytomatosis virus) 
[140]. This PH domain mutated AKT1 gene does not 
alter its sensitivity to ATP competitive inhibitors, but 
does alter its sensitivity to allosteric kinase inhibitors 
[140].   These   results  demonstrate  t hat  targeting  the  
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kinase domain of Akt may not be sufficient to suppress 
the activity of various AKT genes that have mutations in 
the PH domain.   

Alterations of Akt Expression in Human Cancer 

Akt is often upregulated in cancer cells and its 
overexpression is associated with a poor prognosis. 
Increased expression of Akt can result from activating 
PIK3CA mutations or elimination or decrease in PTEN 
activity. Elevated Akt expression has also been 
associated with the pathology of pancreatic, glioma and 
prostate cancers [145-148].  

Pancreatic cancer cells have elevated IGF-1R 
expression and it is well known that Akt regulates IGF-
1R expression [149]. This Akt effect on IGF-1R has 
been suggested to be responsible for the invasiveness of 
pancreatic cancer cells.  Active Src can also activate 
Akt, and both Src and Akt up-regulate IGF-1R 
expression in this cancer. It has been demonstrated that 
IGF-I is expressed in the surrounding stromal cells but 
not in the cancer cells. This IGF-1 expression may serve 
as a paracrine growth factor to activate the IGF-1R 
pathway and the downstream Ras/PI3K/Akt/mTOR 
pathway in pancreatic cells.  

Cyclooxygenase-2 (COX-2) is expressed at high levels 
in some primary endometrial tumors and is associated 
with an aggressive phenotype [150]. Akt is elevated and 
PTEN is often mutated in these cancers.  Recently, NF-
κB activation has been shown to have oncogenic effects 
important in the control of apoptosis, cell cycle, 
differentiation and cell migration.  Akt may exert its 
effects through the NF-κB pathway and COX-2 is the 
regulator of this pathway.  Akt regulates COX2 gene 
and protein expression in endometrial cancers. This 
study was undertaken to examine the involvement of 
Akt in the regulation of NF-κB and COX-2 [150]. The 
expression of both inhibitor of NF-κB (IκB) and 
phosphorylated IκB were increased in the cells 
containing mutant PTEN genes.  In contrast, there was 
no difference in NF-κB protein abundance between the 
cell lines, which differed in PTEN gene status. IκB 
phosphorylation by the PI3K pathway was inhibited by 
the PI3K inhibitors Wortmannin and LY294002. There 
was less NF-κB nuclear activity, less COX-2 expression 
and more apoptosis after inhibition of the PI3K 
pathway. Dominant negative (DN) Akt blocked IκB 
phosphorylation and decreased COX-2 expression. In 
contrast, introduction of constitutively-active Akt 
induced IκB phosphorylation and up-regulated COX-2 
expression. 

When PTEN is mutated, Akt signals via the NF-κB/IκB 
pathway to induce COX-2 expression in endometrial 
cancer cells. COX-2 can inhibit apoptosis, increase 
angiogenesis, and promote invasiveness. COX-2   
also promotes inflammation/immunosuppression and 
conversion of procarcinogens into carcinogens that 
contribute to tumorigenesis and a malignant phenotype. 
This study demonstrated that Akt signals via the NF-
κB/IκB pathway to induce COX2 gene and protein 
expression in endometrial cancer [150]. 

Elevated Akt activity can also result in increased 
phosphorylation of mTOR. mTOR was found to be 
phosphorylated in AML blasts, along with its two 
downstream substrates, p70S6K and 4EBP-1, in a 
PI3K/Akt-dependent fashion [151]. Nevertheless, others 
failed to detect any relationship between PI3K/Akt 
signalling upregulation and p70S6K phosphorylation in 
AML primary cells [152]. This might occur via the 
Ras/Raf/MEK/ERK pathway activating mTOR via 
ERK phosphorylation [152]. The Ras/Raf/MEK/ERK 
pathway is frequently activated in AML [153]. Thus 
treatment of AMLs with Raf and MEK inhibitors is 
being activated investigated [3,154,155]. 

Akt is activated in HCC, which results in enhanced 
resistance to apoptosis through multiple mechanisms 
[101,156-158]. As an example, activation of the Akt 
pathway suppresses transforming growth factor-β 
(TGF-β) induced apoptosis and growth-inhibitory 
activity of CCAAT/enhancer binding protein alpha 
(CEBP-α). Activation of Akt is a risk factor for early 
disease recurrence and poor prognosis in patients with 
HCC [156]. Several mechanisms may be responsible for 
the activation of Akt. The high frequency of PIK3CA 
mutations and/or its upregulation in patients with 
shorter survival might be responsible for the Akt 
hyperactivation found in HCC with poor prognosis 
[118-124]. Selective epigenetic silencing of multiple 
inhibitors of the Ras pathway seems also to be 
responsible for the activation of Akt found in HCC 
[111]. Moreover, impaired expression of PTEN is 
involved in the regulation of Akt activity. Activation of 
Akt signaling and reduced expression of PTEN has been 
reported in 40%–60% of human HCC cases [111,118-
124]. Some well known risk factors, HBV and HCV 
seem to utilize the Ras/PI3K/PTEN/Akt/mTOR 
pathway for the control of hepatocytes survival and 
viral replication [157,158]. Taken together, these data 
suggest that Ras/PI3K/Akt/mTOR pathway may 
represent an important therapeutic target for the 
treatment of HCC among patients with differing 
etiologies that lead to the development of this 
aggressive tumor. 
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Mutations of TSC1/TSC2 Genes in Human Cancer 

Mutations in the tumor suppressor genes TSC1 and TSC2 
are associated with a dominant genetic disorder, tuberous 
sclerosis [42,159]. Patients with mutant TSC genes 
develop benign tumors (hamartomas). In contrast to 
Cowden’s patients who have germline mutations at PTEN 
and the patients have a high propensity to develop 
multiple malignancies, TSC patients rarely develop 
multiple malignant cancers, and if they do develop 
malignant cancers they are usually either renal cell 
carcinomas (RCCs) or angiomyolipomas [159]. This has 
been hypothesized to result from a lack of activation of 
Akt in cells that have mutant TSC1 or TSC2 as mTOR 
activity is expressed at higher levels which results in 
inhibition of Akt, perhaps via the effects of p70S6K on 
insulin regulated substrate-1 (IRS1) (Figure 3). TSC1 has 
been shown to be mutated in approximately 15% of 
urethelial carcinomas (bladder cancers) [159]. 

Altered Expression of Components Downstream of 
mTOR in Human Cancer 

mTOR regulates translation by phosphorylating 
components of the protein synthesis machinery, 
including p70S6K and 4E-BP1 (eukaryotic initiation 
factor 4E-binding protein 1) [160,161]. p70S6K 
phosphorylates the 40S ribosomal protein, rpS6, leading 
to active translation of mRNAs [4]. In contrast, 4E-BP1 
phosphorylation by mTORC1 on several amino acidic 
residues (S37; T46; S65; T70) results in the release of 
the eukaryotic initiation factor 4E (eIF4E) [5]. mRNAs 
differ in their ability to be translated; the length and 
sequence of the 5’ UTR largely dictates the efficiency 
with which an mRNA transcript will be translated. Most 
mRNAs contain short, unstructured GC-poor 5’ UTRs 
and are efficiently translated. In contrast, long, GC-rich 
sequences in the 5’ UTR often hinder the ability of the 
eIF-4E complex to efficiently scan and initiate 
translation at the start codon [4,19,35]. These are called 
weak mRNAs as previously discussed. Consequently, 
under normal circumstances these mRNAs are not 
efficiently translated, and are considered “weak” 
mRNAs [4,19,35]. However, upon Akt-mediated 
activation of mTOR, these latter mRNAs are highly and 
disproportionately translated. Interestingly, many of 
these weak mRNAs molecules encode oncogenic 
proteins involved in cell proliferation or survival (e.g., 
c-Myc, Mcl-1, cyclin-D, VEGF and survivin). These
oncogenic mRNAs are therefore tightly regulated at the
translation level and their accumulation in cancer cells
strongly contributes to the malignant phenotype.

Several key proteins that are overexpressed as a 
consequence of mTOR activation include: c-Myc [162-

164], cyclin D1 [164], and VEGF [165] and others. 
Cyclin D1 has been reported to be overexpressed in 
prostate cancer xenografts and metastases [166], while 
early stage prostatic lesions possess much lower levels 
of the protein [167]. A number of reports support the 
notion that mTOR signaling is a prominent feature of 
cancer progression and aging, as recurrent tumors have 
altered expression of a number of molecular targets of 
rapamycin including the above mentioned genes which 
encode “weak” mRNAs  [168-171].  Hence mTOR 
inhibitors such as rapamycin may be effective in cancer 
therapy. 

One central molecule involved in cell growth is 
p70S6K which is regulated by both the 
Ras/PI3K/PTEN/Akt/mTOR and Ras/Raf/MEK/ERK 
pathways [4]. The p70S6K gene is amplified in 
approximately 9% of primary breast cancers and elevated 
levels of its mRNA transcripts are found in about 41% of 
the tumors [173,174]. It is known that some PTEN-
deficient cells and tumors that are purported to grow in 
response to activated Akt are hypersensitive to mTOR 
inhibitors. p70S6K activity is reduced by mTOR 
inhibitors in PTEN-deficient cells and transgenic PTEN+/- 
mice [175,176]. 

Involvement of the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR  Pathways in Hormone-
Independent Prostate Cancer 

The progression of prostate cancer from androgen-
dependent to androgen-independent tumors involves the 
alteration of the androgen receptor and/or the activation 
of pro-survival pathways, namely those of the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
signaling cascades [177,178].  Research has shown that 
inhibition of one or both of these pathways has a more 
profound effect on tumor cell development and death 
making them very attractive as combinational targets in 
prostate cancer therapy.  In the study by Wu et al., cells 
from the androgen-dependent cell line LNCaP were 
able to differentiate into neuroendocrine type cells upon 
androgen withdrawal from the culture media [177]. 
This differentiation was marked by a change in cellular 
morphology and expression of the chromogranin and 
neuron-specific enolase (NSE), as well as an increase in 
phosphorylated ERK and Akt.  Inhibition of the 
Ras/PI3K/PTEN/Akt/mTOR pathway with the PI3K 
inhibitor LY294002 and the mTOR inhibitor 
Rapamycin reduced the expression of these 
neuroendocrine specific cell markers however the use of 
the MEK inhibitor U0126 appeared to have no 
effect [177].  In another study, Nkx3.1;Pten mutant 
mice were used as a preclinical model for the effects 
that inhibition of both Ras/Raf/MEK/ERK and 
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Ras/PI3K/PTEN/Akt/mTOR pathways would have on 
hormone-dependent and -independent prostate cancer 
growth [178]. The Nkx3.1;Pten mutant mouse model 
resembles that of human prostate cancer progression in 
which spontaneous PIN lesions form and progress to 
adenocarcinomas and eventually hormone refractory 
tumors upon androgen deprivation.  Treatment of 
tumors from these mice both in vivo and in vitro with 
rapamycin and the MEK inhibitor PD0325901 were 
able to synergistically decrease their respective target 
pathway’s activation more effectively and at a lower 
IC50 compared to treatment with each agent alone [179]. 
Interestingly, although combination inhibitor therapy 
was somewhat effective at reducing tumor size and 
proliferation in the androgen-intact mouse model, the 
highest reduction in tumor growth from therapy was 
observed in the androgen-deficient mice [178].  In 
addition to the mouse study these authors were able 
to show, using human patient tissue microarrays,     
that aberrant activation of some of the 
Ras/PI3K/PTEN/Akt/mTOR pathway components (Akt, 
mTOR, p70S6K) are frequent in progressed human 
prostate tumors.  In addition, activation of the 
Ras/Raf/MEK/ERK pathway coincides with a high 
percentage of these tumors as well, suggesting that 
combination inhibitor treatment along with hormone 
ablation could prove useful in human prostate cancer 
therapies [178]. 

Interactions of p53 and the Ras/Raf/MEK/ERK and 
PI3K/PTEN/Akt/mTOR pathways 

 Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways are often regulated by the tumor 
suppressor p53. Furthermore p53 activity is likewise 
regulated by the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR pathways. p53 is a critical 
tumor suppressor gene which encodes a transcription 
factor that is frequently mutated in human cancer [179-
195]. P53 regulates the transcription of many genes 
whose protein products play critical roles in cell cycle 
progression, apoptosis, senescence, quiescence and 
aging. p53 is often activated after chemotherapeutic 
drug treatment and DNA damage [182,183,193-195] 
There are complex interactions between p53, DNA 
damage responses and these two signaling pathways 
[180-195]. Akt can phosphorylate MDM-2 which leads 
to its proteasomal degradation and prevents it ability to 
interact with and destabilize p53 [4]. The p53 and 
MDM families of genes are critically involved in the 
response to DNA damage [183-185], apoptosis [185], 
senescence [186], metastasis [188], autophagy [190], 
chemosensitivity [191,195] and cellular aging 
[179,181,182]. Thus the ability to fine tune these 
pathways could significantly advance human health. 

MDM-2 inhibitors such as Nutlin-3A increase p53 
stability [179]. p53 can affect the transcription of the 
PTEN and other important gene involved in cell cycle 
regulation (e.g., p21Cip-1), apoptosis (e.g., Bax, Noxa, 
Puma) and cellular senescence [e.g., Yippee-like-3 
(YPEL3)], [180,184-186,192]. Thus reactivation of p53 
expression could enhance PTEN gene expression and 
hinder activation of Akt.  

The Ras/Raf/MEK/ERK pathway can regulate p53 
activity and p53 can also induce the activity of key 
components of this pathway [196-198]. ERK can 
phosphorylate p53 and alter its activity. Moreover, 
chemotherapeutic drugs such as doxorubicin can induce 
the p53 activity that in turn can activate the expression 
of the discoidin domain receptor (DDR) which can 
induce Ras and the downstream Ras/Raf/MEK/ERK 
and Ras/PI3K/PTEN/Akt/mTOR pathways [196-198].  

In certain scenarios, increased p53 expression after 
chemotherapeutic drug treatment may lead to increased 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways activation, resulting in an undesired pro-
proliferative effect [195]. This may occur in certain 
cancer initiating cells (CICs) and be a component of 
their inherent drug resistance. In addition, Akt has 
critical roles in regulation of cell cycle progression 
[199-202] Thus in those therapeutic scenarios where 
increased p53 activity is desired, it may also be prudent 
to also consider treatment with either a Raf or MEK 
inhibitor to decrease the activation of this pro-
proliferative pathway.  

Novel Roles of the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR Pathways in Cancer 
and Aging 

In the previous sections, we have discussed the 
mechanisms of activation of the Ras/Raf/MEK/ERK 
and Ras/PI3K/PTEN/Akt/mTOR pathways in human 
cancers, predominantly by mutational based 
mechanisms. Recently the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR pathways have been 
shown to have roles in cancer stem cells, senescence, 
aging and sensitivity to targeted therapy [203-245]. 
These additional functions of these pathways expand 
their important in human health.    

An area of intense interest in cancer biology is the 
cancer stem cell, more appropriately referred 
to as the cancer initiating cell (CIC) [203-211]. The 
concept that the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR pathways serve as key 
pathways in regulating CIC survival is beginning to 
emerge. CICs have unique properties as they can be 
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both quiescent and also resistant to chemotherapeutic 
and hormonal based drugs [203]. However, under 
certain conditions, they resume proliferation and hence 
should be potentially susceptible to Ras, Raf, MEK, 
PI3K, Akt or mTOR inhibitors.  

The PTEN gene has been shown to exert effects on 
CICs, especially in hematopoietic and breast cells [204-
209]. In conditional PTEN knock-out mice, upon 
inactivation of PTEN, there is a transient increase in 
hematopoietic CICs and a myeloproliferative disease 
develops and the mice subsequently develop leukemia 
after 4-6 weeks [204]. If the mice are treated with 
rapamycin, the myeloproliferative disorder and 
leukemia are prevented. The initial leukemic CICs that 
arise after conditional PTEN deletion by themselves are 
not able to induce leukemia upon transfer into severe 
combined immunodeficiency (SCID)-recipient mice, 
but if the leukemic CICs were derived from the PTEN-
conditional mice that had developed leukemia, they 
were able to transfer leukemia to the SCID-recipient 
mice, which could be prevented by rapamycin treatment 
[204]. Also the normal hematopoietic stem cells from 
the PTEN-conditional knock-out mice could repopulate 
the hematopoietic cell component of irradiated mice 
treated with rapamycin indicating that it is possible to 
selectively eliminate leukemic CICs. 

PTEN also plays important roles in breast CICs 
[205,206]. If PTEN is mutated, Akt phosphorylates and 
inactivates glycogen synthetase kinase 3β (GSK-3β) 
which in turn regulates the activity of the Wnt/β-catenin 
pathway [Figure 3], as β-catenin is not phosphorylated 
by GSK-3β and not degraded. β-catenin can    localize 
to the nucleus, perhaps due to Akt-mediated 
phosphorylation at S552 and exert its effects. β-catenin 
can then promote the expression of many genes      
such as cyclin D, c-Myc, SALL4 and peroxisome     
proliferator-activated receptor-δ (PPARδ) which are 
important in cell survival and EMT. The 
Ras/PI3K/PTEN/Akt/mTOR pathway performs key 
roles in the regulation of the size of the Aldefluor-
positive cell population that are enriched in breast CICs. 
Treatment with the Akt inhibitor perifosine was able to 
target these cells both in in vitro and xenograft models 
[206]. In contrast, the chemotherapeutic drug docetaxel 
was unable to target the Aldefluor-positive cells and 
these cells were not sensitive to mTOR inhibitors, 
suggesting that the mTOR pathway was not involved in 
these breasts CIC. The studies by Korkaya et al. [206] 
indicate that targeting some breast CICs with perifosine 
may eliminate these cells that are responsible for tumor 
reappearance. Other studies have shown that breast 
CICs are resistant to chemotherapeutic drugs [212-214].  

We have observed that some drug resistant breast 
cells that express properties similar to CICs display 
elevated activation of the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR signaling cascades and that 
CICs can be isolated from these cell populations [215-
217]. Our recent data suggests these CICs are more 
sensitive to MEK and mTOR inhibitors than either the 
parental or drug resistant cells from which they were 
derived [215]. Targeting the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/mTOR pathways could be very 
important in terms of CIC elimination. 

Involvement of the Ras/Raf/MEK/ERK and 
PI3K/PTEN/Akt/mTOR Pathways in Suppression 
Cellular Senescence and Premature Aging 

The Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR 
pathways play key roles in regulation of diverse 
processes ranging from: autophagy DNA damage 
responses, cellular senescence and aging [217-237] 
Treatment of cells induced to undergo senescence with 
MEK, PI3K and mTOR inhibitors will prevent the 
induction of cellular senescence and aging [219-221]. 
These experiments have led to innovative hypothesis 
that cellular senescence results from the hyper-
activation of proliferative pathways. Drugs used to treat 
diabetes (e.g., Metformin) or inhibit signal transduction 
pathways (e.g., Raf, MEK, PI3K, mTOR inhibitors) can 
inhibit cellular proliferation and cellular aging [229-
234]. Similar effects on the prevention of cellular 
senescence were observed with Resveratol, the active 
component contained in the skins of red grapes which 
was shown to also inhibit mTOR and cellular 
senescence [229,230]. Additional studies have shown 
that the commonly-prescribed diabetes drug Metformin 
will also inhibit mTOR and prevent cellular aging 
[234]. Since both the Raf/MEK/ERK and 
PI3K/PTEN/Akt/mTOR pathways interact to regulate 
the activity of mTOR and downstream components of 
this pathway which are critical for both mRNA stability 
and protein translation, it is believed that by inhibiting 
some of these key pathways, it may be possible to 
prevent cellular aging (See Figures 1-3). 

CONCLUSIONS 

Over the past 25 years, there has been significant 
progress in elucidating the involvement of the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
cascades in promoting cell growth, regulating apoptosis, 
chemotherapeutic drug resistance and more recently, 
cellular senescence and aging. Initial seminal studies 
performed in the late 70’s and early 80’s elucidated that 
oncogenes  were  present  in  the  genomes  of avian and  
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murine retroviruses. Many of the viral oncogenes: 
ErbB, Fms, Ras, PI3K, Akt, Src, Abl, Raf, Fos, Jun, Ets 
and NF-κB (Rel) were subsequently identified as 
cellular genes which in some cases were captured by 
retroviruses. Now we know that these cellular genes are 
frequently abnormally regulated in human cancer. 
Furthermore mutations in human cancer often occur in 
upstream receptor genes such as EGFR, HER2, Flt-2, 
PDGFR, FMS, as well as chromosomal translocations 
(e.g., BCR-ABL, TEL-PDGFR) that serve to activate the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways which have been discussed as playing critical 
roles in cellular proliferation in this review.  Hence 
the Ras/Raf/MEK/ERK and Ras/PI3K/Akt/mTOR 
pathways are important therapeutic targets. Both of 
these pathways also interact with the p53 and Wnt 
pathways, which also play critical roles in regulation of 
cell growth, aging, CICs and metastasis. Specific Raf, 
MEK, PI3K, Akt, mTOR and Mdm-2 inhibitors have 
been developed and represent promising therapies for 
cancer and other proliferative diseases including 
premature aging.  

Scientists and clinicians often have an intentionally 
narrow view of a particular topic. For example, cancer 
researchers predominately consider that Raf, MEK, 
PI3K, Akt and mTOR inhibitors will suppress the 
growth of malignant cancer cells. Yet MEK and mTOR 
and other inhibitors may also be useful in the treatment 
of diseases and disorders where there is abnormal 
cellular proliferation. Recent reports have also 
demonstrated that the suppression of the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways may prevent the induction of cellular 
senescence and aging. Clearly, this later topic, aging, 
greatly enhances the potential clinical uses of these 
targeted therapeutic drugs. In conclusion, the 
Ras/Raf/MEK/ERK and Ras/ PI3K/PTEN/Akt/mTOR 
pathways are prime therapeutic targets for diverse 
human diseases as well as aging. 

Cancer therapy is often complex as there are relatively 
few cancers which proliferate in response to a single 
mutation preventing them from being treated with a 
mono-specific drug. One exception is the use of the 
drug Gleevec (Imatinb) for the treatment of chronic 
myeloid leukemia (CML). Although even with this 
therapeutic approach, resistance develops. Scientists 
and clinicians have developed newer BCR-ABL 
inhibitors (e.g., Dasatinib, Nilotinib, Bosutinib) which 
can reduce resistance which has also resulted in more 
through analysis and understanding of how the BCR-
ABL kinase functions and resistance can arise by 
additional genetic mutations. These studies on BCR-
ABL inhibitors have also paved the way for 

development of more effective inhibitors for other 
oncogenes. 

It is possible that activation of the Ras/Raf/MEK/ERK 
and Ras/PI3K/PTEN/Akt/mTOR survival pathways by 
additional mutations in upstream oncogenes may 
replace the tumor’s initial oncogene addition. This may 
complicate therapy as the tumor may no longer be 
responsive to treatment with a single inhibitor which 
targets the original oncogene responsible for malignant 
transformation as the cells now have additional 
downstream signalling pathways activated. In addition, 
the tumor cells may acquire subsequent mutations 
which make them resistant to inhibitors that target the 
original activated oncogene. Such mutations may occur 
in the original activated oncogene or in additional genes 
which are critical in anti-apoptotic survival cascades. 
These observations document the need for further 
elucidation of mechanisms of inhibitor resistance as 
well as the development of additional inhibitors which 
target either the mutated oncogene or other genes 
activated in the resistant cells. 

The activation of multiple signalling pathways by many 
oncogenes illustrates the need for the targeting of more 
than one signalling pathway. Although one inhibitor 
which targets one molecule in one pathway may 
initially appear to be effective in inhibiting tumor 
cell growth, the cell may adapt and be able to survive 
due to the activation of an additional signalling 
pathway. Although the Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR pathways have distinct 
effects on cell proliferation, they have many common 
downstream targets that may be able to function in 
promoting survival in the absence of the corresponding 
functional pathway. In some cases resistance to small 
molecule inhibitors may be due to the activation     
of an additional pathway that also serves to promote 
survival (e.g., PIK3CA and HRAS mutations can confer 
resistance to MEK inhibitors and other targeted 
therapeutics such as Erbitux and others) [238-245]. 

Most cancers are more complex and often the genes and 
events involved are either not known or difficult to 
counterbalance. Chemotherapy and radiotherapy can be 
effective in the treatment of certain tumors, however, 
often cancers become resistant to these approaches, 
perhaps due to the emergence of CICs [203,215-217]. 
Thus scientists and clinicians have endeavored to 
develop more specific therapies that target key 
pathways involved in cancer growth. In this respect, the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/mTOR/Akt 
pathways represent key therapeutic targets as they are 
often dysregulated by various mutations in cancer and 
these cascades control the activities of many proteins 

www.aging‐us.com             130               AGING (Albany NY)



critical for cell growth and metastasis. In fact, these 
pathways are already being targeted in certain cancer 
patients. However, usually the cancer patients being 
treated with inhibitors that target these cascades have 
diseases that often have poor prognoses. That being 
said, what are the pros and cons of targeting these 
pathways? Let us first consider the positive aspects of 
targeting these pathways. First, these pathways are 
frequently activated in human cancer, thus in many 
cases, targeting the cascades will suppress cell growth, 
in the absence of knowing the precise mutation(s) 
responsible for the cancer. Second, although the 
biochemical interactions of these pathways are quite 
complex, there is quite a bit of knowledge of how these 
pathways function. Third, some inhibitors which target 
key components in this pathway (e.g., rapamycin which 
targets mTOR) have undergone extensive evaluation in 
humans as they have been used to prevent allograft 
rejection in kidney and other transplant patients for 
many years. Fourth, targeting these pathways may 
prevent aging and cellular senescence.  
 
Now, let us summarize some of the cons of targeting 
these pathways. First, an obvious problem results     
from these pathways controlling the expression of   
many downstream targets (easily in the 1000’s),       
thus inhibiting these pathways will be detrimental in 
certain cells, unless it is possible to deliver the    
inhibitor to specifically the cancer cell. Second, the 
Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR 
pathways cross regulate each other and other pathways 
including the Wnt/β-cateinin pathway which is critical 
for many aspects of cellular growth and differentiation 
including the EMT. The Ras/Raf/MEK/ERK and 
Ras/PI3K/PTEN/Akt/mTOR pathways also regulate 
other pathways which have not been discussed in this 
manuscript. These other pathways include: the 
Jak/STAT, NF-κB and transforming growth factor-β 
(TGF-β) pathways which can be directly and indirectly 
regulated by ERK and Akt phosphorylation [62].  In this 
regards there will be a Ying-Yang effect, when one 
cascade is inhibited, components of the other pathway 
could be deregulated. Third, inhibitors that target these 
pathways are often cytostatic and not cytotoxic, that is 
somewhat logical as if these inhibitors were cytotoxic, 
there would be massive toxicity problems. To get 
around this problem, inhibitors targeting these pathways 
could be combined with cytotoxic chemotherapeutic 
drugs or radiation therapy that affects the rapidly 
growing cancer cell. In summary, the Ras/Raf/MEK/ 
ERK and Ras/PI3K/PTEN/Akt/mTOR cascades are 
complex, interacting pathways playing key roles in 
normal and malignant cell growth. These pathways are 
frequently activated by mutations in human cancer. 
They represent key therapeutic targets for cancer and 

various other diseases as well as the prevention of 
aging. 
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Abstract: Rapamycin inhibits the mTOR (target of rapamycin) pathway and extends lifespan in multiple species. The 
tuberous sclerosis complex (TSC) protein is a negative regulator of mTOR. In humans, loss of the TSC protein results in a 
disorder characterized clinically by the growth of benign tumors in multiple organs, due to overactivation of mTOR 
inhibition. Subependymal giant cell astrocytomas (SEGAs) are benign brain tumors associated with TSC that have 
traditionally been treated by surgery, but for which mTOR inhibitors have recently been suggested as potential alternative 
treatments. The duration of mTOR treatment for SEGAs might have to be prolonged, probably lifelong, because SEGAs 
usually grow back after treatment is stopped. This cohort of patients who will experience prolonged exposure to mTOR 
inhibitors should be carefully followed longitudinally to better document long term side effects, but also to compare their 
longevity with the one of similar patients with TSC. These patients represent a unique opportunity to study the potential 
anti‐aging properties of mTOR inhibitors in humans. 

Rapamycin (also called sirolimus) is an immuno- 
suppressive drug that has recently been shown to extend 
lifespan in multiple species including mammals [1].  
This anti-aging property is presumably related to the 
mTOR (mammalian target of rapamycin) inhibition 
properties of rapamycin. The mTOR pathway is crucial 
for the coordination of growth in response to energy 
status, stress, and nutrient availability [2,3]. 

The potential anti-aging properties of rapamycin and of 
other mTOR inhibitors, such as RAD001 (everolimus), 
and CCI-779 (temsirolimus) are of great interest. 
Unfortunately, the side effects related to these drugs 
preclude the undertaking of research trials about their 
impacts on aging in healthy individuals. Considering 
this obstacle, experts in the field of aging have 
suggested that the potential anti-aging drugs should be 
introduced to the clinical trials for therapy of particular 
diseases and then be approved for prevention of all age- 
related diseases in healthy individuals [4]. In this 
context, tuberous sclerosis complex (TSC) seems to be 
an ideal disease model where the potential of mTOR 
inhibitors  can  be  assessed   because   these  drugs  are 

increasingly being tested and used clinically to treat 
certain aspects of this condition [5]. 

TSC is an autosomal dominant disorder caused by the 
inactivation in one of two tumor suppressor genes, 
hamartin (TSC1) or tuberin (TSC2). In the normal state, 
the hamartin–tuberin complex activates the protein 
Rheb, which inhibits mTOR. If a TSC mutation is 
present, mTOR is constitutively activated, leading to 
abnormal cellular proliferation, ribosome biogenesis, 
and mRNA translation (see [2] for complete review of 
the mTOR molecular pathway). In  consequence, TSC  
is characterized clinically by the growth of benign 
tumors in multiple organs, including the brain, the heart, 
the kidneys, the lungs, and the skin [6]. Its incidence is 
estimated at 1 in 6000 live births [7]. The severity of  
the disease is highly variable, ranging from mild skin 
manifestations to intractable epilepsy, mental retard- 
ation, and autism [8]. 

The only report studying specifically the causes of death 
in TSC was performed at the Mayo clinic [9]. Overall, 
the  survival  curves  showed  a  decreased  survival  for 
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patients with TSC compared with the general 
population. Of the 355 patients with TSC followed, 40 
died of causes related to TSC, with renal disease being 
the most common cause of death (11/40). Ten patients 
died as a consequence of brain tumors and four patients 
died of lymphangioleiomyomatosis (LAM). Thirteen 
patients with severe mental impairment passed  away 
due to status epilepticus or bronchopneumonia. One 
baby died of cardiac failure and one child died of 
rupture of an aneurysm of the thoracic aorta. 

The main current clinical complication related to TSC 
for which treatment with mTOR inhibitors is indicated 
are subependymal giant cell astrocytomas  (SEGA).  
This complication affects approximately 15% of 
patients with TSC and it occurs in the pediatric age 
group [10]. SEGAs tend to lose their propensity to grow 
in the early twenties. They are slow-growing benign 
tumors of mixed glioneuronal lineage that arise from the 
growth of pre-existing subependymal nodules, which  
are asymptomatic lesions that protrude from the walls of 
the ventricles [10]. SEGAs most commonly grow near 
the foramen of Monro. This can lead to obstruction of 
the normal cerebrospinal fluid circulation and sub- 
sequent intracranial hypertension that can potential be 
fatal if left untreated. The distinction between a SEGA 
and a subependymal nodule is still debated. Generally,  
a clinical diagnosis of SEGA is made when there are 
symptoms of intracranial hypertension, papilledema, or 
radiological evidence of hydrocephalus or interval 
growth. 

The traditional management approach is to monitor 
SEGAs with periodic neuroimaging and to resect those 
that exhibit growth and/or cause clinical signs of 
intracranial hypertension. This approach is being 
challenged by recent observations that suggest that 
mTOR inhibitors, such as rapamycin (sirolimus) and 
RAD001 (everolimus), can induce partial regression of 
SEGAs [11,12,13]. The first report showing clear 
regression of SEGAs in five patients with the use of 
rapamycin was published in 2006 [11]. Recently, a 
phase II trial [13] using everolimus  to  treat SEGAs in 
28 patients with TSC showed SEGA reduction of at 
least 30% in 21 patients (75%) and at least 50% in 9 
patients (32%). Everolimus was well tolerated as only 
single cases of grade 3 treatment-related sinusitis, 
pneumonia, viral bronchitis, tooth infection, stomatitis, 
and leukopenia were reported. 

These observations suggest that mTOR inhibitors could 
serve as an acceptable alternative treatment to SEGA 
surgery. Renal angiomyolipomas and lymphangio- 
leimyomatosis (LAM) are other TSC manifestations for 
which mTOR inhibitors have proven  potential  efficacy 

[14]. In addition, animal models of TSC have suggested 
that mTOR inhibitors could have beneficial effects on 
cognitive deficits [15] and on epileptogenesis [16]. 
Whether similar benefits would be observed in humans 
with TSC is still unknown. Research trials are ongoing 
and should soon provide answers to these questions. 

Other important questions remain regarding the use of 
mTOR inhibitors for the treatment of SEGA in  TSC.  
Side effects, especially long term side effects, and 
optimal duration of treatment are still under investigation. 
The short-term side effects related to rapamycin are 
generally considered acceptable. The most common side 
effects are oral ulcers, acneiform rash, thrombocytopenia, 
hyperlipidemia, impaired wound healing, and immuno- 
suppression [14]. Long term side effects are less known. 
For example, reports from the literature related to the use 
of rapamycin for kidney transplant prevention suggested 
that rapamycin might be associated with impaired 
spermatogenesis and, as a corollary, may reduce male 
fertility [17].  This observation  might   not be applicable 
to other patients populations, but requires further invest- 
igation. 

The duration of treatment might be prolonged, probably 
lifelong. There is clear evidence that SEGAs grow back 
after the mTOR inhibitor is stopped [11]. Most experts 
currently recommend continuation of mTOR inhibitors 
at the lowest efficacious dose. This cohort of patients 
who will experience prolonged exposure to mTOR 
inhibitors should be carefully followed longitudinally to 
better document long term side effects, but also to 
compare their longevity with the one of similar patients 
with TSC. These patients represent a unique opportunity 
to study the potential anti-aging properties of mTOR 
inhibitors in humans. 

In conclusion, a new treatment era has begun in  the 
field of TSC since the discovery of the potential 
beneficial effects of mTOR inhibitors.  Although  the  
use of mTOR inhibitors is becoming increasingly 
accepted, especially for the treatment of SEGAs  in 
TSC, questions now remain about the duration of 
treatment and long term side effects. Whether mTOR 
inhibitors will have  a significant impact on  longevity  
in TSC is unknown, but warrants attention as mTOR 
inhibitors are increasingly recognized as anti-aging 
drugs in animal models. Long-term prospective studies 
in patients with TSC might provide evidence about the 
potential anti-aging properties of mTOR inhibitors in 
humans. 
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INTRODUCTION 

Cisplatin is the most applicable drug for treating various 
human cancers, however, its efficiency is limited due to 
development of drug resistance by tumor cells [1-3]. 
Cisplatin-induced programmed cell death is associated 
with expression of specific ‘‘cell death” genes and 
down regulation of ‘‘survival” genes [1-3]. Failure of 
cancer cells to maintain expression of the former genes 
may be an important factor in cisplatin resistance [1-3].  
Previous reports from our research team emphasized the 
intriguing link between p63 regulatory roles in gene 
transcription and protein stability, and resistance of 
tumor cells to cisplatin chemotherapy [3-5].  P53 
homolog p63 is a novel transcription factor implicated 
in regulation of genes involved in DNA damage 
response and chemotherapeutic stress in tumor cells [3-
6]. Due to the two independent promoters, p63 gene 
encodes two types of protein isotypes, with the long 
transactivation  (TA)-domain  and  with  the  short  TA- 
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domain [3, 6]. The latter is designated as ∆Np63α. Due 
to several alternative-splicing events p63 produces three 
isotypes with the various length of the carboxyl 
terminus (α, β and γ). ∆Np63α is the longest and is the 
most predominant isotype expressed in squamous cell 
carcinoma (SCC) cells [3-5].  

ΔNp63α is phosphorylated by the Ataxia-telangiectasia 
mutated (ATM)-dependent mechanism following 
cisplatin treatment, functioning as a pro-survival factor 
in SCC cells [4, 5].  From the other hand, the ΔNp63α 
ability to activate ATM transcription thereby supports a 
feedback-regulatory mechanism [7]. However, whether 
this transcription factor needs to undergo phospho-
rylation in order to activate ATM transcription remains 
unclear.  Moreover, ATM was shown to translocate to 
cytoplasm where it phosphorylates LKB1 kinase [8, 9] 
subsequently leading to an autophagic process through 
an AMPK/mTOR signaling pathway [10-12]. Finally, 
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Abstract: Oxidativue stress was shown to promote the translocation of Ataxia-telangiectasia mutated (ATM) to cytoplasm 
and trigger the LKB1-AMPK-tuberin pathway leading to a down-regulation of mTOR and subsequently inducing the 
programmed cell death II (autophagy).  Cisplatin was previously found to induce the ATM-dependent phosphorylation of 
∆Np63α in squamous cell carcinoma (SCC) cells.  In this study, phosphorylated (p)-∆Np63α was shown to bind the ATM 
promoter, to increase the ATM promoter activity and to enhance the ATM cytoplasmic accumulation. P-∆Np63α  protein 
was further shown to interact with the Rpn13 protein leading to a proteasome-dependent degradation of p-∆Np63α and 
thereby protecting LKB1 from the degradation. In SCC cells (with an altered ability to support the ATM-dependent ∆Np63α  
phosphorylation), the non-phosphorylated ∆Np63α  protein failed to form protein complexes with the Rpn13 protein and 
thereby allowing the latter to bind and target LKB1 into a proteasome-dependent degradation pathway thereby 
modulating a cisplatin-induced autophagy.  We thus suggest that SCC cells sensitive to cisplatin-induced cell death are 
likely to display a greater ratio of p-∆Np63α/non-phosphorylated ∆Np63α  than cells with the innate resistant/impaired 
response to a cisplatin-induced cell death. Our data also suggest that the choice made by Rpn13 between p-∆Np63α  or 
LKB1 to be targeted for degradation is critical for cell death decision made by cancer cells in response to chemotherapy.  
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cisplatin was shown to induce the phospho (p)-ΔNp63α 
–dependent regulation of the regulatory particle non-
ATPase subunit (Rpn)-13 gene transcription thereby
contributing to cell death pathway of tumor cells [13].
Here, we report that upon cisplatin exposure, SCC cells
displayprotein complex formations between Rpn13,
ΔNp63α   or LKB1 leading to a proteasome-dependent
degradation of p-ΔNp63α or LKB1 by binding to
Rpn13 in turn leading to autophagic-related chemo-
sensitivity or chemoresistance.

 

 

RESULTS 

P- ΔNp63α regulates the ATM transcription

ΔNp63α was previously found to activate the ATM 
transcription in human keratinocytes [7]. This 
transcription factor was shown to induce the ATM 
transcription through the CCAAT element found in the 
human ATM promoter (Fig. 1). As shown in Figure 1, 
the ATM promoter contains a few p63 responsive 
elements (RE) along with E2F and NF-Y cognate 
sequences, where latter one specifically binds to the 
CCAAT element playing a critical role for p-ΔNp63α 
dependent regulation of transcription [5]. Although, 
previous report supports the ability of ΔNp63α to 
induce ATM transcription [7], it is unclear whether the 
ΔNp63α phosphorylation is needed for ATM 
transcriptional regulation.  To access the role for p-
ΔNp63α in the regulation of ATM expression under 
DNA damage, we employed the cellular model, 
isogenic SCC clones, which contain the genomic copy 
of wild type ΔNp6α or ΔNp63α-S385G. The latter 
protein displays an altered ability to be phosphorylated 
by ATM kinase upon cellular response to cisplatin 
treatment [4, 5].  These clones were used as tools to 
examine the role for phosphorylation of ΔNp63α in 
transcriptional regulation of gene expression and in the 
cellular response to chemotherapeutic treatment 
allowing us to define novel gene targets involved in 
cisplatin-mediated resistance [4, 5].  

Using ChIP analysis with antibodies to ∆Np63 and p-
ΔNp63α, we found that cisplatin exposure led to an 
increase of the p-ΔNp63α binding to the ATM promoter 
in wild type ΔNp63α cells, while there is no such 
binding found in ΔNp63α-S385G cells (Fig. 2A). 
Furthermore, p-ΔNp63α binding was associated with 
the specific region of the ATM promoter containing 
NF-Y/ CCAAT element (Fig. 2A). There is no ΔNp63α 
binding was found in the non-specific region of the 
ATM promoter (Fig. 2A).  The quantitative analysis of 
p-ΔNp63α binding by qPCR showed that the cisplatin 
treatment dramatically induced p-ΔNp63α binding to 
the ATM promoter (by ~14.5+1.3 fold) in wild type 
ΔNp63α cells only (Suppl. Fig. S1). 

We further tested whether the ΔNp63α phosphorylation 
affects the ability of ΔNp63α to induce the ATM 
promoter-driven luciferase reporter.  Wild type ΔNp63α 
cells and ΔNp63α–S385G cells were transfected with 
the promoter-less pGL3-Luc and pGL3-ATM (1259)-
Luc plasmids followed by the exposure of cells to a con-
trol medium or 10µg/ml  cisplatin  for  24h.  We  showed 

Figure 1.  Schematic representation of ATM (2000 bp) 
promoter.  Putative cognate sequences for transription factors 
are bolded, bordered and shadowed. Several p63 responsive 
elements (RE) were found in the ATM promoter sequence.  
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that the cisplatin treatment significantly increased the 
ATM promoter-driven luciferase activity in wild type 
ΔNp63α cells (by ~4.01+0.34 fold), while no such 
effect (by ~1.06+0.12) was observed in ΔNp63α-S385G 
cells upon cisplatin exposure (Fig. 2B). In addition, 100 
ng of the ΔNp63α-FL expression construct and 

ΔNp63α-S385G-FL construct was introduced into 
ΔNp63α-S385G cells and wild type ∆Np63α cells, 
respectively (Fig. 2B). We observed that ΔNp63α-
S385G-FL markedly attenuated the cisplatin-mediated 
activation of the luciferase activity (by ~1.28+0.12 fold) 
in wild type ΔNp63α cells, while ΔNp63α-FL increased 
this activity (by ~2.39+0.21) in ΔNp63α-S385G cells 
(Fig. 2B).   

P-ΔNp63α induces ATM-mediated LKB1-mTOR
pathway

Recent seminal report by Dr. Cheryl Walker’ group 
clearly demonstrated the stress-dependent export of 
ATM from nucleus to cytoplasm subsequently leading 
to the LKB1 phosphorylation followed by tuberin 
(TSC2) activation and down-regulation of mTOR [8, 9]. 
Since ΔNp63α induces ATM expression [7], we 
suggested the potential role for p-ΔNp63α in ATM 
regulation, ATM translocation to cytoplasm and ATM-
dependent triggering of the LKB1-TSC2-mTOR 
pathway.  We treated wild type ΔNp63α cells and 
ΔNp63α-S385G cells with a control medium and 
10µg/ml cisplatin for 24h. We then found that the 
cisplatin exposure induced the ΔNp63α phosphory- 
lation leading to reduction of ΔNp63α protein levels 
(Fig. 3A).  At the same, the levels of cytoplasmic ATM 
and activated TSC2 were significantly increased, while 
mTOR protein levels were decreased in wild type wild 
type ΔNp63α cells upon cisplatin exposure (Fig. 3A, 
left panel).  No such changes were observed in 
ΔNp63α-S385G cells (Fig. 3A, right panel). However, 
we showed that the LKB1 levels were decreased in 
ΔNp63α-S385G cells after cisplatin treatment 
suggesting the possibility for LKB1 to be degraded 
(Fig. 3A, right panel). To further examine this 
hypothesis, we exposed cells to lactacystin, the 26S 
proteasome inhibitor [13].  We thus found that the 
lactacystin treatment (25 mM for 12h) rescued ΔNp63α 
degradation in wild type ΔNp63α cells, and LKB1 
degradation in ΔNp63α-S385G cells (Fig. 3B) 
suggesting the critical involvement of the 26S 
proteasome machinery.  

Rpn13 binding promotes a proteasome-dependent 
degradation of either p-ΔNp63α or LKB1 

A regulatory particle non-ATPase subunit (Rpn)-13 was 
shown to function as a 19S proteasome cap-associated 
protein, acting as an ubiquitin receptor recruiting the 
deubiquitinating enzyme UCH37 to the 26S proteasome 
[13-18]. We previously found that the cisplatin 
treatment induced Rpn13 transcription by p-ΔNp63α 
and subsequently increased the physical interaction of 

Figure 2.  Binding of the p-∆Np63α protein to the ATM 
promoter in vivo. Wild type ∆Np63α cells (left panels) and 
∆Np63α-S385G cells (right panels) were exposed to a control 
medium and 10µg/ml cisplatin for 24h. (A) ChIP assay of a 
specific region of the ATM promoter with anti-p-∆Np63a 
antibody and anti-DNp63 antibody. As negative controls, we 
used ChIP of the ATM promoter specific region with rabbit 
immunoglobulins (IgG) and ChIP of the ATM promoter non-
specific region with anti-p-∆Np63α antibody as indicated.  (B) 
Luciferase reporter assay.  Both types of cells were transfected 
with 100 ng of the promoter-less pGL3 plasmid or pGL3-ATM 
(1259bp) promoter plasmid along with 1 ng of the pRL-SV40 
plasmid for 24h.  Cells were also transfected with 100 ng of the 
ΔNp63α-FL (Flag) or ΔNp63α--S385G-FL expression cassettes, as 
indicated. Cells were exposed to control medium (Con) and 10 
μg/ml cisplatin (CIS) for 24h.  Luciferase reporter assays were 
conducted in triplicate (+SD are indicated, p<0.05) as described 
in the Materials and methods.  Firefly luciferase activity values 
were normalized by Renilla luciferase values.  
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Rpn13, UCH37 and NOS2 proteins leading to an 
essential degradation of the latter through a proteasome-
dependent mechanism in SCC cells [13].  

 
 
 
 
 
 
 

In this study, we examined whether the Rpn13-
dependent mechanism is implicated in down-regulation 
of the ΔNp63α protein or LKB1 protein in SCC cells 
upon cisplatin exposure. First, we showed that the 
cisplatin treatment reduced the ΔNp63α protein level, 
while induced the ΔNp63α phosphorylation level in 
wild type ΔNp63α cells (Fig. 4A, left panel). At the 
same time, cisplatin up-regulated Rpn13 protein level in 
wild type ΔNp63α cells (Fig. 4A, left panel).  However, 
ΔNp63α and Rpn13 levels were not changed in 
ΔNp63α-S385G cells after cisplatin exposure, while no 
p-ΔNp63α was detected (Fig. 4A, right panel). We 
further showed that the cisplatin exposure induced a 

complex formation between Rpn13, UCH13 and p-
ΔNp63α proteins in wild type ΔNp63α cells  (Fig. 4B, 
left panel), while no such complexes were observed in 
ΔNp63α-S385G cells (Fig. 4B, right panel).  We next 
found that the cisplatin treatment led to a physical 
association between Rpn13, UCH37 and LKB1 proteins 
in ΔNp63α–S385G cells (Fig. 4C, right panel), while no 
similar protein complexes were detected in wild type 
ΔNp63α cells (Fig. 4C, left panel). 

 
 
 
 
 
 
 
 
 

P-ΔNp63α enhances the autophagic process in SCC
through a LKB1–dependent pathway

Accumulating evidence supports the notion that stress 
induces autophagic-related characteristics through the 
LKB1-AMPK-TSC-mTOR  pathway  [10-12].  We  thus 
examined whether cisplatin treatment promotes the 

Figure 3. Cisplatin induces the p-∆Np63α and LKB1 
protein levels in SCC cells.  Wild type ∆Np63α cells and 
∆Np63α-S385G cells were exposed to control media and 
10µg/ml cisplatin for 24h. Protein levels were tested with 
indicated antibodies. Cytoplasmic (cyto) protein levels were 
tested with the anti-β-actin antibody.  (A) No lactacystin 
treatment. (B) With lactacystin treatment.  

Figure 4. Cisplatin induces a protein complex formation 
between p-∆Np63α and Rpn13 in wild type ∆Np63α cells 
and between Rpn13 and LKB1 in ∆Np63α-S385G cells. 
Wild type ∆Np63α cells and ∆Np63α-S385G cells were exposed 
to control media and 10µg/ml cisplatin for 24h. 
Immunoprecipitation (IP) was performed with indicated 
antibodies and the protein levels were tested with indicated 
antibodies. (A) Immunoblotting. (B) and (C) Immino-
precipitation.  
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autophagy, and whether LKB1- or Rpn13- dependent 
mechanisms play any role in it. Microtubule-associated 
protein light chain 3 (LC3B), a mammalian homolog of 
yeast Atg8, has been used as a specific marker to 
monitor autophagy [19]. Upon induction of autophagy, 
the cytosolic form LC3B (LC3B-I) is conjugated to 
phosphatidylethanolamine (conversion into LC3B-II) 
and targeted to autophagic membranes.   

 

 
 
 
 
 
 
 
 
 

 
 
The S385G mutation shown to impair the ability for 
ΔNp63α to be phosphorylated by ATM in SCC cells 

upon cisplatin treatment is a superficial tool providing a 
suitable model system to investigate a potential 
relationship between ΔNp63α and ATM-dependent 
phosphorylation. Thus, we used this model to assess a 
role for ATM-dependent phosphorylation of the 
ΔNp63α in cisplatin chemoresistance of SCC cells. 
Wild type ΔNp63α cells and ΔNp63α–S385G cells 
were transiently transfected with scrambled siRNA, 
siRNA against Rpn13 or LKB1 for 24h and then 
exposed to control media or 10µg/ml cisplatin for 24h 
in the presence of 10µg/ml of lyzosomal protease 
inhibitors, E64d and pepstatin A, as recommended 
elsewhere [19].  By immunoblotting with an antibody 
against an autophagosome marker, LC3B-I (16 kDa) 
and its conversion variant LC3B-II (14 kDa), we 
observed the cisplatin-induced autophagy-related 
changes of LC3B expression in SCC cells (Fig. 5).  We 
found that wild type ΔNp63α cells (which support the 
ΔNp63α phosphorylation in response to cisplatin) 
displayed a marked expression of LC3B-II, while 
siRNA against LKB1 dramatically reduced this effect. 
Interestingly, siRNA against Rpn13 had a minimal 
effect on the cisplatin-induced LC3B-II activation (Fig. 
5A, left panel).  From the other hand, cisplatin treatment 
failed to induce autophagic changes in LC3B expression 
in ΔNp63α-S385G cells (Fig. 5A, right panel). 
Intriguingly, siRNA against Rpn13 markedly increased 
the level of the LC3B-II autophagic marker in 
ΔNp63α−S385G cells (Fig. 5A, right panel) suggesting 
the Rnp13-dependent regulation of LKB1 protein levels 
in these cells.  

We also employed a set of SCC cells displaying 
sensitivity or resistance to cisplatin (SCC-25 and SCC-
25CP, respectively) as reported elsewhere [20].  We 
first examined whether SCC-25 and SCC-25CP cells 
expressed ΔNp63α or p-ΔNp63α in response to 
cisplatin treatment. We found that after cisplatin 
exposure, resistant SCC-25CP cells, indeed, express far 
less of the p-ΔNp63α protein than their sensitive 
counterpart, SCC-25 (Suppl. Fig. S2). We further found 
that, in constrast to SCC-25 cells, cisplatin reduced the 
LKB1 protein levels in SCC-25CP cells (Suppl. Fig. S2) 
suggesting that the greater ratio between non-
phosphorylated ΔNp63α and p-ΔNp63α might be an 
important factor contributing to LKB1 reduction and is 
likely to play a role in cisplatin resistance displayed by 
SCC-25CP cells.  

We further found that cisplatin induced the LC3B-II 
expression in sensitive SCC-25 cells, while siRNA 
against LKB1 significantly inhibited this expression, 
and siRNA against Rpn13 had only a minimal effect on 
the LC3B-II level reduction (Fig. 5B, left panel). In the 

Figure 5. Cisplatin induces the autophagic process through 
a LKB1 up-regulation. (A) Wild type ∆Np63α cells and ∆Np63α -
S385G cells and (B) Sensitive (SCC-25) and resistant (SCC-25CP) 
squamous carcinoma cells were exposed to control media and 
10µg/ml cisplatin for 24h. Cells were transiently transfected with 
scrambled siRNA, siRNA against Rpn13 or LKB1. Cells were grown 
up in the presence of lyzosomal protease inhibitors (10 µg/ml of 
both E64d and pepstatin A).  Protein levels of autophagic markers 
were analyzed by immunoblotting with indicated antibodies. β-
actin expression was used as a loading control.  (C). Quantitative 
analysis of LC3B –I/II ratio.  Immunoblots were scanned using 
PhosphorImager (Molecular Dynamics) and quantified by Image-
Quant software version 3.3 (Molecular Dynamics). Values of LC3B-
II were expressed as a portion of LC3B-I values defined as 1.  The 
LC3B-II/LC3B-I ratios were plotted as bars using the Microsoft 
Excel software with standard deviations (+SD, p>0.05) resulting 
from three independent experiments and three individual 
measurements of each experiment. Black bars represent the set of 
wild type ∆Np63α/∆Np63α-S385G cells, while grey bars represent 
a set of SCC-25/SCC-25CP cells. 
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case of resistant SCC-25CP cells, one could see no 
cisplatin-induced LC3B-II up-regulation, however 
siRNA against Rpn13 promoted a significant increase 
of this autophagic marker (Fig. 5B, right panel).  The 
quantitative analysis of the LC3B-I/LC3B-II ratio (Fig. 
5C) led us to the same conclusion. Using immuno-
fluorescence analysis, we further examined the 
expression of LC3B-II isotype in SCC upon cisplatin 
exposure and observed the clustering (“punctuated 
appearance”) of the membrane-associated protein, MAP 
LC3α/β (LC3B), as previously described elsewhere [19, 
21]. We also observed that cisplatin-resistant cells 
showed much lesser autophagic-related levels of LC3B-
II expression than cisplatin-sensitive cells (Fig. 6) 
suggesting the critical role for autophagy in tumor 
response to a chemotherapeutic treatment.  

 
 
 
 
DISCUSSION 
An optimal cellular response to DNA damage/stress 

(ionizing radiation, oxidative stress, chemotherapeutic 
drugs, UV radiation, nutrient deprivation, and hypoxia) 
requires repair of damage and coordination of critical 
cellular processes such as transcription, translation, 
metabolism, and control of cell survival through an 
apoptosis or autophagy [22-26].  

Emerging evidence supports the notion that the 
cisplatin-induced autophagy plays a central role in 
tumor cell resistance to platinum-based therapy [27-29].  
A dose- and time-dependent induction of autophagy 
observed in tumor cells following cisplatin treatment is 
evidenced by up-regulation Beclin-1 and cisplatin-
triggered activation of AMPK pathway leading to a 
subsequent suppression of mTOR activity [28]. 
Autophagy is also shown to delay apoptosis in renal 
tubular epithelial cells exposed to cisplatin cytotoxicity 
[30, 31]. The switch from autophagy to apoptosis 
suggests that autophagy induction mediates a pre-
apoptotic lag phase observed in renal tubular cells 
exposed to cisplatin supporting the idea that autophagy 
mounts an adaptive cell response that delays apoptosis 
and might contribute to a cisplatin resistance in other 
cellular systems including cancer [30, 31].  

A few oncogenes (e.g. phosphatidylinositol 3-kinase, 
activated AKT1) inhibit autophagy, while numerous 
tumor suppressors (e.g. BH3-only proteins, death-
associated protein kinase-1, PTEN, tuberous sclerosic 
complex 1 and 2, TSC1 and TSC2 and LKB1/STK11) 
induce autophagy [32]. As known guardians of genome 
integrity, p53 and p73, were shown to be involved in 
autophagic processes [24, 25, 33-37]. However, to date 
no evidences were reported that p63 plays a role in 
autophagic pathway. 

ATM is a biosensor that coordinates cellular response to 
various damaging signals to preserve genomic integrity 
[8, 9, 22, 23]. ATM has been recently implicated in 
cellular response to elevated reactive oxygen species 
(ROS) and therefore involved in redox homeostasis [8, 
9, 22]. The key reports of the Cheryl Walker’ research 
team showed that the ATM import to cytoplasm 
activates the specific phosphorylation of LKB1 at the 
Threonine-366 position leading to subsequent TSC2 
activation via the LKB1/AMPK metabolic pathway, and 
reduction of mTOR level, in turn promoting autophagy 
[8, 9]. 

Our previous observations showed that the cisplatin 
exposure induced the ATM-dependent phosphorylation 
of ΔNp63α resulting in the p(S385)-ΔNp63α 
modification and subsequently leading to a proteasome-
dependent degradation of ΔNp63α in SCC cells [4]. 
Our later studies emphasized the p-ΔNp63α role in 

Figure 6. Immunofluorescence staining of LC3B expression 
in squamous carcinoma cells upon cisplatin exposure.  Sets 
of wild type ∆Np63α/∆Np63α-S385G cells and SCC-25/SCC-25CP 
cells were exposed to control media and 10µg/ml cisplatin for 
24h. Cells were stained with a polyclonal antibody against MAP 
LC3α/β (1:100), and then photographed under fluo-
rescentmicroscope.  
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transcriptional regulation of numerous gene targets 
involved in tumor cell response to cisplatin, some of 
them with pro-apoptotic functions and some – with cell 
survival functions [5].  The complex response of the p-
ΔNp63α dependent gene targets to cisplatin prompted 
us to continue the quest for the signaling pathways 
leading to cisplatin sensitivity or cisplatin resistance 
displayed by tumor cells [3-5].  Recent observations by 
the research groups of Ted Hupp and Borivoj Vojtesek 
defined ΔNp63α as a novel regulator of p53 activation 
through the ATM kinase transcription [7]. They further 
reported that the ΔNp63α protein interacts with the 
ATM promoter-derived CCAAT sequence [38], 
previously shown to be critical for the p-ΔNp63α 
transcription function in SCC upon cisplatin exposure 
[5]. Intriguingly, these investigators showed that 
DNp63α activates the ATM gene transcription, whereas 
TAp63α does not, highlighting an essential role for the 
TA2 domain in mediating ΔNp63α function [7]. 

In this study, we found that p-ΔNp63α binds the ATM 
promoter, induces the ATM promoter activity and 
activates the ATM cytoplasmic accumulation. We 
further found that the p-ΔNp63α protein interacts with 
the Rpn13 protein leading to a proteasome-dependent 
degradation of p-ΔNp63α. Next, we observed that ATM 
triggers the LKB1-AMPK-tuberin pathway leading to a 
down-regulation of mTOR subsequently enhancing the 
cisplatin-dependent autophagy in wild type ΔNp63α 
cells upon cisplatin exposure.  Using the SCC cells with 
an altered ability to support the ATM-dependent 
ΔNp63α phosphorylation, non-phosphorylated ΔNp63α 
failed forming protein complexes with Rpn13 and 
allowing the latter to bind and target LKB1 into a 
proteasome-dependent degradation pathway thereby 
modulating a cisplatin-induced autophagy.  SCC cells 
with the innate resistant/impaired response to a 
cisplatin-induced cell death displayed a greater ratio of 
non-phosphorylated ΔNp63α/p-ΔNp63α than cells that 
are sensitive to cisplatin-induced cell death. Based on 
our findings so far, we suggest that the choice made by 
Rpn13 between p-ΔNp63α or LKB1 to be targeted for 
degradation is critical for cell death decision made by 
cancer cells in response to chemotherapy.  The 
discovery that the ΔNp63 promoter is subject to both 
p53-mediated activation and repression by ΔNp63α 
[39], and that ATM-dependent phosphorylation 
mediates ΔNp63α degradation [4, 5] suggests that 
activity of the damage-response ΔNp63α-ATM-p53 
pathway is finely modulated by complex feedback 
mechanisms [7]. Further dissection of this pathway 
should provide molecular targets for combating cancer 
and ageing [7, 9, 40-44].   

METHODS 

Cells and reagents. We have used the head and neck 
squamous carcinoma (SCC) stable cell lines expressing 
wild type ΔNp63α or ΔNp63α-S385G (with an altered 
ability to be phosphorylated by ATM kinase) as 
previously described [4, 5]. We also used cisplatin-
sensitive (SCC-25) and resistant (SCC-25CP) squamous 
carcinoma cell lines obtained from Dr. J.S. Lazo 
(Department of Pharmacology, University of Pittsburgh 
School of Medicine) as a result of the Material Transfer 
Agreement [20].  Cells were maintained in RPMI 
medium 1640, 10% fetal bovine serum. Cells were 
incubated with 10 μg/ml cisplatin, 25 μM of lactacystin 
β-lactone (Calbiochem) for indicated periods of time, as 
described elsewhere [13].  Cells were lysed in 50 mM 
Tris, pH 7.5, 100 mM NaCl, 2mM EDTA, 0.5% Triton 
X-100, 0.5% Brij-50, 1 mM PMSF, 0.5 mM NaF, 0.1 
mM Na3VO4, 2X protease inhibitor cocktail, sonicated 
for 10 sec time intervals, and clarified for 30min at 
15,000xg. Supernatants (total lysates) were used for 
immunoprecipitation and immunoblotting [4, 5, 13]. 
Control (scrambled) siRNA and Rpn13 siRNA (sc-
72453) were obtained from Santa Cruz Biotechnology, 
while siRNA against LKB1 was purchased from 
Dharmacon [45]. SiRNAs  (200 pmol/six-well plate) 
were transiently transfected into cells using FuGENE 6 
(4 μL, Roche) for 24h and then after the 24h treatment 
with control media or 10µg/ml cisplatin.  

Isolation of cytoplasmic fraction.  1–2 × 106 cells were 
resuspended in a hypotonic lysis buffer (10 mM HEPES 
pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA) 
with protease inhibitors (Sigma), Triton X-100 (0.6% 
final concentration) was then added and the nuclei were 
pelleted at 2,500-3,000xg for 10 min at 4°C. 
Supernatants served as cytoplasmic fractions [13].  

Antibodies.  We used a rabbit polyclonal antibody 
against ΔNp63α (Ab-1, EMD Chemicals), a mouse 
monoclonal antibody against β-actin (Sigma), and rabbit 
polyclonal antibodies against UCH3 (ab38528), mTOR 
(ab2833) and Rpn13 (ab91567), and a mouse 
monoclonal antibody against ATM (2C11A1, ab78) 
were purchased from Abcam. We also obtained a mouse 
monoclonal antibody against Rpn13 (M01, clone 3C6, 
Abnova). A mouse monoclonal anti-LKB1 antibody 
(clone 27D10, ab3050) was obtained from Cell 
Signaling Technology. A custom rabbit polyclonal 
antibody against p ΔNp63α (ATM motif, residues 379-
392) was previously described [4].  A polyclonal rabbit
anti-phospho-tuberin antibody (TSC2-S1387, AP3338a;
which represents the AMPK-dependent phosphoryla-
tion) was obtained from Abgent.
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Chromatin immunoprecipitation (ChIP).  First, 5×106 
cell equivalents of chromatin (2–2.5 kb in size) were 
immunoprecipitated (IP) with 10 μg of anti-p ΔNp63α 
antibody as described elsewhere [5, 13].  After reversal 
of formaldehyde crosslinking, RNAase A and 
proteinase K treatments, IP-enriched DNAs were used 
for PCR amplification.  PCR consisted of 40 cycles of 
94°C for 30 s, 60°C for 30 s, and 72°C for 30 s using 
Taq DNA polymerase (Invitrogen). The following PCR 
primers were used for amplification of the ATM 
promoter: for the specific region, sense, (-920) 5’- 
TTCAGGGGTCCTAATTAAGT -3’(901), and 
antisense, (-570) 5’- TGATCAAAACCACAGCAGG-
3’ (-551) yielding the 350 bp PCR product, and for the 
non-specific region, sense, (-2000) 5’- 
TAGGGGTGATTCTGCCCTCC-3’ (-1880) and 
antisense, (-1821) 5’- AATTATGAGGCCCAAAATG-
3’ (-1802) yielding the 199 bp PCR product.  Binding of 
the endogenous p-ΔNp63α protein to the ATM 
promoter was also assessed by qPCR using the above-
mentioned primers for the specific region of the ATM 
promoter as previously described [13]. ChIP-PCR 
values (relative units, RU) were normalized by the 
GAPDH values and those obtained from the control 
samples (cells treated with control medium) were 
designated as 1. Experiments were performed in 
triplicate. 

Luciferase reporter assay. We used the pGL3-ATM 
(S118526, SwitchGear Genomics) promoter-luciferase 
reporter plasmid (encompassing  -1259 bp to +1 bp of 
the ATM promoter). A total of 5x104 cells/well in a 24-
well plate were transfected with 100 ng of the pGL3 
luciferase reporter constructs plus 1 ng of the Renilla 
luciferase plasmid pRL-SV40 (Promega) using 
FuGENE 6 (Roche) as previously described [3, 13]. At 
24h, cells were also treated with 10 μg/ml cisplatin or 
control medium and then after an additional 24h, 
luciferase assays were performed using the Dual 
luciferase reporter assay kit (Promega). For each 
experiment, the wells were transfected in triplicate and 
each well was assayed in triplicate by measuring the 
Firefly luciferase activity in a luminometer. Renilla 
luciferase activity was measured in the same tube 
[3,13]. The values for Firefly luciferase activity were 
normalized against the Renilla luciferase activity values 
for each transfected well.  Resulting data were 
presented as relative luciferase units (RLU). 

Autophagy assay. Cells were transiently transfected 
with scrambled siRNA, siRNA against Rpn13 or LKB1. 
Cells were exposed to control medium or 10 μg/ml 
cisplatin for 24h in the presence of lyzosomal protease 
inhibitors (10µg/ml of both E64d and pepstatin A 
purchased from Sigma) as previously described [19]. 

Protein levels of LC3B-I and LC3B-II were tested with 
a rabbit polyclonal antibody against MAP LC3α/β 
(LC3B, L7453, Sigma Aldrich Co). Immunoblots were 
scanned using PhosphorImager (Molecular Dynamics) 
and quantified by ImageQuant software version 3.3 
(Molecular Dynamics). Values of LC3B-II were 
expressed as a portion of LC3B-I values defined as 1. 
The LC3B-II/LC3B-I ratios were plotted as bars using 
the Microsoft Excel software with standard deviations 
(+SD) resulting from three independent experiments 
and three individual measurements of each experiment. 

Immunofluorescence microscopy.  Cells were washed 
with ice-cold phosphate-buffered saline and after 
fixation with 4% paraformaldehyde for 10 min at room 
temperature, they were permeabilized with 50µg/ml 
digitonin for 5 min. Cells were then quenched in 0.1% 
sodium borohydride for 5 min, and blocked with 10% 
goat serum, 1% bovine serum albumin (BSA, 
Amersham Biosciences) at room temperature for 60 
min. Cells were incubated overnight with the primary 
antibody against MAPLC3α/β diluted in 1% BSA at 4 
°C. After washing, the cells were incubated with the 
Cy3-conjugated anti-rabbit antibody (1:500, Jackson 
ImmunoResearch Laboratories Inc) diluted in 1% BSA 
for 1h. Finally, images were obtained using a Leica 
TCS-NT laser scanning microscope system and 
processed with Adobe Photoshop software [29-31]. 

Statistical analysis.  The data represent mean ± SD from 
three independent experiments and the statistical 
analysis was performed by Student's t test at a 
significance level of p<0.05 to <0.001.  
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SUPPLEMENTAL FIGURES 

Supplemental Figure S1. Quantitative PCR analysis of the ChIP binding.  
Wild type ∆Np63α cells and ∆Np63α-S385G cells were treated with the control 
medium (CIS, -) or 10µg/ml cisplatin (CIS, +) for 24h.  ChIP assay of ATM 
promoter was performed with antibodies against p-ΔNp63α (black) and ΔNp63α 
(grey). The quantitation of binding was monitored by qPCR using the following 
specific ATM promoter primers: sense, (-920) 5’- TTCAGGGGTCCTA-ATTAAGT -
3’(901), and antisense, (-570) 5’- TGATCAAAACCACAGCAGG-3’ (-551) yielding 
the 350 bp PCR product. ChIP-PCR values (relative units, RU) were normalized by 
the GAPDH values and those obtained from the control conditions (cells treated 
with control medium) were designated as 1. Experiments were performed in 
triplicate. Numerical values indicate the fold differences between control 
conditions and cisplatin treatment conditions.  

Supplemental Figure S2. Expression levels for ∆Np63α, 
p-∆Np63α and LKB1 in SCC-25 cells and SCC-25CP cells 
upon cisplatin exposure. Cells were treated with the control 
medium (CIS, -) or 10µg/ml cisplatin (CIS, +) for 24h. 
Immunoblotting of total lysates was performed with indicated
antibodies and loading level was monitored by the β-actin level.

www.aging-us.com         152        AGING (Albany NY) 



 
 

                                                                                         
 
 

 
Throughout the centuries, humankind has relentlessly 
searched for ways to live longer and healthier lives. 
From the "fountain of youth" quest to novel senolytics, 
from alchemical recipes to modern diets, different 
approaches have been pursued to fulfil the human desire 
of prolonging life while maintaining good shape. 
Among all anti-aging interventions, calorie restricted 
diets and periods of fasting stand out as the most 
compelling and robust methods to prolong life and 
health span and to reduce the risk of diabetes, neuro-
degeneration, autoimmune disorders, spontaneous 
tumours and cardiovascular disease [1]. Furthermore, 
dietary interventions are also emerging as important 
enhancers of adult stem cell function [2]. However, 
little is known on how prolonged fasting alters the 
function and properties of adult stem cells. Since fasting 
outcomes are conserved across taxa [2], studying fasting 
in species that possess many stem cells and can cope 
with long periods of food deprivation can be 
exceedingly informative. 
Planarians -better known for their impressive 
regenerative capacities- can be deprived of food for 
more than 3 months without showing an impairment in 
either physiology or activity levels. They handle 
prolonged periods of starvation or fasting by shrinking 
in size. Around 25% of the cells in their parenchyma are 
adult stem cells, which are kept in a constant ration 
respect their body size. Interestingly, refeeding allows 
fasted planarians to grow back to their original size [3]. 
Their stem cells do not show any signs of senescence 
and hence they are considered immortal. How fasting 
influences planarian stem cell properties is unknown. 
We have recently reported the effect of fasting on 
planarian stem cells regarding telomere length [4]. Telo-
meres protect chromosomes from DNA degradation and 
misguided repair mechanisms. Proper telomere 
functioning requires a minimum length that is maintain 
by telomerase. However, telomerase activity levels in 
adult tissues are not sufficient to prevent progressive 
telomere shortening with age [5]. Therefore, telomere 
length is considered a cellular marker of aging. By 
measuring telomere length in situ on whole planarians 
we found that fasted planarians present a higher 
percentage of stem cells with the longest telomeres, 
indicating that fasting rejuvenates the stem cell pool [4]. 
Having a population of stem cells with very long 
telomeres  allows  planarians  to  quickly respond to any 

                                                                       Editorial 
 
 
 
 
 
 
injury even while fasting. It also allows them to mount a 
long-term proliferation response as soon as nutrients 
become available again. Therefore, natural cycles of 
fasting and feeding promote the maintenance of a 
healthy and always cycling stem cell population thus 
making planarians immortal (Figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Our data shows that the enrichment of stem cells with 
long telomeres during fasting occurs through the 
inhibition of mTOR signalling [4], a pathway known to 
enhance stem cell function during dietary restriction [2]. 
The easy explanation to understand how mTOR down-
regulation elongates telomeres is through a reduction in 
mitosis. It is indeed known that mTOR signalling 
regulates the mitotic response to amputation and 
blastema growth [6]. However, while fasting increases 
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Figure 1. Schematic representation of the life cycle of 
Schmidtea mediterranea asexual strain.  Cycles of feeding 
and fasting are common during planarian life. During fasting the 
percentage of stem cells with long telomeres increases. Feeding 
induces a rapid proliferative response. During growing due to 
feeding, the stem cell pool decreases its telomere length. Red 
cells indicate stem cells with the longest telomeres while the 
orange show medium length and the green ones the shortest 
telomeres. Planarians are not to scale.  
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telomere length, the number of mitosis and stem cells 
remains constant [7]. Other factors than cell division 
may modulate telomere length, for instance exo-
nucleases or oxygen levels [5]. It is also feasible that 
stem cells with the shortest telomeres are considered 
“less-fit” or “loser”, being selected to either die or 
differentiate and contributing in this way to a general 
increase in telomere length in the remaining stem cell 
pool. Interestingly, mTOR signalling has been linked to 
“cell competition” and an mTOR-controlled process, 
autophagy, has been shown to be required by “loser” 
cells to die [8].  The question still remains on whether 
fasting affects other molecular/cellular processes in 
planarian stem cells. Ongoing research will clarify this 
point. 
Both activation of telomerase and long telomere length 
are known to positively correlate with stem cell 
pluripotency. Interestingly we find that the stem cell 
population is highly heterogeneous for telomere length, 
correlating with their known heterogeneity with regards 
to potency and lineage commitment [4]. We also find 
that fasting not only increases the percentage of stem 
cells with long telomeres but also increases the 
maximum telomere length in planarian stem cells [4]. 
Altogether leads to the attractive hypothesis that fasting, 
by modulating mTOR signalling, may increase 
pluripotency in planarians. Our work opens up many 
interesting endeavours which we predict will help in the 
understanding of regeneration and stem cell ageing. 
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INTRODUCTION 
 

The circadian timing system (CTS) exists in most living 

organisms with a basic molecular frame preserved from 

fungi to Drosophila and humans. This system 

coordinates behavior of the whole organism, including 

physiology and metabolism,  with  environmental cycles  

 

of 24h. In mammals, the suprachiasmatic nuclei of the 

hypothalamus coordinate circadian rhythms via 

peripheral molecular clocks composed of at least fifteen 

genes that are expressed in every cell. Expression of 

these clock gene is regulated by transcription factors 

organized in positive (BMAL1 and CLOCK) or 

negative (PER and CRY) feedback loops. Briefly, the 
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ABSTRACT 
 

Dysregulation of the circadian timing system (CTS) frequently appears during colorectal cancer (CRC) 
progression. In order to better understand the role of the circadian clock in CRC progression, this study 
evaluated in vitro how knockdown of a core circadian protein BMAL1 (BMAL1-KD) influenced the behavior of 
two primary human CRC cell lines (HCT116 and SW480) and a metastatic CRC cell line (SW620).  
Unexpectedly, BMAL1-KD induced CRC cell-type specific responses rather than the same phenomenon 
throughout. First, BMAL1-KD increased AKT/mTOR activation in each CRC cell line, but to different extents. 
Second, BMAL1-KD-induced P53 activation varied with cell context. In a wild type P53 background, HCT116 
BMAL1-KD cells quickly underwent apoptosis after shBMAL1 lentivirus transduction, while surviving cells 
showed less P53 but increased AKT/mTOR activation, which ultimately caused higher proliferation. In the 
presence of a partially functional mutant P53, SW480 BMAL1-KD cells showed moderate P53 and mTOR 
activation simultaneously with cell senescence. With a moderate increased AKT but unchanged mutant P53 
activation, SW620 BMAL1-KD cells grew faster. 
Thus, under different CRC cellular pathological contexts, BMAL1 knockdown induced relatively equal effects on 
AKT/mTOR activation but different effects on P53 activation, which finally triggered different CRC cell fates. 
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transcriptional activator complex of BMAL1/CLOCK 

activates transcription of its target genes inducing 

expression of CRY and PER proteins, which in turn 

repress their own transcription through their interactions 

with the BMAL1/CLOCK heterodimer. The BMAL1/ 

CLOCK heterodimer also activates the expression of 

REV-ERB α/β (NR1D1 and NR1D2) and ROR α/β/γ, 

which repress and activate BMAL1 transcription, 

respectively [1, 2]. Thus BMAL1 is central to circadian 

timing and is the only clock gene whose deletion causes 

an immediate loss of behavioral circadian rhythmicity 

[1, 3]. 

 

This molecular circadian clock regulates multiple 

cellular processes, with ~43% of mammalian protein-

coding genes showing rhythmic expression at least in 

one organ [4]. Also, 25% of protein phosphorylation [5] 

and nuclear accumulation of over 10% of nuclear 

proteins [6] exhibit circadian oscillation. Thus, by 

regulating many fundamental cellular processes, such as 

cell cycle, metabolism, senescence, apoptosis and DNA 

damage response, an intact circadian clock plays a 

crucial role in maintaining normal cell life and  

its dysfunction perturbs numerous cellular activities, 

thereby becoming a risk factor for disease, such as 

cancer [7, 8].  

 

The link between circadian rhythms and cancer is 

indicated by an increased risk of cancer in people whose 

daily rhythms are disturbed by shift work or insufficient 

sleep [9]. Furthermore, circadian rhythmicity is often 

dysregulated in cancer patients and associated with poor 

prognosis and early mortality [10–13]. Although the 

BMAL1 exhibits a globally repressive function in many 

tumors, some studies also reveal that BMAL1 might 

favor tumorigenesis under certain circumstances. For 

example, compared to healthy tissue, colorectal cancers 

(CRC) often display higher CLOCK or BMAL1 

expression, which is associated with liver metastasis 

and poorly differentiated or late-stage CRC cancer [14–

16]. In addition, the majority of malignant pleural 

mesothelioma (MPM) cell lines, and a subset of MPM 

clinical specimens, expressed more BMAL1 compared 

to their non-cancer controls (non-tumorigenic 

mesothelial cell line - MeT-5A - and normal parietal 

pleura, respectively). Moreover, BMAL1 knockdown 

(BMAL1-KD) in MPM cell lines reduced cell growth 

and induced apoptosis [17, 18]. Therefore, the 

relationship between BMAL1 and cancer development 

is complex and requires deeper investigation to reveal 

molecular mechanistic insights. 

 

CRC is one of the most common cancers. In 2012, there 

were 1.4 million new cases and693,900 deaths 

worldwide from the disease [19]. In this study, we 

investigated the influence of BMAL1 deficiency in 

CRC cell behavior in order to better understand the role 

of the circadian clock in colon cancer development at 

cellular and molecular levels. We have selected two 

primary colorectal adenocarcinoma cell lines, HCT116 

and SW480, and a metastatic CRC cell line derived 

from the same patient as SW480 cells (SW620). Both 

primary CRC cell lines, HCT116 and SW480, express 

core-clock genes with circadian oscillation, whereas this 

oscillation is severely diminished in the metastatic cell 

line SW620 [20, 21, 22]. Using these three cell lines, we 

knocked down BMAL1 expression by shRNA to 

investigate the influence of BMAL1 deficiency on CRC 

cell behavior.  

 

Our results revealed that BMAL1-KD activated 

AKT/mTOR similarly in the three CRC cell lines 

(HCT116, SW480 or SW620), but had different effects 

on P53 activation. mTOR signaling is an evolutionarily 

conserved nutrient sensing pathway and a central 

regulator of mammalian metabolism. It has been 

hypothesized that increased mTOR activity could direct 

cell fate towards quiescence, cell death or senescence 

under varying P53 activation and P21 expression status 

[23–26]. Here, by altering the delicate equilibrium 

between AKT/mTOR and P53/P21 pathways, BMAL1-

KD modulates CRC cell fates on the basis of their 

distinct cellular context. 

 

RESULTS 
 

Decreased BMAL1 altered expression of some 

circadian genes in primary CRC cell lines  

 

Three CRC cell lines, two primary cell lines (HCT116 

and SW480) and a metastatic cell line SW620, were 

transduced with lentiviruses encoding a scrambled 

shRNA (shScr) or a shRNA targeting BMAL1 

(shBMAL1). After transduction, cells were selected by 

one-week puromycin treatment to remove non-

transduced cells. Successful transduction was confirmed 

by flow cytometry of GFP expressing cells. The GFP 

positive cell population was used immediately for 

analysis as BMAL1-KD or control (Ctr) cells. 
 

BMAL1 expression was significantly decreased 

compared to control at mRNA (Figure 1A, qRT-PCR) 

and protein levels (Figure 1B, Western blot) in all 

three BMAL1-KD cell lines, despite the fact that the 

two primary CRC cell lines exhibited much higher 

BMAL1 expression than the metastatic CRC cell line 

SW620. 
 

Expression of BMAL1 target circadian genes (NR1D1, 
PER2, CRY1 and CRY2) and its functional partner 

CLOCK, were also analyzed following BMAL1-KD.  

In the two primary BMAL1-KD CRC cell lines  
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(HCT116 and SW480), but not in BMAL1-KD SW620 

cells, NR1D1 expression was reduced and CLOCK 

expression was increased (Figure 1C, 1D). No 

significant modification of PER2, CRY1 or CRY2 

expression was identified in any of the three cell lines 

(Data not shown).  

 

BMAL1-KD thus modified circadian gene expression 

profile in two primary CRC cell lines (HCT116 and 

SW480) but not in the metastatic CRC cell line 

SW620. 

 

BMAL1-KD increased AKT/mTOR activation in 

primary CRC cell lines  
 

BMAL1 knockout mice manifest increased mTORC1 

(mammalian target of rapamycin complex 1) activity 

and associated premature aging [27]. We thus 

investigated whether BMAL1-KD could modify 

AKT/mTOR signaling in CRC cell lines. 

 

BMAL1-KD increased AKT activation in colon cancer 

cell lines. Compared to their controls, the percentage 

of AKT phosphorylation, measured by the ratio 

between phosphorylated AKT (pAKT) and total  

AKT, was greatly increased in the primary CRC  

lines, HCT116 BMAL1-KD (p=0.0207) and SW480 

BMAL1-KD (p=0.0302), and slightly increased in  

the metastatic SW620 BMAL1-KD (p=0.0141) cells 

(Figure 2A). 

 

Moreover, mTOR activation, measured by the ratio 

between phosphorylated mTOR (pmTOR) and total 

mTOR, was significantly increased in HCT116 

BMAL1-KD cells (p=0.0298) and in SW480 BMAL1-

KD cells (p=0.0291) in comparison to their respective 

controls. However, SW620 BMAL1-KD cells only 

showed trend to increased mTOR activation (p=0.0897) 

(Figure 2B). 

 

To further evaluate mTOR activity, we measured the 

phosphorylation of 40S Ribosomal protein S6, a 

major mTOR effector. Western blot analysis revealed 

a significant increase of S6 phosphorylation (pS6/S6 

total) in HCT116 BMAL1-KD cells (p=0.0324) and in 

SW480 BMAL1-KD cells (p=0.0052) compared to 

controls. However, only a trend to increased 

phosphorylation was found in SW620 BMAL1-KD 

(p=0.0634; Figure 2C). These results were further 

confirmed by flow cytometry analysis, which revealed 

that the mean fluorescence intensity of pS6-APC 

staining increased significantly in HCT116 BMAL1-

KD cells (p=0.0316) and in SW480 BMAL1-KD  

cells (p<0.0001), but not in SW620 BMAL1-KD  

cells (p=0.4027) compared to their own controls 

(Figure 2D). 

 

 
 

Figure 1. Lentiviral ShBMAL1 decreased BMAL1 expression in three CRC cell lines but only altered expression of some 
circadian genes in primary CRC cell lines. (A) Effect of shBMAL1 on BMAL1 mRNA level was ascertained by quantitative RT-PCR. 
36B4 was used as a quantitative reference (n=5; *p<0.05; ***p<0.001; ****p<0.0001). (B) Effect of shBMAL1 on the level of BMAL1 
protein was ascertained by Western-blot. Left, a representative immunoblot is shown. Right, Bar charts represent BMAL1 expression 
normalized to HSC70 (n=3; *p<0.05). Data are shown as mean ± SEM. (C) Quantitative RT-PCR revealed decreased expression of 
NR1D1 in two primary BMAL1-KD CRC cell lines (HCT116 and SW480) but not in the metastatic CRC cell line SW620. ( D)  
Quantitative RT-PCR revealed increased expression of CLOCK in two primary BMAL1-KD CRC cell lines but not in the metastatic CRC 
cell line SW620. 
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Figure 2. BMAL1-KD increased AKT/mTOR activation to varying degrees in the CRC cell lines. (A) Western-blot analysis revealed 
that BMAL1-KD increased AKT phosphorylation in the three CRC cell lines (n=5; *p<0.05; **p<0.01). The ratio of phosphorylated AKT to total 
AKT was used to indicate AKT activation level. (B) Western-blot analysis revealed that BMAL1-KD increased mTOR phosphorylation in HCT116 
and SW480 (n=6; *p<0.05) but not in SW620 cells. The ratio between phosphorylated mTOR and total mTOR was used to indicate mTOR 
activation level. (C) Western-blot analysis revealed that knockdown BMAL1 increased 40S Ribosomal protein S6 phosphorylation in HCT116 
and SW480 (n=6; ***p<0.001) but not in SW620 cells. The ratio between phosphorylated S6 and total S6 was used to evaluate mTOR activity. 
(A-C): Left, a representative immunoblot of independent experiments. Right, Bar charts represent the target protein expression level 
normalized to protein loading controls. (D) Flow cytometry analysis revealed increased phosphorylated S6 in HCT116 BMAL1-KD (*p<0.05) 
and SW480 BMAL1-KD (****p<0.0001) cells but not in SW620 BMAL1-KD cells compared to their proper controls. Left, representative 
staining of 7 independent experiments is shown. Right, Graphs represented the mean fluorescence intensity value of phosphorylated S6-APC 
(n=7). All data are shown as means ± SEM.  
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BMAL1-KD induced different cell proliferation 

patterns in CRC cell lines  

 

The activation of mTOR pathway by AKT kinase is 

implicated in many fundamental cell functions, such as 

survival, proliferation and growth [28]. We thus 

examined whether BMAL1-KD influenced CRC cell 

proliferation by using an MTT Cell Proliferation and 

Viability Assay (Figure 3A) and cytometry cell counts 

(Figure 3B).  

 

In primary CRC cells, corresponding to their higher 

AKT/mTOR activity, MTT analysis showed that 

HCT116 BMAL1-KD cells exhibited greater 

proliferation from 72h in culture, compared to its 

control (72h, p=0.0078; 96h, p<0.0001). This result 

was confirmed by cell counts, which showed more 

HCT116 BMAL1-KD cells after 48h compared to 

control (48h, p=0.0090; 72h, p=0.0317; 96h, 

p<0.0001). In contrast, despite increased AKT/ 

mTOR activity, the SW480 BMAL1-KD cell line did 

not show greater cell proliferation compared to its 

control. At 96h, cytometry cell counts even revealed 

fewer BMAL1-KD cells compared to control 

(p=0.0259). 

 

In the metastatic SW620 BMAL1-KD cell line, there 

was slight increase of AKT activity but without evident 

increase of mTOR activity. However, this cell line did 

proliferate faster at 96h when compared to control 

(MTT: p=0.0460; cell count: p=0.0090).  

BMAL1-KD increased senescence only in SW480 

cells 

 

Increased mTOR activity also leads to accelerated aging 

under certain conditions, as shown in BMAL1 knockout 

mice [25–27]. SW480 BMAL1-KD cells demonstrated 

increased mTOR activity but no increased cellular 

proliferation, which led us to check whether BMAL1-

KD induced senescence in these SW480 cells.  

 

Of the three BMAL1-KD CRC cell lines, only SW480 

BMAL1-KD cells showed an obvious increase of cell 

senescence, as identified by senescence-associated β-

galactosidase activity (SA-β-gal) staining. These SA-β-

gal-positive cells also demonstrated other senescence 

related alterations: enlarged cell size and flattened shape 

(Figure 4A). In contrast, compared to their controls, 

there was no evident increase in cellular senescence in 

HCT116 BMAL1-KD and SW620 BMAL1-KD lines. 

 

Another common indicator of senescent cells is the 

marker of DNA double-strand breaks (DSB), 

phosphorylated H2AX (pH2AX) [29, 30]. Immuno-

fluorescence (Figure 4B) and western blot (Figure 4C) 

analyses showed that phosphorylated H2AX was 

increased strongly in SW480 BMAL1-KD cells 

(p=0.0209) and only slightly in the SW620 BMAL1-KD 

cell line (p=0.0269).  

 

Cell senescence is also mediated by, and can induce, 

P53/P21 activation [31]. Although P53 mRNA (Figure 5A,

 

 

 

Figure 3. BMAL1-KD induced different cell proliferation patterns in CRC cell lines. MTT cell proliferation assay (A) and cell counts 
(B) were used to examine BMAL1-KD and control cells’ proliferation rate for 96h. Stable HCT116 BMAL1-KD but not SW480 BMAL1-KD cells 
exhibited significantly higher cell counts compared to their control. SW620 BMAL1-KD cells only showed faster growth at 96h. (n=8; *p<0.05; 
**p<0.01; ****p<0.0001). Error bar represented ± SEM. 
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Figure 4. BMAL1-KD increased senescence in SW480 BMAL1-KD but not in HCT116 BMAL1-KD and SW620 BMAL1-KD cells. 
(A) Senescence-associated β-galactosidase (SA-β-gal) activity was obviously increased in SW480 BMAL1-KD cells, but not in HCT116 BMAL1-
KD nor in SW620 BMAL1-KD cells. SA-β-gal activity was measured by β-galactosidase staining (blue). Scale Bar represents 10 µM. 
Representative staining of three independent experiments was shown. (B) Immunofluorescence identified phosphorylated H2AX (pH2AX, 
red) in cell nuclei (Hoechst 33342, blue) of BMAL1-KD and control CRC cell lines. Representative staining of three independent experiments 
were shown. Scale bar, 20 μm. (C) Western-blot revealed significant increase of pH2AX mainly in SW480 BMAL1-KD cells. Left, a 
representative immunoblot of three independent experiments was shown. Right, Bar charts represented pH2AX expression level normalized 
to HSC70 (n=7; *p<0.05; ***p<0.001). All data are shown as means ± SEM. 
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qRT-PCR) and protein (Figure 5B, western blot) levels 

did not change in the three BMAL1-KD CRC cell lines, 

there was a change of P53 localization in SW480 

BMAL1-KD cells. Compared to control, cytoplasmic 

P53 decreased (p=0.0235; Figure 5C) and P53 nuclear 

expression increased (p=0.0183; Figure 5D) in SW480 

BMAL1-KD cells, suggesting P53 activation. In 

contrast, P53 cytoplasmic expression did not change in 

HCT116 BMAL1-KD and SW620 BMAL1-KD cells. 

Moreover, P53 nuclear localization in HCT116 

BMAL1-KD cell line even decreased compared to its 

own control (p=0.0249; Figure 5D). 

 

To confirm the link between cellular senescence and 

P53 expression in our cell lines, we analyzed 

expression of P53 targets, P21 and MDM2 (murine 

double minute homolog 2). In agreement with the 

different P53 activation, qRT-PCR (Figure 6A, 

p=0.0409) and western-blot results revealed increased 

P21 (Figure 6B, p=0.0291) and MDM2 (p=0.0160; 

Figure 6C) expression only in SW480 BMAL1-KD 

cells compared to control. Moreover, MDM2 

expression was even decreased in SW620 BMAL1-

KD cells (p=0.0122).  

 

In summary, after BMAL1-KD cellular senescence was 

only induced in one primary CRC line (SW480) in 

association with nuclear translocation of P53 and 

increased expression of P21 and MDM2. 

 

BMAL1-KD increased apoptosis and P53 activation 

only in HCT116 cells  
 

The previous results were performed on BMAL1-KD 

cell lines which were obtained after puromycin 

selection. However, phenomena such as apoptosis, will

 

 
 

Figure 5. P53 expression status in CRC BMAL1-KD cell lines. (A) Quantitative RT-PCR revealed that no significant change of P53 mRNA 
levels in the three CRC cell lines. 36B4 was used as a quantitative reference for all quantitative RT-PCR analyses (n=8). (B) Western-blot 
analysis revealed no significant change of P53 protein levels in the three CRC cell lines (n=7). (C and D) Cytoplasmic (C) and nuclear (D) 
extracts from BMAL1-KD and control cell lines were analyzed by western-blot. Only SW480 BMAL1-KD cells exhibited a significant decrease of 
cytoplasmic P53 (n=5; *p<0.05) associated with a significant increased nuclear P53 (n=5; *p<0.05). Left, a representative immunoblot of 5 
independent experiments was shown. Right, Bar charts represented P53 expression level normalized to HSC70 or LAMIN B1. All data are 
shown as means ± SEM. 
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appear transiently after shBMAL1 begins to be 

expressed. GFP gene is incorporated in the lentivirus 

construction as a reporter of shRNA expression, and it 

becomes visible 24h post-transfection, indicating the 

onset of shBMAL1 expression. We thus tested for the 

onset of apoptosis with Annexin V labeling 48h after 

lentivirus transduction, i.e. around 24h after shBMAL1 

expression begins.  

 

Without puromycin selection, only GFP positive 

(GFP+) cells were considered as shRNA transduced. 

In the GFP+ population, the cells undergoing early 

apoptosis, i.e., Annexin V-positive and PI-negative 

cells, as well as the total apoptosis cells (Annexin  

V-positive cells) are all increased in shBMAL1 vs. 

shScr transduced HCT116 cells (p=0.0054 and p= 

0.0393). However, shBMAL1 transduced SW480 

(p=0.1858and p=0.1149) or SW620 (p=0.1705 and 

p=0.2601) cells only presented a trend to increase 

apoptosis (Figure 7A).  

 

For HCT116 cells, we also measured P53 nuclear 

expression by flow cytometry, 48h after lentivirus 

transduction. For the GFP+ population, nuclei of 

shBMAL1 transduced cells exhibited increased P53 

expression compared to shScr control cells (p=0.0070). 

However, this difference was not observed in the GFP 

negative (shRNA non-transduced) population (Figure 7B). 

 

DISCUSSION 
 

In this study, we analyzed the consequences of 

circadian clock perturbation, specifically BMAL1-KD, 

on human colorectal cancer cell behavior. We used 3 

experimental cell models corresponding to different 

colorectal cancer progression: two primary colorectal 

carcinoma cell lines (HCT116 and SW480) and SW620, 

a metastatic colorectal carcinoma cell line derived from 

the same patient as SW480. Our results reveal that 

BMAL1-KD triggers distinct cell fates in different 

colon cancer cell lines rather than the same 

phenomenon throughout.  

 

BMAL1-KD appropriately alters expression of other 

core circadian genes 

 

BMAL1–KD induced similar, and expected, gene 

expression changes in the two primary CRC cell lines: 

decreased NR1D1 and increased CLOCK expression, 

but without modification of PER2, CRY1 or CRY2. 

Reduced NR1D1 expression is consistent with the 

exclusive control of its promoter by CLOCK–BMAL1 

 

 
 

Figure 6. P21 and MDM2 expression status in CRC BMAL1-KD cell lines. (A) Quantitative RT-PCR revealed a significant increase of 
P21 mRNA in SW480 BMAL1-KD cells (n=6; *p<0.05) but not in HCT116 BMAL1-KD and SW620 BMAL1-KD cells. (B) Western-blot analysis 
revealed a significant increase of P21 protein in SW480 BMAL1-KD cells (n=4; *p<0.05) but not in HCT116 BMAL1-KD and SW620 BMAL1-KD 
cells. (C) Western-blot analysis revealed increased MDM2 protein in SW480 BMAL1-KD cells (n=5; *p<0.05) but not in HCT116 BMAL1-KD and 
SW620 BMAL1-KD cells. Left, a representative immunoblot of different independent experiments is shown. Right, Bar charts represent P21 or 
MDM2 expression normalized to HSC70. All data are shown as mean ± SEM. 
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Figure 7. HCT116-shBMAL1 cells temporarily increased apoptosis and P53 activation after lentivirus transduction. (A) Flow 
cytometry analysis with Annexin V-APC and propidium iodide staining were applied to determine apoptosis ratio in different shRNA 
(shBMAL1 or shScr) transduced cells 48h after lentivirus transduction. Upper panels, a representative distribution of three independent 
experiments is shown. Lower panels, Graphs represent the percentage of early apoptosis cells (Q4) and total apoptosis cells (Q2+Q4)  
(3 independent for each analysis). A significant increase of apoptosis ratio is detected only in HCT116 cells after shBMAL1 transduction 
(**p<0.01). (B) Flow cytometry analysis with P53-PE and Hoechst 33342 staining revealed that the nuclei of HCT116 shBMA1 transduced cells 
(GFP positive population) exhibited an increased P53 expression compared to the nuclei of HCT116 shScr transduced cells (n=3; **p<0.01). 
Right, Graphs represent the mean of P53 nuclei expression from three independent experiments. All data are shown as means ± SEM. 
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binding to E-box regulatory elements [32] and the 

presence of two BMAL1 binding sites in the gene 

(Supplementary Figure 1) [33]. This contrasts with only 

one binding site for BMAL1 in PER2, CRY1 or CRY2 

genes [33], and explains why NR1D1 expression is 

more sensitive to the diminution of BMAL1. Similarly, 

NR1D1 (REV-ERBα) rapidly represses transcription  

of BMAL1 and CLOCK genes via REV-ERBΑ response 

elements (RREs) [34, 35]. So, decreased NR1D1  

and increased CLOCK expression in the two primary 

BMAL1 knockdown CRC cells represent correct 

feedback regulation of core-clock gene expression  

[20–22].  

 

BMAL1-KD increases mTOR activity in CRC cells 

 

In the two primary CRC cell lines, BMAL1-KD 

increased activity of mTOR, a central regulator of 

cellular metabolism that links cellular energy and 

nutrients to cell division, growth, quiescence, 

senescence and death; and which is critically involved 

in cellular live, for example aging, diabetes and cancer 

[25, 26, 36]. Our result is coherent with observations in 

BMAL1 KO mice and the circadian rhythmicity of 

mTOR signaling [27, 37–39]. Moreover, we also 

demonstrate that BMAL1-KD increased phospho-

rylation of the mTOR effector, ribosomal S6 (Figure 2), 

whose protein kinase, S6K1, rhythmically 

phosphorylates BMAL1 so that it associates with 

cellular translational machinery for protein synthesis 

[39]. Thus our data support the links between BMAL1 

and mTOR pathway, which suggests BMAL1 

regulation of protein synthesis and the role of circadian 

timing in cancer development.  

Different CRC cell fates triggered by BMAL1-KD 

depend not only on increased mTOR activity but 

also on P53 status of each cell line 
 

BMAL1 knockout mice show increased mTOR activity, 

associated with age-related pathology and reduced 

lifespan, i.e. premature ageing [27, 40, 41]. Therefore, it 

is not surprising that cell senescence increased after 

BMAL1 knockdown and increased mTOR activity. 

However, why did this occur only in SW480 BMAL1-

KD, but not HCT116 BMAL1-KD cells?  
 

A possible explanation for this variance in cellular 

senescence between SW480 and HCT116 cells is their 

different P53 status. The HCT116 cell line expresses 

wild type (WT) P53, whereas the SW480 cell line 

carries a mutant P53 (R273H and P309S; mP53) 

which is only partially functional, such as inducing 

P21 expression [42]. Knockdown of this mP53 

decreases colorectal cancer malignancy, indicating  

its important role in CRC development [43]. 

Blagosklonny et al. hypothesized that maximal P53 

activity blocks mTOR, causing cellular quiescence or 

death, whereas partial P53 activity sustains mTOR 

activity and causes senescence [23–26]. In keeping 

with this hypothesis, we propose that the different P53 

status (WT vs mutant) of HCT116 and SW480 cells 

underlies the different cell fates induced by mTOR 

activity after BMAL1-KD. 
 

This proposal is supported by our findings. The 

reduction of BMAL1 in lentiviral transfected cells 

depends on the number of shRNA copies that are 

integrated, and will vary for each cell [44]. Thus just 

 

 
 

Figure 8. BMAL1-KD modified the delicate equilibrium between AKT/mTOR and P21/P53 pathways, which triggered the 
different cell fates based on distinct P53 and circadian rhythm status of every CRC cell line. 
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after lentiviral transfection, HCT116 BMAL1-KD and 

SW480 BMAL1-KD cultures will contain many cell 

populations each with distinct BMAL1, mTOR and P53 

activation according to the number of integrated 

shBMAL1 copies. Thus, in HCT116 cells which 

integrate a high number of shBMAL1 copies, there will 

be high WT P53 activation, which can induce rapid 

apoptosis, as indeed we observed 24h after shBMAL1 

expression (Figure 7). Consequently, during the one-

week puromycin selection for stable BMAL1-KD, the 

HCT116 BMAL1-KD cells with strong P53 activation 

would be removed by apoptosis, leaving those with less 

P53. Such P53 expression will in turn induce expression 

of MDM2, which directs P53 for proteasome 

degradation to limit its expression level and activity 

[45]. As our results showed, stable HCT116 BMAL1-

KD cells had high MDM2 and low P53 expression, 

consistent with functional MDM2-P53 negative 

feedback. Finally, in the absence of increased P53 

activity, increased AKT and mTOR activity in the 

stable HCT116 BMAL1-KD cells can increase cellular 

proliferation (Figure 3). 

 

Alternatively, for SW480 cells, those which integrate 

many shBMAL1 copies will stimulate mP53 activity, as 

demonstrated by nuclear translocation and expression  

of P21 and MDM2 (Figure 6). But mP53 has only 

partial function [42], as confirmed in our results by low 

expression of MDM2, which would limit MDM2-P53 

negative feedback and explain the higher P53 

expression in SW480 cells than HCT116 cells. 

Consequently, mTOR activity is sustained and provokes 

cell senescence. SW480 BMAL1-KD cells with fewer 

integrated shBMAL1 will only moderately activate 

mP53, not block mTOR and promote cell survival or 

proliferation. Our results, showing only a relatively 

small decrease in SW480 BMAL1-KD cell counts 

(Figure 3) despite profound cellular senescence (Figure 4), 

are consistent with cultures being transduced by a range 

of shBMAL1 copies.  

 

Effect/influence of BMAL1 KD on CRC cell life 

requires functional circadian rhythm  
 

In contrast to the two primary CRC cell lines, metastatic 

SW620 cells showed very little response to BMAL1-

KD: a small increase in phosphorylated AKT without 

associated mTOR or S6 activation (Figures 2). A likely 

explanation for this muted response is an abnormal 

circadian timing system and low baseline expression of 

BMAL1 and other cell regulatory proteins (e.g. AKT, 

P21) in this cell line. In contrast to the two primary 

CRC cell lines (HCT116 and SW480), the metastatic 

cell line SW620 has severely diminished core-clock 

gene oscillation, indicating dysfunction of the 

transcription-translation feedback loops among different 

circadian proteins [20–22]. Although SW480 and 

SW620 cell lines were derived from primary and 

metastatic sites of the same patient, there was only 5.5% 

overlap of genes with oscillating expression profiles, 

indicating the loss of intact circadian clock during 

tumor progression [22]. Consistent with this, BMAL1 

knockdown in metastatic SW620 cells did not alter 

NR1D1 and CLOCK expression, in contrast to the two 

primary CRC cells. Thus, a dysregulated core clock in 

SW620 cells, as indicated by poor oscillation of clock-

controlled genes and low level of BMAL1 protein can 

explain why BMAL1-KD had less influence on SW620 

cells than on SW480 cells in our experiments. 

 

BMAL1 KD-associated oxidative stress reveals 

impaired P53 signaling in SW620 cells 
 

Global deletion of BMAL1 induces an aging phenotype 

associated with oxidative stress [46], which damages 

DNA, including DNA strand breaks.  

 

In stable HCT116 BMAL1-KD cells there was no 

evident oxidative stress (H2AX phosphorylation), 

consistent with vulnerable HCT116 BMAL1-KD cells 

with high WT P53 activation being eliminated by 

apoptosis just after shBMAL1 transduction, and P53 

activation in surviving cells being blocked by MDM2-

P53 negative feedback.  
 

In contrast, our results show phosphorylated H2AX in 

SW480 and SW620 BMAL1–KD cells, indicating 

oxidative stress. In SW480 BMAL1-KO cells, there was 

a large increase in phosphorylated H2AX and mP53 

activation. In contrast, SW620 BMAL1-KD cells only 

slightly increased phosphorylated H2AX but without 

associated mP53 activation: no P53 nuclear 

translocation or P21 expression, and even decreased 

MDM2 expression (Figures 4–6), which suggested 

impaired P53 signaling in SW620 cells. In the absence 

of appropriate P53 activation and its induction of 

apoptosis or senescence, the moderate increase of AKT 

activity permits faster growth (Figure 8).  

 

CONCLUSIONS 
 

Briefly, our work provides a potential explanation for 

the different cell fates induced by BMAL1 knockdown 

in CRC cells, which is based on increased mTOR 

activation and different P53 status. However, these 

CRC cells also contain mutations in other cancer related 

genes (HCT116: KRAS, PIK3CA, CTNNB1, BRCA2, 
CDKN2A etc.; SW480 or SW620: KRAS and APC etc.) 

[47], which constitute a unique pathological context in 

every CRC cell. Thus, in addition to differences in core 

circadian clock status, P53 regulation and basal kinase 

activity that we demonstrate, all these distinct mutations 
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(including in P53) will contribute to the different cell 

fate induced by BMAL1 knockdown. Altogether, this 

work reveals the important role of BMAL1 in CRC cell 

behavior, in particular primary CRC cell fate decision. 

Knockdown of BMAL1 expression at different levels 

could potentially commit primary colon cancer cells 

towards different cell fates.  

 

MATERIALS AND METHODS 
 

Cell culture  
 

HCT116, SW480 and SW620 cells were cultured in 

Dulbecco’s modified Eagle medium (DMEM) 

supplemented with GlutaMAX (GIBCO, Life 

Technology, CA, USA) and 10% fetal bovine serum 

(FBS, Hyclone, UT, USA).  

 

The shRNA sequence cloning in a lentiviral vector  

 

A short hairpin RNA sequence (shRNA) against human 

BMAL1 (shBMAL1; Forward: 5'-CCGGAGAACCCA 

GGTTATCCATATTCTGCAGAATATGGATAACCT

GGGTTCTTTTTT-3'; Reverse: 5'-CTAGAAAAAAA 

GAACCCAGGTTATCCATATTC TGCAGAATATGG 

ATAACCTGGGTTCT-3') or a control scrambled 

sequence (shScr) were inserted separately into a lentiviral 

vector (pLKO-shBMAL1-GFP-puro or pLKO-Scr-GFP-

puro), which also encode the reporter protein GFP and 

the puromycin resistance gene. 

 

Lentivirus production and cell transduction 

 

Lentivirus particles were produced as previously 

described [48] but without concentration. After 

lentiviral production, the lentivirus supernatant was 

filtered with 0.45 µm filters and stored at -80°C. For 

target cell transduction, 1 mL filtered viral supernatant 

mixed with 1 mL DMEM (10% Fetal Bovine Serum, 

FBS) was added to each well of 6-well plates containing 

50% confluent cells in the presence of 8 µg/mL 

polybrene (Sigma, MO, USA) and incubated with for 24 

hours. 

 

Transduced cells were either used directly 48h after 

transfection, or after selection by adding 2 µg/mL 

puromycin (Thermo Fisher) to the medium 72h after 

transfection and culturing for 1 week. After puromycin 

selection, flow cytometry analysis was performed to 

confirm that the entire cell population was GFP positive. 

These GFP positive cells, named as BMAL1-KD or 

control (Ctr) cells, were used for subsequent analysis.  

 

Analyses with or without puromycin selection are 

repeated with the cells from three independent lentivirus 

transductions. 

MTT cell proliferation assay 
 

The BMAL1-KD or control CRC cell lines were seeded 

in 96-well plates at an initial density of 2x103 cells per 

well. Cell proliferation was measured daily during 4 

days by Vybrant MTT Cell Proliferation Assay Kit 

(V13154, Molecular Probes, Invitrogen). Every time 

point was repeated 3-4 times in independent 

experiments. Two-way ANOVA was used for statistical 

analysis of 8 independent experiments. 

 

Cell proliferation curve analysis 

 

The BMAL1-KD or control CRC cell lines were seeded 

in 24-well plates at an initial density of 1x104 cells per 

well. After trypsinization (Trypsin-EDTA, Thermo 

Fisher, MA, USA) and suspension in PBS containing 

0.5% bovine serum albumin (BSA) and 2 mM EDTA, 

the number of living cells from each well was counted 

over 4 days by a Miltenyi Biotec AutoMACS 

cytometry. Three independent experiments were 

statistically analyzed by two-way ANOVA. 

 

Quantitative RT-PCR (qRT-PCR) 
 

Cells were collected and total RNA was extracted as 

previously described [49]. Reverse transcription was 

performed with Superscript II RT-kit (Invitrogen, CA, 

USA). Quantitative real time PCR was performed by 

using LightCycler 480 SYBR Green I master kit 

(Roche, Bâle, Switzerland). Primers of BMAL1 and 

36B4 were used for gene amplification were previously 

described [49]. P21 primer: Forward-GACACCACT 

GGAGGGTGACT and Reverse-CAGGTCCACATGG 

TCTTCCT. P53 primer: Forward-GTTCCGAGAGCT 

GAATGAGG and Reverse-TCTGAGTCAGGCCC 

TTCTGT. 

 

The relative quantification of target RNA by using 

36B4 as a reference was computed with the Relquant 

software (Roche, Bâle, Switzerland) with the “delta 

delta Ct” (∆∆Ct) method. T-test was used for 

statistical analysis. 
 

Flow cytometry analysis of S6 phosphorylation 
 

Cells were detached with Trypsin-EDTA (Thermo 

Fisher, MA, USA), fixed in ice-cold 70% ethanol, 

washed twice in ice-cold PBS and then centrifuged at 

300g for 10 min. Cells were incubated with anti-

Phospho-S6-APC (#14733; Cell Signaling, MA, USA) 

in PBS containing 0.5% bovine serum albumin (BSA) 

and 2 mM EDTA for 30 min at 4°C and labelled with 

Alexa Fluor® 647 or Alexa Fluor® 546 conjugated 

secondary antibodies (Molecular Probes) and Hoechst 

33342 (B2261, Sigma MO, USA). After labelling, cells 
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were washed once time and analyzed in an LSR 

Fortessa™ cell analyzer (Becton Dickinson, NJ, USA). 

 

Flow cytometry analysis of nuclear P53 expression  
 

Cells were trypsinized and centrifuged at 1200 rpm 

for 5 min and suspended very gently in citrate 

solution (0.1% Trisodium citrate and 0.058% NaCl, 

pH=7.6) containing 0.001% NP40 and 10 mg/mL 

Hoechst 33342, incubated for at least 2h (maximum 

24h) at 4°C to extract and stain cell nuclei. Cell nuclei 

were then incubated with anti-P53-PE (130-109-570, 

Miltenyi Biotec) in a PBS solution containing 0.5% 

BSA and 2 mM EDTA for 30 min at 4°C. After 

washing, nuclear P53 expression was analyzed by 

flow cytometry in an LSR FortessaTM cell analyzer 

(Becton Dickinson, NJ, USA). T-test was used for 

statistical analysis. 

 

Apoptosis assay  

 

48h after viral transduction, transfected cells were 

trypsinized and then 106 cells were washed in 1 mL of 

1x Binding Buffer (130-092-820, Miltenyi Biotec, 

Germany) and centrifuged at 300g for 10 min. After 15 

min incubation with anti-Annexin V-Alexa Fluor® 647 

(640943, BioLegend, CA, USA), cells were washed and 

suspended in 500 µL 1x binding buffer, 10 mg/mL 

propidium iodide (PI) solution was added immediately 

prior to analysis by flow cytometry. All the experiments 

or solution are realized at 4°C. T-test was used for 

statistical analysis. 

 

Immunofluorescence and confocal microscopy 
 

The cells were cultured on 17 mm coverslip until 

desired confluence (around 50%), fixed with 4% PFA, 

permeabilized with 0.1% Triton and then blocked with 

0.3% BSA before being incubated with primary (Anti-

pH2AX 9718, Cell Signaling) and secondary antibodies. 

The confocal images were captured by a confocal 

LEICA SP5-AOBS microscope with a 63X/1.4 NA oil-

immersion objective. Hoechst 33342 was used for 

nuclear staining. 

 

Cytoplasmic and nuclear extracts preparation  
 

Cytoplasmic and nuclear extracts of different cell lines 

were separated and prepared with NE-PER™ Nuclear 

and Cytoplasmic Extraction Reagents (78833, Thermo 

Fisher) by following the kit instruction. The different 

extracts were stored at -80°C until western-blot analysis 

by anti-P53 (2527, Cell signaling). HSC70 expression 

was used as a control of cytoplasmic protein loading 

(SPA-815, Stressgen) and LAMIN B1 (ab16048, 

Abcam) was used as nuclear protein loading. 

Western blot 
 

Western blot analysis was performed with sodium 

dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) as previously described [49] with 

different primary antibodies: Anti-HSC70 (SPA-815, 

Stressgen), or anti-BMAL1 (14020), anti-Phospho-S6 

ribosomal protein (Ser240/244; 5456), anti-S6 

ribosomal protein (2317), anti-phospho-AKT (Ser473; 

4060), anti-AKT(4691), anti-pmTOR (Ser2448; 2971), 

anti-mTOR (2972), anti-P21 Waf1/Cip1 (2947), anti-

MDM2 (86934), anti-P53 (2527) all from Cell 

Signaling Technology. The results were quantified by 

Image J. T-test was used for statistical analysis.  
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figure 

 

 

 

 
 

Supplementary Figure 1. Two binding sites for BMAL1 in NR1D1gene have been mapped in LOVO CRC cell by in silicon CHIP-
seq analysis, but only one binding site of PER or CRY was identified. 
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INTRODUCTION 
 

Renal cell carcinoma (RCC) is the most common renal 

malignancy globally, causing significant human 

mortalities each year [1, 2]. In clinical practices, 

nephroureterectomy of the early-stage RCCs is yet the 

only curable treatment procedure [1]. However, a large 

proportion of RCC patients are diagnosed at advanced 

stages. Over 25% of them have local invasion and 

systematic metastasis [1, 3]. These patients often have a 

poor prognosis [1, 3]. 
 

Novel molecularly-targeted agents are needed for better 

RCC treatment [4, 5]. In RCC, PTEN depletion, 

PI3KCA mutation, and receptor tyrosine kinases 

(RTKs) overactivation will result in sustained activation 

of phosphoinositide 3-kinase (PI3K)-AKT- mammalian 

target of rapamycin (mTOR) cascade [6–9]. This 

signaling is essential for cancer cell proliferation and 

migration, as well as angiogenesis and chemo-resistance 

[6, 9–11]. This cascade is now an established and 

critical therapeutic target of RCC. Temsirolimus and 

everolimus, two mTOR inhibitors, are approved by the 

FDA for the treatment of curtained advanced RCC  

[6, 9–11]. Our group has previously shown that WYE-

687, a AKT-mTORC1/2 inhibitor, potently suppressed 

RCC cell growth [12]. Recently, we demonstrated that a 

novel Akt inhibitor SC66 inhibited RCC cell 
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progression, but through AKT-dependent and AKT-

independent mechanisms [13]. 

 

VS-5584 is a potent dual inhibitor of PI3K and mTOR 

[14]. It displays almost equivalent activity against PI3K 

and mTOR [14]. This dual inhibitor exhibits certain 

pharmacokinetic properties. It is well-tolerated in animal 

studies [14]. The current study tested the anti-RCC cell 

activity of VS-5584. 

 

Bromodomain-containing protein 4 (BRD4), a member 

of the BET (bromodomain and extraterminal domain) 

family [15], binds acetylated-histones to participate in 

epigenetic processes [16–18]. It is required for 

chromatin structure formation in daughter cells in 

mitosis. BRD4 recruits positive transcription elongation 

factor b and phosphorylates RNA polymerase II. It is an 

essential step for transcription elongation and expression 

of several key oncogenes, including Bcl-2 and c-Myc 

[17, 19]. 

 

In cancer cells BRD4 overexpression promotes cell 

survival, proliferation, and resistance to apoptosis [20]. 

Recent studies have proposed a pivotal function of 

BRD4 in chemoresistance. The BRD4 inhibitor JQ1 

sensitized highly chemo-resistant pleural mesothelioma 

cells to cisplatin [21], and pancreatic cancer cells to 

gemcitabine [22]. The results of this study demonstrated 

BRD4 is a key resistance factor of VS-5584 in RCC 

cells. 

 

RESULTS 
 

VS-5584 inhibits survival, proliferation, cell cycle 

progression and migration in RCC 786-O cells 

 

The current study tested the potential anti-tumor 

activity of VS-5584, a novel dual inhibitor of 

PI3K/mTOR [14, 23], in RCC cells. 786-O RCC cells 

[12, 24] were treated with different concentrations (0.5-

10 μM) of VS-5584. MTT cell viability assay results 

showed that VS-5584 treatment inhibited 786-O cell 

survival in a dose- and time-dependent manner (Figure 

1A). The IC50 of VS-5584 was between 1-5 μM (at 

72/96-h treatment, Figure 1A). A lower dose of VS-

5584 (0.5 μM) was unable to significantly inhibit 786-

O cell viability (Figure 1A). Results in Figure 1B 

demonstrated that VS-5584 dose-dependently inhibited 

PI3K/mTORC1/2 cascade activation in 786-O cells. As 

shown in Figure 1B, treatment with VS-5584 inhibited 

the activation of phosphorylated (“p-”) p85, an 

indicator of PI3K activation, as well as of p-S6K1 

(Thr-389) and p-Akt (Ser-473), which are substrates of 

mTORC1 and mTORC2 [25], respectively. The total 

protein levels of p85, S6K1, and Akt1/2 remained 

unchanged (Figure 1B). 

To test cell proliferation in vitro, BrdU ELISA and soft 

agar colony formation assays were performed. VS-5584 

treatment (1-10 μM) significantly decreased BrdU 

ELISA OD (Figure 1C) and the number of 786-O 

colonies (Figure 1D). These results indicated its anti-

proliferative activity. Furthermore, VS-5584 dose-

dependently inhibited EdU incorporation in 786-O cells 

(Figure 1E), further confirming proliferation inhibition. 

 

Analysis of cell cycle distribution by PI-FACS showed 

that treatment with VS-5584 (2/5 μM) increased the 

percentage of cells in the G0/G1 phases, while 

decreasing the percentage of cells in the S and G2/M 

phases (Figure 1F). Testing cell migration in vitro, 

using “Transwell” assays, confirmed that VS-5584 (1-

10 μM) reduced the number of migrated 786-O cells 

(Figure 1G). At the lowest concentration (0.5 μM), VS-

5584 again failed to inhibit 786-O cell migration in 

vitro (Figure 1G). Treatment with vehicle control 

(dimethyl sulfoxide, 0.1-0.5%), as expected, had no 

significant effect on 786-O cell survival, proliferation 

and migration (Figure 1C–1G). These results show that 

VS-5584 inhibited survival, proliferation, cell cycle 

progression, and migration in RCC 786-O cells. 

 

VS-5584 induces apoptosis activation in RCC 786-O 

cells 
 

Cell death assay results showed that VS-5584 dose-

dependently induced LDH release into the culture 

medium (Figure 2A), indicating cell death. VS-5584 

treatment (1-10 μM) of 786-O cells also increased single 

strand DNA (ssDNA) production (Figure 2B). Western 

blotting assay results, Figure 2C, demonstrated that VS-

5584 dose-dependently induced cleavages of caspase-3, 

caspase-9 and PARP (poly ADP-ribose polymerase) in 

786-O cells. Additional studies demonstrated that the 

percentage of TUNEL-positive nuclei was significantly 

increased with VS-5584 (1-10 μM) treatment (Figure 

2D), thereby confirming apoptosis activation. Lower 

concentrations of VS-5584 (0.5 μM) failed to induce 

786-O cell apoptosis (Figure 2A–2D). Collectively, our 

data suggest that VS-5584 induced apoptosis activation 

in 786-O RCC cells. 

 

VS-5584 exerts anti-survival, anti-proliferative, and 

pro-apoptotic activity in the established and primary 

human RCC cells 

 

The anti-tumor effects of VS-5584 were tested on the 

established human A498 RCC cells and two different 

primary human RCC cells, RCC1 and RCC2 (see our 

previous studies [13]). Western blotting results showed 

that activation of PI3K (“p-p85”), mTORC1 (“p-

S6K1”), and mTORC2 (“p-Akt at Ser-473”) was 

inhibited by VS-5584 treatment (5 μM, 2 h) in A498 
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Figure 1. VS-5584 inhibits survival, proliferation, cell cycle progression and migration in RCC 786-O cells. RCC 786-O cells were 
either left untreated (“C”, same for all Figures), or treated with applied concentrations of VS-5584 (0.5-10 μM), cells were further cultured for 
the indicated time; Cell survival (A, MTT assay), PI3K-mTORC1/2 activation (B, Western blotting), cell proliferation (C–E, BrdU EILSA, soft agar 
colony formation and EdU incorporation staining assays) and cell cycle progression (F, PI-FACS) were tested, with cell migration examined by 
“Transwell” assays (G). For “EdU” assays, at least 800 cells in five random views were included to calculate EdU ratio for each treatment 
(same for all Figures). For “Transwell” assays five random views were included to calculate average number of migrated cells (same for all 
Figures). Data were presented as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “C” group. The in vitro experiments were repeated four 
times, and similar results were obtained. Bar = 100 μm (E, G). 
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and primary human RCC cells (Figure 3A). The basal 

PI3K/mTORC1/2 activity was low in HK-2 renal 

epithelial cells (Figure 3B). Treatment with VS-5584 (5 

μM) significantly inhibited the viability (MTT OD, 

Figure 3C) and proliferation (BrdU ELISA OD and 

nuclei EdU staining, Figure 3D, 3E) of A498 and 

primary RCC cells. Cell migration, tested by the 

“Transwell” assay, was largely inhibited in VS-5584-

treated RCC cells (Figure 3F). 

 

The ssDNA ELISA OD, an indicator of cell apoptosis, 

was increased in VS-5584-treated RCC cells (Figure 

3G). To further confirm apoptosis activation we show 

that the ratio of TUNEL-positive nuclei was 

significantly increased with VS-5584 treatment in the 

RCC cells (Figure 3H). Whereas in HK-2 renal 

epithelial cells, the same VS-5584 treatment (5 μM) 

failed to inhibit cell survival (Figure 3C), proliferation 

(Figure 3D, 3E) and migration (Figure 3F). Nor did it 

induce apoptosis activation (Figure 3G, 3H). Thus, VS-

5584 induced anti-survival, anti-proliferative, anti-

migration and pro-apoptotic activities in established 

(A498) and primary human RCC cells. 

 

To test the anti-RCC activity of VS-5584 in vivo, nude 

mice were subcutaneously inoculated with 786-O cells 

to form xenografts. Tumor growth curve analysis 

showed that a daily single dose of VS-5584 (20 mg/kg, 

oral administration) significantly inhibited 786-O tumor 

growth (Figure 3I). By calculating the estimated daily 

tumor growth, using the formula (tumor volume at 

day35− tumor volume at day0) ÷ 35, we show that 786-

O xenograft growth in vivo was inhibited following 

treatment with VS-5584 (Figure 3J). The body weights 

of the experimental mice were not significantly 

different between the two groups (Figure 3K). There 

were no noticeable signs of apparent toxicity, 

suggesting that the VS-5584 treatment was well 

tolerated in the xenograft mouse model. 

BRD4 inhibition potentiates VS-5584-induced RCC 

cell death and apoptosis 

 

Although VS-5584 exerts anti-tumor effects against 

human RCC cells, its efficacy appears to be relatively 

low with an IC50 of 1-5 μM (Figures 1, 2), suggesting 

that RCC cells show resistance to VS-558. The BET 

family protein BRD4 is required for transcription 

elongation [17]. The BRD4-dependent proteins, Bcl-2 

[26] and c-Myc [27, 28], are key oncogenic proteins. To 

examine the potential activity of BRD4 in 

chemoresistance, Western blotting was used to analyze 

BRD4 protein levels in tumor tissue lysates (Figure 3I). 

Results showed that BRD4 protein levels were 

significantly increased in VS-5584-treated 786-O tumor 

tissues compared with those in vehicle control-treated 

tumor tissues (Figure 4A). Therefore, VS-5584 

administration in vivo induced BRD4 expression. 

Similarly, the protein levels of BRD4, Bcl-2, and c-Myc 

were increased in VS-5584 (2/5 μM)-treated 786-O 

cells in vitro (Figure 4B). 

 

To confirm BRD4-induced RCC resistance to VS-5584, 

two known BRD4 inhibitors, JQ1 and CPI203, were 

utilized. Both BRD4 inhibitors blocked VS-5584 (5 

μM)-induced Bcl-2 and c-Myc upregulation (Figure 

4B). Furthermore, treatment with JQ1 and CPI203 

significantly enhanced the ability of VS-5584 (2/5 μM) 

to decrease 786-O cell viability (Figure 4C) and to 

enhance apoptosis (Figure 4D). Treatment with JQ1 or 

CPI203 alone induced minor but significant 786-O cell 

death and apoptosis (Figure 4C, 4D). 

 

In primary RCC cells (“RCC1”), VS-5584 treatment (5 

μM, 24 h) induced feedback upregulation of BRD4, 

Bcl-2, and c-Myc (Figure 4E). Furthermore, treatment 

with JQ1 or CPI203 potently enhanced the cytotoxicity 

of VS-5584 in primary cancer cells (Figure 4F, 4G). 

Co-treatment with VS-5584 and the BRD4 inhibitors 

 

 
 

Figure 2. VS-5584 induces apoptosis activation in RCC 786-O cells. RCC 786-O cells were treated with applied concentrations of VS-
5584 (0.5-10 μM), cells were further cultured for the indicated time; Cell death was tested by LDH medium release assay (A); Cell apoptosis 
was tested by ssDNA ELISA (B), Western blotting testing apoptosis proteins (C), and nuclei TUNEL staining (D). Data were presented as mean 
± standard deviation (SD, n=5). *p< 0.05 vs. “C” group. The in vitro experiments were repeated four times, and similar results were obtained. 
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Figure 3. VS-5584 exerts anti-survival, anti-proliferative, and pro-apoptotic activity in the established and primary human 
RCC cells. A498 cells, the primary human RCC cells (“RCC1/RCC2”) or HK-2 renal epithelial cells were treated with VS-5584 (5 μM), cells 
were further cultured for indicated time; PI3K-mTORC1/2 activation (A, B, Western blotting), cell survival (C, MTT), proliferation (D, BrdU 
EILSA and E, nuclei EdU staining), migration (F, “Transwell” assay) and apoptosis (G, ssDNA ELISA and H, TUNEL staining) were tested. The 
786-O xenograft tumor-bearing nude mice were administrated with vehicle control (“Vehicle”, saline), VS-5584 (20 mg/kg, oral 
administration, daily), the tumor volumes (I) and mice body weights (J) were recorded every five days for a total of 35 days; The 
estimated daily tumor growth was calculated (K); Data were presented as mean ± standard deviation (SD). *p< 0.05 vs. “C” group  
(C–H, n=5). *p< 0.05 vs. “Vehicle” (I, J, n=10). The in vitro experiments were repeated four times, and similar results were obtained. Bar = 
100 μm (E, F, H). 
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(JQ1/CPI203) failed to induce significant reduction in 

cell viability (Figure 4H) and apoptosis (Figure 4I) in 

HK-2 epithelial cells. 

 

BRD4 is the primary resistance factor of VS-5584 in 

RCC 786-O cells 

 

Because the pharmacological BRD4 inhibitors (JQ1 and 

CPI203) might have off-target toxicities, genetic 

strategies were employed to alter BRD4 expression in 

786-O cells. Two lentiviral BRD4 shRNAs, with  

non-overlapping sequences (“sh-BRD4-S1/S2”), were 

transfected into 786-O cells. Western blotting results 

showed that the protein expression of BRD4, as well as 

the BRD4-regulated c-Myc gene were significantly 

downregulated by BRD4 shRNA treatment (Figure 5A). 

Importantly, 786-O cells transduced with BRD4 shRNA 

were more vulnerable to VS-5584 treatment, showing 

an increased viability reduction (Figure 5B) and 

apoptosis (Figure 5C). 

 

To confirm BRD4 knockdown results, a CRISPR-Cas9-

BRD4-KO plasmid was transfected into RCC 786-O 

cells to completely knockout BRD4 protein in the stable 

cells. In BRD4-KO cells, no BRD4 protein expression 

was observed even with VS-5584 treatment (5 μM, 

 

 
 

Figure 4. BRD4 inhibition potentiates VS-5584-induced RCC cell death and apoptosis. The 786-O xenograft tumor-bearing nude 
mice were administrated with vehicle control or VS-5584 (20 mg/kg, oral administration, daily), at treatment Day-2 and Day-4, 4 h after the 
VS-5584 or vehicle administration, two tumors (“Set-1/Set-2”) of each group were isolated, expression of BRD4 and Tubulin in tumor lysates 
was shown (A). 786-O cells (B) and primary human RCC cells (“RCC1”, E) were treated VS-5584 (or plus BRD4 inhibitors, B) for 24 h, listed 
proteins in total cell lysates were tested by Western blotting. 786-O cells (C, D), RCC1 primary cancer cells (F, G) or HK-2 cells (H, I) were 
pretreated with JQ1 (500 nM) or CPI203 (500 nM) for 30 min, followed by VS-5584 (2/5 μM) treatment for 48/72 h, cell survival and 
apoptosis were tested by MTT (C, F, H) and ssDNA ELISA (D, G, I), respectively. The listed proteins were quantified (B, E). Data were presented 
as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “C” group. #p< 0.05. 
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24 h; Figure 4D). c-Myc expression was significantly 

decreased (Figure 5D). Compared with control cells, 

BRD4-KO 786-O cells were significantly more 

sensitive to VS-5584 (Figure 5E, 5F). 

Based on the above results, we predicted that forced 

BRD4 overexpression shall inhibit VS-5584 activity. To 

test this hypothesis, a lentiviral BRD4-expression vector 

was transfected into 786-O cells. After puromycin 

 

 
 

Figure 5. BRD4 is the primary resistance factor of VS-5584 in RCC 786-O cells. In VS-5584-treated stable 786-O cells with BRD4 
shRNA (“sh-BRD4-S1/S2”, A–C), CRISPR-Cas9-BRD4-KO plasmid (D–F) or BRD4-expression vector (“BRD4-GFP”, G–I), BRD4, c-Myc and tubulin 
expression was shown (A, D, G). Cell survival and apoptosis were tested by MTT (after 72 h, B, E, H) and ssDNA ELISA (after 48 h, C, F, I), 
respectively. The listed proteins were quantified (A, D, G). Data were presented as mean ± standard deviation (SD, n=5). *p< 0.05 vs. “C” 
group. #p< 0.05. 
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selection, the stable cells showed exogenous BRD4 

expression (tagged with GFP, Figure 5G). c-Myc 

expression was increased in BRD4-overexpressing cells 

(Figure 5G). Compared with the vector control cells, 

BRD4-overexpressing cells showed significant reduction 

in cell death (Figure 5H) and apoptosis activation 

(Figure 5I) following VS-5584 treatment. Collectively, 

these results confirm that BRD4 is the primary factor of 

VS-5584 resistance in RCC cells. 

 

DISCUSSION 
 

There are two mTOR complexes, namely mTORC1 and 

mTORC2. mTORC1 inhibitors, such as everolimus, 

have been approved by the FDA for the clinical 

treatment of certain human RCCs [6, 9]. Yet, the clinical 

application of these inhibitors has several limitations. 

Rapamycin and its analogs can only partially inhibit 

mTORC1 activity [29, 30]. They fail to directly inhibit 

mTORC2, which is also important in the progression of 

RCC [7, 31]. 

 

VS-5584 is a novel PI3K/mTOR dual inhibitor, showing 

almost equivalent activity against PI3K and mTOR [14]. 

We found that VS-5584 blocked both mTORC1 and 

mTORC2 activation, as well as PI3K-Akt activity in 

RCC cells. We failed to observe feedback Erk-MAPK 

activation in VS-5584-treated RCC cells. A single daily 

oral dose of VS-5584 (20 mg/kg) significantly inhibited 

786-O tumor growth in vivo. Hence, our data suggest 

that inhibition of the entirePI3K/AKT/mTOR cascade by 

VS-5584 could explain its superior anti-RCC cell 

activity. 

 

Another important finding of this study was that BRD4, 

the BET family protein, is a key resistance factor against 

VS-5584 in RCC cells. VS-5584 treatment induced 

feedback upregulation of BRD4 in RCC cells, resulting 

in expression of BRD4 target proteins, Bcl-2 and c-Myc. 

Co-treatment with BRD4 inhibitors (JQ1/CPI203) 

potentiated VS-5584-induced RCC cell death and 

apoptosis. Furthermore, BRD4 knockdown or knockout 

enhanced VS-5584-induced cytotoxicity in RCC cells. 

Conversely, forced overexpression of BRD4 attenuated 

VS-5584-induced 786-O cell apoptosis. 

 

The pharmacological and genetic evidence provided by 

this study indicate that BRD4 is a VS-5584 drug 

resistance factor in RCC cells. BRD4 inhibition may be 

an important strategy to sensitize RCC cells to VS-

5584. The observed resistance to a PI3K-Akt inhibitor 

could be driven by the feedback activation of receptor 

tyrosine kinases (RTKs) [32]. It has been previously 

shown that BET inhibitors dissociated BRD4 from 

chromatin at the regulatory regions of multiple RTKs 

to reduce their expression level [32], thereby 

sensitizing a broad range of tumor cell lines to PI3K-

Akt inhibitors [32]. Wang et al. demonstrated that 

BRD4 inhibition suppressed Sonic hedgehog signaling 

to sensitize pancreatic ductal adenocarcinoma cells to 

gemcitabine [22]. Moreover, JQ1 in combination with 

cisplatin induced synergistic inhibitory effects on 

human malignant pleural mesothelioma cells, possibly 

via the promotion of cell senescence and apoptosis 

[21]. Further studies are needed to explore the 

underlying mechanisms of BRD4 upregulation by VS-

5584, and how BRD4 inhibition sensitizes RCC cells to 

VS-5584. 

 

In summary, VS-5584 potently inhibits RCC cell 

proliferation and survival. Its anti-tumor activity is 

further enhanced by the targeted inhibition of BRD4. 

 

MATERIALS AND METHODS 
 

Chemicals and reagents 
 

VS-5584, JQ1, and CPI203 were obtained from Sigma-

Aldrich (St. Louis, MO). Cell culture reagents were 

purchased from Gibco (Grand Island, NY). The 

antibodies were purchased from Cell Signaling 

Technology (Danvers, MA). Puromycin was obtained 

from Sigma-Aldrich. 

 

Cell culture 

 

Established human RCC cell lines (786-O and A498) as 

well as HK-2 human renal epithelial cells were obtained 

as described previously [13, 33]. The primary human 

RCC cells, derived from two different primary RCC 

patients (“RCC1” and “RCC2”, PTEN-null), were 

reported early [13]. The primary human cells were 

cultured in an appropriate medium as described 

previously [34]. 

 

Methylthiazol tetrazolium (MTT) assay 

 

Cells were seeded onto a 96-well tissue culture plate (3 × 

103cells per well). MTT assay was performed to test cell 

viability, according to the manufacturer’s instructions 

(Sigma-Aldrich). The MTT optical density (OD) at 590 

nm was recorded. 

 

Soft agar colony formation assay 

 

A total of 10,000 RCC 786-O cells per treatment were 

seeded on the top layer of 0.35% solidified agar in 

complete medium in 10-cm culture dishes, with the 

bottom layer containing 0.8% agar. VS-5584 was added 

to the complete medium and replaced every two days 

for a total of 10 days. Following this, colonies were 

stained with crystal violet (Sigma) and counted. 
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BrdU (5-bromo-2-deoxyuridine) enzyme-linked 

immunosorbent assay (ELISA) 

 

Cells were seeded onto 96-well tissue culture plates (3 × 

103 cells per well). The BrdU ELISA kit (Roche 

Diagnostics, Basel, Switzerland) was utilized to test cell 

proliferation in vitro. The BrdU ELISA absorbance at 

405 nm was recorded. 

 

Cell cycle assay 
 

The propidium iodide (PI; Invitrogen, Carlsbad, CA) flow 

cytometry assay was applied to test cell cycle distribution. 

Cells were seeded onto 6-well tissue culture plates (2 × 

105 cells per well). Following the applied treatment, cells 

were washed, fixed, and incubated with DNase-free 

RNase and PI. Cells were tested using a FACSCalibur 

instrument (BD Biosciences, Shanghai, China). 

 

In vitro cell migration assay 

 

As described human RCC cells or the HK-1 cells (4 × 104 

cells of each condition in 200 μL serum-free medium) 

were seeded on the upper surfaces of “Transwell” 

chambers, coated with Matrigel (Sigma) [35, 36]. The 

lower compartments were filled with FBS-containing 

complete medium. Following incubation, the migrated 

cells to the lower chambers were fixed, stained and 

counted. 

 

EdU assay of cell proliferation 

 

RCC cells or the HK-1 cells (1 × 10 5cells/well) were 

seeded onto the six-well plates. An EdU (5-ethynyl-20-

deoxyuridine) Apollo-488 In Vitro Imaging Kit (Ribo-

Bio, Guangzhou, China) [37] was applied to examine 

and quantify cell proliferation. In brief, EdU (2.5 μM) 

dye was added to RCC cells or the HK-1 cells for 6-8h. 

Cell nuclei were co-stained with DAPI for 15 min, and 

visualized via a fluorescent microscope (Leica). 

 

Lactate dehydrogenase (LDH) assay for cell death 
 

Cells were seeded onto 6-well tissue culture plates (2 × 

105cells per well). Cell death was examined by 

measuring the LDH content in the medium, using a 2-

step enzymatic reaction LDH assay kit (Takara, Tokyo, 

Japan). Percentage of LDH release = LDH released in 

conditional medium ÷ (LDH released in conditional 

medium + LDH in cell lysates). 

 

Terminal deoxynucleotidyl transferase dUTP nick-

end labeling (TUNEL) assay 
 

As described previously [33], cells were seeded onto  

6-well tissue culture plates (2 × 105cells per well). 

TUNEL In Situ Cell Death Detection Kit (Roche 

Diagnostics, Shanghai, China) was utilized to quantify 

the number of TUNEL-labeled apoptotic nuclei. 

 

Western blotting 

 

After the applied treatment, cells were treated with 

lysis buffer [38]. The total cell protein lysates (30 μg 

per treatment) were analyzed. Western blotting was 

performed following a previously described protocol 

[33]. Protein bands were visualized using enhanced 

chemiluminescence (ECL) reagents (Pierce, Suzhou, 

China), and quantified using the ImageJ software 

(National Institutes of Health). 

 

Single stranded DNA (ssDNA) ELISA 
 

ssDNA accumulation is a characteristic marker of cell 

apoptosis. For each treatment, 30 μg of cell lysate 

(using the lysis buffer for western blotting) was 

analyzed. A ssDNA ELISA kit (Roche Diagnostics) was 

utilized to quantify DNA fragmentation. The ssDNA 

ELISA absorbance was recorded at 450 nm. 

 

BRD4 shRNA 

 

Two different lentiviral BRD4 shRNAs, with unique 

and non-overlapping sequences (“S1/S2”), were 

provided by Dr. Zhao [39]. 786-O cells were seeded 

onto 6-well tissue culture plates (2 × 105cells per 

well). Cells were transfected with BRD4 shRNA 

lentivirus for 24 h. Puromycin (2 μg/mL) was then 

used to select stable cells (4-5 passages). BRD4 

knockdown in the stable cells was confirmed by 

Western blotting. Control cells were transfected with 

lentiviral scramble control shRNA (Santa Cruz 

Biotechnology). 

 

Exogenous BRD4 overexpression 
 

The pSUPER-puro-BRD4-GFP expression vector was 

provided by Dr. Zhao [39], and was transfected into 

HEK-293T cells together with the viral packaging 

proteins VSVG and Hit-60 (Promega, Shanghai, 

China). After 48 h, the medium containing the virus 

particles was filtered, and 786-O cells were incubated 

in this medium for additional 48 h. Puromycin was 

used to select the stable cells (4-5 passages). 

Exogenous BRD4 overexpression in stable cells was 

confirmed by western blotting. 

 

BRD4 knockout (KO) 
 

The CRISPR/Cas9 BRD4 KO plasmid (sc-400519-KO-

2; Santa Cruz Biotechnology) was transfected to 786-O 

cells using Lipofectamine 2000 reagent (Invitrogen, 
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Shanghai, China), and selected with puromycin after  

4-5 passages. Control cells were treated with an empty 

vector with control small guide RNA (sgRNA; Santa 

Cruz Biotechnology). BRD4 expression in stable cells 

was tested by western blotting. 

 

Xenograft assay 
 

The female nude mice were provided by the Animal 

Center of Chinese Academy of Science (Shanghai, 

China). 786-O cells were injected subcutaneously 

(s.c.) to the flanks of the nude mice. Within 20 days 

subcutaneous xenografts were established (around  

100 mm3). Mice (n=10 each group) were treated  

with VS-5584. Mice body weight and bi-dimensional 

tumor measurements were taken every five days for a 

total of 35 days [40]. The animal protocol was 

approved by the Ethics Committee of Wenzhou 

Medical University. 

 

Statistical analysis 
 

Quantitative results were presented as mean ±  

standard deviation (SD). Results were compared by 

one-way analysis of variance (ANOVA) followed  

by Tukey's test (SPSS version 21.0, Chicago, IL). 

Values of p< 0.05 were considered as statistically 

significant. 
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INTRODUCTION 
 

Worldwide, breast cancer (BC) is the most frequently 

diagnosed and the most lethal gynecologic malignancy 

in women [1], and it is an increasing concern because of 

rising morbidity rates. Although major advances have 

been made in the treatment of BC, the prognosis for 

most patients would be significantly worse once 

metastasis occurs [2]. Metastasis is the impetus for most 

patient deaths and represents the fundamental challenge 

of clinical treatment for patients with BC. The initiation 

and metastasis of BC are intricate processes triggered 

by multiple genes and intracellular signal transduction 

cross-talk. Thus, looking for valid molecular hallmarks  

and understanding the mechanisms of BC initiation and 

metastasis processes are urgently needed.  

 

Sparc/osteonectin, cwcv and kazal-like domains 

proteoglycan 1 (SPOCK1), is also known as TIC1, 

SPOCK, and TESTICAN, and it belongs to the 

multidomain testicular proteoglycan family [3]. This 

protein family includes SPARC, TESTICAN-2, and 

TESTICAN-3, which are associated with cell 

proliferation and metastasis [4]. SPARC has been 

properly reported in a variety of cancers [5, 6], 

emphasizing its involvement in cell proliferation, 

angiogenesis and epithelial-to-mesenchymal transition 

(EMT). Recent discoveries have revealed that SPOCK1 
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ABSTRACT 
 

SPOCK1 is highly expressed in many types of cancer and has been recognized as a promoter of cancer 
progression. Its regulatory mechanism in breast cancer (BC) remains unclear. This study aimed to explore 
the precise function of SPOCK1 in BC progression and to identify the mechanism by which SPOCK1 is 
involved in cell proliferation and epithelial-mesenchymal transition (EMT). Immunohistochemistry (IHC) 
experiments and database analysis showed that high expression of SPOCK1 was positively associated with 
histological grade, lymph node metastasis (LN) and poor clinical prognosis in BC. A series of in vitro and in 
vivo assays elucidated that altering the SPOCK1 level led to distinct changes in BC cell proliferation and 
metastasis. Investigations of potential mechanisms revealed that SPOCK1 interacted with SIX1 to enhance 
cell proliferation, cell cycle progression and EMT by activating the AKT/mTOR pathway, whereas inhibition 
of the AKT/mTOR pathway or depletion of SIX1 reversed the effects of SPOCK1 overexpression. 
Furthermore, SPOCK1 and SIX1 were highly expressed in BC and might indicate poor prognoses. Altogether, 
the SPOCK1/SIX1 axis promoted BC progression by activating the AKT/mTOR pathway to accelerate cell 
proliferation and promote metastasis in BC, so the SPOCK1/SIX1 axis might be a promising clinical 
therapeutic target for preventing BC progression. 
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is overexpressed in colorectal cancer, non-small cell 

lung cancer and glioblastoma [7–9]. Meanwhile, some 

reports revealed that SPOCK1 may promote the 

invasion and metastasis of gastric cancer and glioma 

[10, 11] and may confer a poor prognosis in urothelial 

carcinoma [12]. Nevertheless, the underlying 

mechanisms and functions of SPOCK1-induced BC 

activities, including cancer development and metastasis 

processes, are far from clear. Here, we described the 

oncogenicity of SPOCK1 and clarified the molecular 

mechanism of SPOCK1 involved in BC evolution. 

 

EMT initially occurs in embryogenesis, and it is a kind 

of reversible and rapid change in cell phenotype, which 

is defined as changes in the epithelial phenotype into 

mesenchymal features [13], including loss of contact 

inhibition ability, promoting cell motility and 

invasiveness [14]. It is noteworthy that SIX homeobox 

1 (SIX1), also known as BOS3, TIP39, and DFNA23, 

an indispensable transcription factor of organogenesis 

[15], plays a fatal role in promoting the cell EMT 

process [16–18]. SIX1 expression is negligible in 

normal adult organs, and its aberrant expression may 

lead to carcinogenesis [19]. Recently, SIX1 was found 

to be involved in cellular proliferation, invasion and the 

Warburg effect [16, 20]. In BC, SIX1 is highly 

expressed in half of primary cancers and 90% of cancer 

metastases [21]. In addition, SIX1 contributed to the 

initiation and prognosis of tumors [22]. To date, there 

are no similar reports regarding the association between 

SIX1 and SPOCK1 in BC evolution.  

 

Herein, we aimed to reveal that overexpression of 

SPOCK1/SIX1 was related to BC cell proliferation and 

metastasis and predicted poor prognosis in BC patients 

via bioinformatic analysis of available BC datasets and 

immunohistochemical (IHC) assays. Additionally, we 

demonstrated that SPOCK1/SIX1 activated the 

PI3K/AKT/mTOR pathway, consequently promoting 

BC cell proliferation, accelerating cell cycle 

progression, and triggering the cell EMT program and 

metastasis, which provides new targets for BC 

therapies. 

 

RESULTS 
 

SPOCK1 was abnormally and strongly expressed 

and associated with metastasis and poor prognosis in 

BC  
 

SPOCK1 was highly expressed in various cancers, 

including prostate cancer, pancreatic cancer, lung 

cancer and breast cancer (Figure 1A). We analyzed 

SPOCK1 mRNA expression across different datasets 

[23–25] from the Oncomine database and found that 

SPOCK1 was more highly expressed in BC than in 

normal tissues (Figure 1B). The median rank of 

SPOCK1 in highly expressed genes of BC was 672.0 

based on a meta-analysis across seven datasets for 

Oncomine algorithms (P=1.06E-11) (Figure 1C). 

Furthermore, the UALCAN database, which integrated 

TCGA samples, showed the same results (Figure 1D). 

UALCAN also showed mRNA expression of SPOCK1 

in 33 kinds of cancers, in which several cancers, 

including breast cancer, exhibited increased SPOCK1 

expression. In the HPA database, SPOCK1 protein 

expression was hardly detected in normal sections, but 

there were significantly higher levels in BC (Figure 1E).  

 

To further confirm the expression pattern of SPOCK1 in 

BC, 80 BC tissues and 10 adjacent nontumor tissues 

were examined by IHC assay. IHC analysis showed that 

SPOCK1 was significantly more highly expressed in 

BC tissues than in adjacent nontumor tissues. The 

positive rate (93.8%; 75/80) and strongly positive rate 

(72.5%; 58/80) of SPOCK1 in BC were both 

significantly higher than in adjacent nontumor tissues 

(30.0%, 3/10 and 10%; 1/10) (P<0.001) (Figure 1F, 

Table 1), which confirmed that SPOCK1 was aberrantly 

upregulated in BC. Notably, aberrant SPOCK1 

expression was associated with histological 

differentiation (P=0.011) and LN metastasis (P=0.026) 

but not with patient age or ER and PR status (Figure 

1G, Table 2). Moreover, high SPOCK1 expression was 

markedly related to unfavorable outcomes in BC 

patients. We evaluated the relationship between the 

SPOCK1 expression level and OS, RFS, PPS and 

DMFS of patients with BC using the Kaplan-Meier 

plotter database. As shown in Figure 1H, high SPOCK1 

expression resulted in shorter OS, RFS, PPS and DMFS 

in various datasets. Finally, the level of SPOCK1 was 

significantly higher in the high-risk group than in the 

low-risk group according to the SurvExpress database. 

In general, these results underscored that SPOCK1 was 

strongly expressed in BC and could serve as an outcome 

predictor in BCs. 

 

SPOCK1 accelerated cell cycle progression and 

promoted cell proliferation in BC  
 

To verify the potential oncogenic activity of SPOCK1 

in BC, we surveyed endogenous SPOCK1 expression in 

a series of BC cell lines and a normal immortalized 

mammary gland cell line by western blot. Among the 7 

cell lines, the MCF7 and SKBR3 cell lines exhibited 

high SPOCK1 expression, and the MDA-MB-231 and 

HS 578T cell lines showed low expression (Figure 2A). 

To explore the potential biological function of 

SPOCK1, we chose MCF7 and SKBR3 cell lines for 

SPOCK1 knockdown and MDA-MB-231 and HS 578T 

cell lines for stable SPOCK1 overexpression. The level 

of SPOCK1 expression in stable infected cell lines was 



 

www.aging-us.com 1034 AGING 

 
 

Figure 1. Overexpression of SPOCK1 is positively associated with histological grade, LN metastasis and poor prognosis in BC. 
(A) The graphic showed the numbers of datasets with statistically significant mRNA high expression (red) or down-expression (blue) of 
SPOCK1 (cancer vs. Normal tissue). The P-value threshold was 0.01. (B) Box plots derived from gene expression data in Oncomine comparing 
expression of SPOCK1 in normal and BC tissue. The P-value was set up at 0.01 and fold change was defined as 2. (C) A meta-analysis of 
SPOCK1 gene expression from seven Oncomine databases where colored squares indicated the median rank for SPOCK1 (vs. Normal tissue) 
across 7 analyses. (D) The expression of SPOCK1 was elevated in BC compared to normal breast tissues. Data derived from UALCAN database. 
(E) Expression of SPOCK1 across TCGA carcinomas from Ualcan database (a); overview of SPOCK1 protein levels in BC tissues and normal 
breast tissues (b-c). (F) IHC staining (negative, weak, moderate and strong expression) for SPOCK1 in BC tissues (a-d). (G) Relationships 
between SPOCK1 expression and clinicopathologically significant aspects of BC. (H) Overall survival (OS) (a-c), relapse free survival (RFS) (d-i), 
post progression survival (PPS) (J), distant metastasis free survival (DMFS) (k) and risk assessment curves (l) of patients with or without 
elevated SPOCK1 levels. Survival data derived from Kaplan–Meier (KM) plotter database. High SPOCK1 expression levels were found in high 
risk groups of BC patients. Box plots generated by SurvExpress showed the expression levels of SPOCK1 in indicated dataset and the P-value 
resulting from a t-test. Low-risk groups are denoted in green and high-risk groups in red, respectively. 
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Table 1. SPOCK1 expression in BC. 

Diagnosis 
 

No. of case 
Positive cases Positive rates Strongly positive rates 

- + ++ +++ 
  

Breast cancer  80 5 17 26 32 93.8% 72.5% 

Adjacent non-tumor  10 7 2 1 0 30.0% 10.0% 

x
2
       31.262 15.377 

P       0.000 0.000 

 

Table 2. Relationship between SPOCK1 expression and clinicopathologic features of BC patients. 

Variables No. of case SPOCK1 strongly positive cases (%) χ
2
 P value 

Age 
    

   ≥52 43 74.4%(32/43) 
0.172 0.679 

   <52 37 70.3%(26/37) 

Histological grade 

 
   

   Grade-1 20 45%(9/20) 

8.996 0.011*    Grade-2 30 73.3%(22/30) 

   Grade-3 18 88.9%(16/18) 

ER 

 
   

   Positive 50 70%(35/50) 
0.418 0.518 

   Negative 30 76.7%(23/30) 

PR 

 
   

   Positive 54 70.4%(38/54) 
0.653 0.419 

   Negative 24 79.2%(19/24) 

LN metastasis 

 
   

   Yes 26 65.4%(17/26) 
4.941 0.026* 

   No 54 38.9%(21/54) 

*P<0.05 and **P<0.01 
 

verified by western blot (Figure 2B), and the 

transfection efficiency is shown in Figure 2C. The best 

silencing effect was obtained with the shSPOCK1#2 

and shSPOCK1#3 constructs for MCF7 and SKBR3 

cell lines. Meanwhile, stable overexpression of 

SPOCK1 in MDA-MB-231 and HS 578T cells was 

exhibited. 

 

MTT and EdU incorporation assays were used to 

determine the potential function of SPOCK1 in BC 

proliferation. As shown in Figure 2D, 2E, silencing 

SPOCK1 significantly suppressed cell growth, whereas 

SPOCK1 overexpression promoted cell proliferation. 

Similarly, upregulation of SPOCK1 facilitated cell 

clonogenicity, while SPOCK1 knockdown resulted in 

smaller and fewer colonies than the controls (Figure 

2F). We further analyzed the influence of the cell cycle 

on SPOCK1 expression at different levels. The flow 

cytometry assay indicated that cells with higher 

SPOCK1 expression accelerated the progression of 

G2/M phase, compared with the respective control 

(Figure 2G). Additionally, SPOCK1 knockdown 

decreased the levels of Cyclin-B1, CDK1, C-myc and 

Survivin, which was coupled with a concomitant 

increase in the expression of P21 and P27 (Figure 2H). 

Conversely, ectopic expression of SPOCK1 displayed 

harmful results. Together, the results demonstrated that 

SPOCK1 plays a crucial role in the BC cell cycle and 

proliferation in vitro. 

 
In vivo, stable BC cells with modified SPOCK1 

expression were subcutaneously injected into the fourth 

mammary fat pad of nude mice. The tumor volumes 

formed by cells with high SPOCK1 expression were 

significantly greater than those from cells with low 

SPOCK1 expression (Figure 2I). Additionally, the 

expression of Ki67 in the MCF7-NC group, SKBR3-NC 

group and MDA-MB-231-SPOCK1 group was much 

higher than it was in the negative control groups (Figure 

2J). Overall, these findings suggested that SPOCK1 

promoted BC cell growth in vivo. 

 

SPOCK1 promoted BC metastasis via the EMT 

process 
 

Next, we observed the metastatic ability of BC cells 

with different SPOCK1 expression. The wound-healing 

assay results indicated that cells with higher SPOCK1 
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Figure 2. SPOCK1 influences BC cell growth. (A) Protein expression levels of SPOCK1 in BC cell lines as determined by western blot 
analysis. (B) MCF7/SKBR3 cells with SPOCK1 silencing and MDA-MB-231/HS 578T cells with SPOCK1 overexpression were established by viral 
transduction. The SPOCK1 levels in these established cell lines were verified by western blot analysis at 48 h after transfection. (C) Cells in 
bright light and GFP were captured to merge for displaying the transfection efficiency. (D) Cell viability was examined by MTT assay.  
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(E) Results of EdU assay on BC cells. Representative photographs are shown at the original magnification, ×100. (F) Cell clonogenic capacity 
was measured by colony formation assay. (G) Flow-cytometry analysis was performed to detect cell cycle progression. (H) The expression of 
proteins related cell cycle (CDK1, Cyclin-B1, P21, P27, C-mvc and Survivin) was determined by western blot analysis. GAPDH was used as a 
loading control. (I) Xenograft tumors formed by injecting the indicated cells. Relative tumor volume curves were summarized in the line chart 
(*P<0.05). (J) IHC staining of the proliferation marker Ki67 in xenograft tumors. The relative percentage of Ki67-positive cells was summarized 
in the bar charts. The P values were obtained using t-tests (***P<0.001, ****P<0.0001). All results are from three independent experiments. 
The error bars represent the SD.  
 

expression displayed a more widespread wound closure 

area than the corresponding control (Figure 3A). 

Transwell assays provided evidence that was consistent 

with those findings (Figure 3B). To further explore the 

effect of SPOCK1 on BC metastasis in vivo, stable cells 

with modified SPOCK1 expression were injected into 

the tail veins of nude mice. The number of pulmonary 

metastases in the higher SPOCK1 expression group was 

significantly greater than that in the corresponding 

control, which was opposite to the result in the lower 

SPOCK1 expression group (Figure 3C). Moreover, we 

found that the cells with higher SPOCK1 expression 

lost cell polarity, displayed spindle-shaped and acquired 

mesenchymal morphology with stronger invasion and 

metastasis ability, but lower SPOCK1 expression 

tended to have the opposite morphology (Figure 3D). 

 

To determine whether EMT is responsible for 

SPOCK1-mediated changes in BC metastasis, we 

analyzed a cohort of 1101 BC samples from the TCGA 

dataset by the UCSC Cancer Genomics Browser. As 

presented in Figure 3E, we found that the heat maps of 

SPOCK1 in BC were strikingly coincident with VIM, 

SNAI2, TWIST1, and ZEB1 and inversely proportional 

to CDH1 (E-cadherin). Similarly, the GEPIA2 database 

also showed positive correlations between SPOCK1 and 

mesenchymal proteins (Figure 3F). Western blot and 

IF assays showed that downregulation of SPOCK1 

accelerated the expression of epithelial markers and was 

accompanied by a reduction in mesenchymal markers 

(Figure 3G, 3H). Consistently, the group with high 

SPOCK1 expression displayed inverse results. 

Additionally, IHC staining results showed a higher 

expression of E-Cadherin and lower expression of 

Vimentin in shSPOCK1 group tumor tissue. 

Conversely, sections with high SPOCK1 expression 

displayed the opposite effects (Figure 3I). Taken 

together, these findings indicated that SPOCK1 

enhanced EMT progression and triggered BC metastasis 

in vitro and in vivo. 

 

The oncogenic activity of SPOCK1 was significantly 

correlated with the AKT/mTOR pathway 
 

The AKT/mTOR signaling pathway has vital roles in 

cancer evolution, and its activation has been found in 

most BCs [26–29]. Thus, we speculated that SPOCK1 is 

involved in the regulation of the AKT/mTOR pathway 

in BC. Strikingly, depletion of SPOCK1 resulted in a 

decreased abundance of p-AKT, p-mTOR, p-S6 and p-

4EBP1, where the total protein levels were not 

influenced (Figure 4A). Then, we further explored the 

role of the AKT/mTOR pathway in SPOCK1-mediated 

regulation of BC. We used the PI3K/AKT inhibitor LY 

290042 and mTOR inhibitor rapamycin to block 

PI3K/AKT/mTOR activity and found that the inhibitors 

not only suppressed the activation of the 

PI3K/AKT/mTOR pathway but also reversed the 

promotion of SPOCK1 in the pathway. However, the 

inhibitors had no effects on SPOCK1 expression 

(Figure 4B). Indeed, LY290042 and rapamycin 

significantly suppressed the ability of SPOCK1 to 

accelerate BC cell proliferation and cell cycle 

progression (Figure 4C–4G). Similarly, inhibitors 

almost abolished the SPOCK1-mediated promotion of 

BC cell migration, invasion and EMT progression 

(Figure 4H–4J). These results demonstrated that 

SPOCK1 at least partly contributed to BC proliferation 

and EMT by activating the AKT/mTOR signaling 

pathway. 

 

SIX1 was aberrantly expressed and interacted with 

SPOCK1 in BC 
 

To further explore the molecular mechanisms 

underlying SPOCK1-induced BC proliferation and 

metastasis, we identified a potential target gene of 

SPOCK1 by bioinformatics strategies. We detected 

SPOCK1 protein-protein interactions by web-based 

databases, STRING and GeneMANIA, and intriguingly 

found that SPOCK1 was also associated with SIX1 

(Figure 5A). The mechanism clarified that SIX1 could 

induce BC cells to undergo EMT progression and 

metastasis via the TGF-β pathway [30, 31]. Retrieval of 

the Oncomine database declared that SIX1 was highly 

expressed in breast cancer [23, 25] (Figure 5B–5E). The 

UALCAN and HPA databases showed the same results 

(Figure 5F). Moreover, HPA databases showed different 

positive staining intensities of SIX1 protein in BCs and 

negative staining in normal breast tissue (Figure 5G). 

Additionally, Kaplan Meier plotter and SurvExpress 

databases displayed that high levels of SIX1 expression 

resulted in poor OS, RFS and DMFS and acquired 

higher risk (Figure 5H). Overall, these data highlighted 

that SIX1 was highly expressed in BC and correlated 

with poor clinical outcome.  
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Figure 3. SPOCK1 promotes cellular invasion, metastasis and the EMT in vitro and in vivo. (A) A scratch wound-healing assay was 
used to determine the effects of SPOCK1 on BC cell motility. (B) Results of a transwell migration assay (a) and a Matrigel invasion assay (b) for 
cellular invasion. The mean number of cells in five fields per membrane is shown (×200). (C) Representative images of gross and hematoxylin 
and eosin (H&E) staining and relative numbers of lung surface metastatic foci detected in each group (*P<0.5, **P<0.01). The scale bar is 100 
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μM and 50 μM. (D) Representative images showing the morphological changes in the indicated cell lines. (E) The heat maps of the correlation 
between SPOCK1 and EMT markers in the same cohort. (F) Positive relationships for SPOCK1 and EMT markers were showed on GEPIA2. (G) 
The expression of EMT markers was detected by immunofluorescence staining in BC cells. The scale bar is 20 μM. (H) The expression of 
epithelial markers (E-cadherin and ZO-1) and mesenchymal markers (Vimentin, Snail, Slug, Twist, S100A4 and ZEB1) was determined by 
western blot analysis. GAPDH was used as a loading control. (I) IHC staining for E-cadherin and Vimentin protein in tumor specimens from 
xenografts (200×). The P values were obtained using Mann-Whitney U tests or t-tests (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). All 
results are from three independent experiments. The error bars represent the SD. 
 

According to these data, we wondered whether 

SPOCK1 enrichment in cells was linked to SIX1. 

Consistent with our conjecture, IF and western blot 

assays showed that SIX1 was enriched in SPOCK1-

highly expressed cells, whereas SPOCK1 knockdown 

decreased the level of SIX1 expression (Figure 5I, 5J). 

To further explore the potential binding interaction 

between SPOCK1 and SIX1, a coimmunoprecipitation 

(Co-IP) assay was performed. As shown in Figure 5K, 

we discovered the physical interaction of SPOCK1 with 

SIX1. Additionally, IF staining showed colocalization 

of SPOCK1 and SIX1 in the cytoplasm (Figure 5L). 

Taken together, our findings indicated that SIX1 

interacted with SPOCK1 in BC. 

 
The SPOCK1/SIX1 axis regulated BC proliferation 

and metastasis via AKT/mTOR signaling activity 

 
To explore the potential mechanism of SIX1 involved 

SPOCK1-induced proliferation, EMT and metastasis, 

we knocked down SIX1 expression in SPOCK1 stable 

overexpression cells by siRNA treatment (Figure 6A). 

As expected, silencing the expression of SIX1 

effectively restrained SPOCK1-mediated cell 

proliferation, clone formation and cell cycle progression 

(Figure 6B–6E) and reversed SPOCK1-induced cell 

motility, migration and invasion (Figure 6F–6H). 

Furthermore, the downregulated expression of SIX1 

substantially offset the SPOCK1-involved activation of 

AKT/mTOR signaling but did not affect the level of 

SPOCK1 expression (Figure 6I). Altogether, this 

evidence suggested that SIX1 silencing could, at least 

partially, abolish the biological behaviors that SPOCK1 

induced in BC. 

 
DISCUSSION 
 

SPOCK1 is a highly conserved extracellular matrix 

glycoprotein, with structural diversity and extensive 

tissue distribution that may be involved in multiple cell 

and extracellular matrix interactions [32]. A study has 

shown that SPOCK1 could enhance the expression and 

activity of MMP2 and MMP9, which can degrade 

extracellular matrix components and promote tumor 

cells to break through the cell barrier composed of the 

basement membrane and extracellular space matrix, 

thus causing tumor cells to migrate and invade 

surrounding tissues to distant tissues [11]. Additionally, 

SPOCK1 has been regarded as a candidate oncogene 

and have been verified to be closely related to the 

tumorigenesis, tumor progression, adhesion and 

metastasis of various tumors [33, 34]. Many biological 

phenomena have been observed in the function of the 

SPOCK1 gene, but the molecular biological 

mechanisms behind these phenomena are rarely studied.  

 

Chen et al. reported that SPOCK1 was involved in slug-

induced EMT and promoted cell invasion and 

metastasis, and high SPOCK1 expression was also 

reported to be a prognostic factor for poor survival in 

gastric cancer [10]. The results of this study 

documented that SPOCK1 was highly expressed in BC 

cells and clinical specimens relative to normal ones, 

which paralleled the Oncomine, HPA and Ualcan 

databases. IHC analysis showed that SPOCK1 was 

related to tumor histological differentiation and LN 

metastasis. Moreover, Kaplan Meier plotter database 

showed that BC patients with high SPOCK1 expression 

had poor OS, RFS, PPS and DMFS. Our findings were 

similar to the results in urothelial carcinoma (UC), in 

which higher SPOCK1 expression was correlated with 

unfavorable clinicopathological parameters and 

conferred a poor prognosis in UC [12]. Evidence from 

the SurvExpress database further showed that high 

expression of SPOCK1 had a higher risk in BC.  

These observations illustrated that SPOCK1 might play 

a crucial role in the treatment and prognosis evaluation 

of BC. 

 

Infinite proliferation and metastasis are responsible for 

malignant tumor phenotypes, while initiation of EMT is 

the early step of the metastatic cascade. 

Unquestionably, EMT is identified as the dominant 

program in BC initiation and metastatic spread [35, 36]. 

A previous study revealed that deregulating the 

expression of SPOCK1 suppressed colorectal cancer 

(CRC) proliferation in vitro and vivo, and SPOCK1 was 

involved in CRC malignant features [7]. Notably, 

SPOCK1 was altered by EPCR to mediate 3D growth, 

consequently promoting breast cancer progression [37]. 
Here, we detected the variation in BC cells by 

modifying SPOCK1 expression, which revealed that 

SPOCK1 overexpression improved the proliferative and 

metastatic properties of BC cells and that suppression of 

SPOCK1 had the opposite effect. Xenograft and lung 
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Figure 4. SPOCK1 activates the AKT/mTOR signaling pathway in BC cells. (A) Proteins level on AKT/mTOR pathway of indicated cells 
were assayed by western blotting. GAPDH was used as a loading control. (B) Stable BC cells were treated with LY 290042 or Rapamycin. Then 
indicated protein levels were assayed by western blotting. GAPDH was used as a loading control. (C–E) Cell viability was detected in SPOCK1-
overexpressed cells after treatment with LY 290042 or Rapamycin by MTT assay (C), Edu staining (D) and colony formation (E) assays. (F) Cell 
cycle progression was assayed by flow-cytometry analysis after dealing with LY 290042 or Rapamycin. (G) Stable BC cells were treated with LY 
290042 or Rapamycin. Then cell cycle related protein levels were assayed by western blotting. GAPDH was used as a loading control. (H–I) 
Cell motility and invasion capacities was detected in SPOCK1-overexpressed cells after treatment with rapamycin or LY294002. (J) Stable BC 
cells were treated with LY 290042 or Rapamycin. Then levels of EMT-related proteins were assayed by western blotting. GAPDH was used as 
a loading control. (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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Figure 5. Identification of SIX1 as a downstream mediator of SPOCK1 in BC cells. (A) Network diagram of SPOCK1/SIX1 protein 
interaction by GeneMANIA (a) and STRING (b). (B) The graphic showed the numbers of datasets with statistically significant mRNA high 
expression (red) or down-expression (blue) of SIX1 (cancer vs. Normal tissue). The P-value threshold was 0.01. (C) Box plots derived from 
gene expression data in Oncomine comparing expression of SIX1 in normal and BC tissue. The p value was set up at 0.01 and fold change was 
defined as 2. (D) A meta-analysis of SIX1 gene expression from four Oncomine databases where colored squares indicated the median rank 
for SIX1 (vs. Normal tissue) across 4 analyses. (E) The expression of SIX1 was elevated in BC compared to normal breast tissues. Data derived 
from UALCAN database. (F) Expression of SIX1 across TCGA carcinomas from Ualcan database (a); overview of SIX1 protein levels in BC tissues 
and normal breast tissues (b-c). (G) IHC staining (negative, weak, moderate and strong expression) for SIX1 in BC tissues (a-d). Data derived 
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from HPA database. (H) Overall survival (OS) (a), relapse free survival (RFS) (b) and distant metastasis free survival (DMFS) (c) curves of 
patients with or without elevated SIX1 levels. Data derived from Kaplan–Meier (KM) plotter database. High SIX1 expression levels were found 
in high risk groups of BC patients (d). Data derived from SurvExpress database. (I, J) Expression levels of indicating cells were assayed by IF 
and western blotting. GAPDH was used as an internal control. (K) The interaction between endogenous SPOCK1 and SIX1 proteins was 
analyzed by coimmunoprecipitation in MCF7 and SKBR3 cells. (L) Immunofluorescence double-labeling experiments confirmed the existence 
of SPOCK1-SIX1 colocalization phenomena in the cytoplasm. The scale bar is 20 μM. 

 

 
 

Figure 6. SIX1 involved in SPOCK1-mediated BC progression. (A) MDA-MB-231 and HS 578T cell line were transduced with si-con, si-
SIX1#1, si-SIX1#2 and si-SIX1#3. The SIX1 levels in these were verified by western blot analysis after 48 h transfection. (B, C) Cell viability was 
detected in SPOCK1-overexpressed cells after transduction with si-RNAs by MTT assay (B) and colony formation (C) assay. (D) Cell cycle 
progression was assayed by flow-cytometry analysis after dealing with si-RNAs. (E) Stable BC cells were treated with si-RNAs. Then cell cycle 
related protein levels were assayed by western blotting. GAPDH was used as a loading control. (F, G) Cell motility and invasion capacities was 
detected in SPOCK1-overexpressed cells after treatment with si-RNAs. (H, I) Stable BC cells were treated with si-RNAs. The levels of EMT-
related proteins and AKT/mTOR pathway were assayed by western blotting, respectively. GAPDH was used as a loading control. (*P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001). 



 

www.aging-us.com 1043 AGING 

metastasis models further confirmed the in vitro results. 

Specifically, western blot and IF analyses showed that 

SPOCK1 increased the expression of mesenchymal 

markers and lost epithelial markers. Moreover, similar 

evidence was verified in xenograft mouse sections, 

suggesting that SPOCK1 triggered the EMT process 

both in vitro and in vivo.  

 

The synthesis of multifarious signaling molecular 

events led to the oncogenesis of BC. Understanding and 

identifying these signaling mechanisms would restrain 

EMT progression to further therapeutically control 

cancer metastasis [38–40]. Previous studies reported 

that SPOCK1 could mediate EMT by the Wnt/β-catenin 

signaling pathway in non-small cell lung cancer [8], the 

PI3K/AKT signaling pathway in colorectal cancer, 

among other pathways [7]. Moreover, SPOCK1 blocked 

gallbladder cancer (GBC) cell apoptosis and promoted 

cell proliferation and metastasis by activating PI3K/Akt 

signaling both in vitro and in vivo [41]. In addition to 

AKT signaling, mTOR plays a crucial role in tumor 

proliferation and growth. Recent evidence has reported 

that the mTOR signaling pathway also plays a key role 

in tumor motility, invasion, and metastasis [42]. In renal 

carcinoma, activation of mTOR signaling promoted cell 

invasion ability by inducting EMT [43]. It has been 

verified that the mTOR inhibitor rapamycin could 

suppress cell scratch and chemotactic migration. In 

addition, the inhibition of mTOR decreased the 

formation of lamellipodia [44]. Consistent with this, 

pharmacologic and genetic inhibition of mTOR 

decreases colorectal cancer cell migration and invasion 

[45]. 

 

At present, targeting the PI3K/AKT/mTOR pathway as 

a therapeutic strategy to treat BC by is still an evolving 

field [46]. Thus, we were particularly interested  

in exploring the special role of SPOCK1 in the 

evolution of normal mammary glands to BC induced by 

the AKT/mTOR pathway. Our study revealed that 

SPOCK1 overexpression activates the AKT/mTOR 

pathway to promote the progression of BC. This  

was confirmed by the alterations of target proteins of 

the AKT/mTOR pathway, which was induced by 

depleting or overexpressing SPOCK1 expression and 

can be reversed by treatment with LY290042 or 

rapamycin, respectively. Furthermore, inhibition of the 

AKT/mTOR pathway by LY290042 or rapamycin 

treatment also impaired the effect of SPOCK1 

upregulation on the cell cycle, proliferation and EMT 

process, verifying the effect of the AKT/mTOR 

pathway on SPOCK1-induced BC cell growth and 

metastasis. 

 

SIX1 makes a notable contribution to tumor growth and 

metastasis [18, 47, 48]. SIX1 was identified to be 

involved in the oncogenic role of SPOCK1 in BC. 

Hyperactivation of SIX1 is widespread in a variety of 

human tumors and is associated with poor clinical 

efficacy. Emerging evidence has revealed that SIX1

 

 
 

Figure 7. Schematic of the proposed molecular mechanism of SPOCK1/SIX1 axis-induced BC cancer cell growth and 
metastasis. 
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targets ERK and AKT signaling and promotes the 

malignant behavior of cancer cells [16, 49]. In 

accordance with this, we searched online databases and 

observed that SIX1 was frequently highly expressed in 

many cancers, including BC, and correlated with poor 

survival and high risk. Moreover, there was a 

statistically significant interaction between SPOCK1 

and SIX1 that was identified by an online gene 

expression profiling interactive analysis tool. Based on 

these findings, we focused on the relationship between 

SPOCK1 and SIX1. As modified SPOCK1 expression 

led to significant changes in SIX1 levels, we then 

performed a Co-IP assay to confirm the interactive 

relationship. IF staining further showed that SPOCK1 

and SIX1 were partly complexed together in the 

cytoplasm. Li et al. proposed that SIX1 participated in 

the transcriptional regulation of the Warburg effect in 

BC [20], providing critical evidence that SIX1 could act 

as a hallmark of cancer. Herein, to further identify the 

special role of SIX1 in SPOCK1-mediated BC 

evolution, we blocked the expression of SIX1 using 

siRNA and explored the effect on the cell cycle, 

proliferation, motility and EMT process. As we 

suspected, siSIX1 treatment significantly abolished 

SPOCK1-induced facilitation of BC progression 

without affecting the expression of SPOCK1 protein. 

Simply put, a large number of normative studies are still 

needed to clarify this molecular mechanism. 

 

CONCLUSIONS  
 

In summary, this study contributed to illuminating the 

molecular mechanism by which SPOCK1 

overexpression in human BC potentiated tumor 

progression. Our findings indicated that SPOCK1 is 

aberrantly overexpressed in BC. SPOCK1/SIX1 axis 

stimulated the AKT/mTOR signaling pathway to 

accelerate cell cycle progression, promote cell 

proliferation, trigger EMT progression and facilitate 

metastasis in BC (Figure 7). SPOCK1 along with SIX1 

might be prognostic factors for BC patients and 

promising therapeutic targets involved in strategies to 

prevent BC progression. 

 

MATERIALS AND METHODS 
 

SPOCK1/SIX1 expression pattern 
 

We performed SPOCK1/SIX1 mRNA expression in 

different cancers and confirmed the expression pattern 

of SPOCK1/SIX1 in BC by Oncomine database 

(https://www.oncomine.org/resource/login.html). 

 

The comparison of different SPOCK1/SIX1 expression 

in various normal and cancer tissues and the expression 

of SIX1 protein in BC were used The Human Protein 

Atlas (HPA) (https://www.proteinatlas.org/) [50] and 

UALCAN (http://ualcan.path.uab.edu/analysis.html) 

[51] databases. 

 

Survival analysis  

 

SPOCK1/SIX1 prognostic value in BC, including 

relapse free survival (RFS), distant metastasis free 

survival (DMFS), post progression survival (PPS) and 

overall survival (OS), was calculated by Kaplan- 

Meier plotter (http://kmplot.com/analysis/index.php?p= 

service&cancer=breast). Risk assessment was further 

assessed by SurvExpress (http://bioinformatica.mty. 

itesm.mx:8080/Biomatec/SurvivaX.jsp). 

 

Bioinformatics analysis  
 

The protein and protein interaction networks in 

SPOCK1/SIX1 were established on the platform of 

GeneMANIA (http://genemania.org/) and Search Tool 

for the Retrieval of Interacting Genes (STRING) 

(https://string-db.org/cgi/input.pl) [52]. 

 

The heat map of the correlation between SPOCK1 and 

EMT markers in the same cohort was analyzed using 

UCSC Xena (http://xena.ucsc.edu/). The positive 

relationships for SPOCK1 and target genes were 

discerned and verified by Gene Expression Profiling 

Interactive Analysis 2 (GEPIA2) (http://gepia2.cancer-

pku.cn/#index) [53]. 

 

Cell culture 
 

Human BC cell lines MCF7, MDA-MB-231, MDA-

MB-453, MDA-MB-468, HS 578T, SKBR3 and normal 

immortalized mammary gland cell line MCF10A were 

cultured in Dulbecco Modified Essential Medium 

(DMEM) (Gibco, USA) with 10% FBS and 100 units 

penicillin and 100 mg/mL streptomycin.  

 

Plasmid construction and transfection 

 

Human Lenti-shSPOCK1-GFP, Lenti-SPOCK1-GFP and 

negative control (Lenti-shNC and Lentivector control) 

were designed and packaged by Genechem (Co. Ltd., 

Shanghai, China). The target sequences of Lenti-

shSPOCK1 were shown: 5'-TTTCGAGACGATGATTA 

TT-3' for shSPOCK1#2 and 5'-GCTGGATGACCTAGA 

ATAT-3' for shSPOCK1#3. The sequence of negative 

control was 5'-TTCTCCGAACGTGTCACGT-3'. 

 

2×10
4
 BC cells were inoculated into 24-well plates for 

stable infection, then produce stably transfected cells by 

puromycin (2 µg/mL) after 48 h infection. The infection 

efficiency was identified by GFP gene reporter and 

western blot. 

https://www.oncomine.org/resource/login.html
https://www.proteinatlas.org/
http://ualcan.path.uab.edu/analysis.html
http://kmplot.com/analysis/index.php?p=service&cancer=breast
http://kmplot.com/analysis/index.php?p=service&cancer=breast
http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp
http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp
http://genemania.org/
https://string-db.org/cgi/input.pl
http://xena.ucsc.edu/
http://gepia2.cancer-pku.cn/#index
http://gepia2.cancer-pku.cn/#index
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Cell proliferation assay  
 

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-

tetrazolium bromide (MTT) assay was used to detect 

BC cell proliferation. Briefly, infected BC cells were 

seeded in plates and grown to 80% confluences  

for staining with MTT (0.5 mg/mL; 100 µL; Dako, 

Denmark) and dissolved the crystal by dimethylsulfoxide 

per 24 h for 5 d. Three wells per group at least were 

analyzed and repeated three times. 

 

Colony formation assay 

 

BC cells were inoculated in 6-well plates for incubating 

about 15 d. Then fixed the cells by methanol after being 

washed with cold PBS (Phosphate-buffered saline 

solution, Boster, China) and staining with Giemsa. 

Counting the colonies directly. 

 

5-ethynyl-2'-deoxyuridine (EdU) incorporation assay 

 

5×10
3
 BC cells seeded and grown in 96-well plates 

overnight and 100 µL 50 µM EdU medium (RiboBio, 

Guangzhou, China) per well were cultured for 2 h. Then 

the cells were fixed by methanol for 30 min and 

washing with PBS for 5 min twice. After 

permeabilizing with 0.5% TritonX-100 for 10 min twice 

and washing with PBS for 5 min, 1×Apollo dye was 

used to stain the cells for 30 min, repeated washing. 

Finally, the signal was visualized and recorded by a 

microscope after Hoechst 33342 counterstaining. 

 

Flow cytometry assay 
 

Washing the cells with 10 mL cold PBS, then centrifuging 

at 1000 rpm for 10 minutes and discarding the 

supernatant. Added 5 mL of 75% ethanol and incubated at 

-20° C overnight. Next day, washed twice with cold PBS 

to remove the ethanol, and centrifuged the cells for 10 

minutes at 1500 rpm and discarded supernatant. 

Resuspension the cell pellets in 0.5 mL of PI/RNase 

Staining Buffer. After incubating 15 min at room 

temperature, stored tubes on ice freed from light prior to 

analyzing. Finally, samples were analyzed on the flow 

cytometer (BD Accuri C6) and used Modfit LT4.1 

Software (Verity Software House, Inc., Topsham, ME, 

USA) to record the cell cycle distribution. 

 

Immunofluorescence (IF) 
 

BC cells were attached with 4% paraformaldehyde. 

Permeabilizing cells with 0.5% TritonX-100 for 15 min 

and blocking with 3% Albumin Bovine V (Solarbio, 

Beijing, China) for 2 h. Then incubating primary 

antibodies overnight at 4° C. Incubating with second 

antibodies (A1108, Invitrogen, USA), and counterstaining 

by DAPI with an Antifade Mounting Medium (Beyotime, 

Shanghai, China) the next day. Finally, cover-slips signal 

was captured by the microscope. 

 

Wound healing assay 

 

BC cells were seeded and grown in 6-well plates at 

approximately 80% confluences, scratching the 

monolayer uniformly on the surface by 200 µL. The 

scratched areas were recorded by microscope at 0h, 24h, 

48h, and 72h. The migration distances were measured 

by Image J software for analyzing. 

 

Migration and invasion assay 
 

3×10
4
 BC cells were inoculated onto the upper chambers 

with or without coating Matrigel (BD Biosciences) 

containing 1% with serum in DMEM. Filling 20% fetal 

bovine serum/DMEM media into the lower chamber. The 

chambers were attached with 4% paraformaldehyde for 5 

min after incubation for 24-48 h at 37° C, 5% CO2. Then 

staining with Giemsa after washing with cold PBS.  

The migrated cells were counted by a microscope. The 

experiment was performed three times to reduce the 

possible effects of biological variability. 

 

siRNA transfection 
 

The sequence of si-SIX1 was SIX1-siRNA: 5'-GGG 

AGAACACCGAAAACAA-3'. BC cells were 

transfected with SIX1 siRNAs or control siRNA using 

Lipofectamine
TM

 3000 Reagent (Invitrogen, USA) 

according to the manufacturer’s instruction.  

 

Western blot 

 

BSA Protein Assay Kit (A8020-5, Roche, Basel, 

Switzerland) was applied to measure the protein 

concentration after lysing BC cells with RIPA buffer. 

The total protein was dissolved by SDS-PAGE loading 

buffer and transferred onto poly vinylidene fluoride 

(PVDF) membranes (Millipore, Billerica, MA, USA). 

The primary antibodies (Table 3) were incubated 

overnight at 4° C. Second day, the HRP-conjugated 

secondary antibodies (CST, Danvers, MA, USA) were 

incubating for an hour, then antibody-reactive bands 

were visualized via enhanced chemiluminescence 

(ECL) system (Millipore, USA) in an Imager.  

 

Co-immunoprecipitation (Co-IP) 
 

In brief, added lysis buffer and incubated on ice for 30 

min after washing the cell pellet with cold PBS. Scraped 

cells and centrifuged about 5 min, 15000 rpm, then 

transfer supernatant to a new microcentrifuge. Preclear 

the Protein A/G PLUS-Agarose beads (Santa Cruz, 
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Table 3. The information of antibodies. 

Antibodies Source company Dilution ration 

Anti-SPOCK1 R&D Systems，USA  1:1000 

Anti-GAPDH Proteintech, Wuhan, China  1:1000 

Anti-p21(CDNK1A) Proteintech, Wuhan, China  1:1000 

Anti-p27[Kip1] Proteintech, Wuhan, China  1:1000 

Anti-CDK1 Proteintech, Wuhan, China  1:1000 

Anti-Cyclin-B1 Cell signaling Technology，USA  1:1000 

Anti-Survivin Cell signaling Technology，USA  1:1000 

Anti-C-myc Santa Cruz, Dallas, Texas, USA  1:1000 

Anti-Slug Elibscience, Wuhan, China  1:1000 

Anti-E-cadherin  Elibscience, Wuhan, China  1:10000 

Anti-Vimentin  Cell signaling Technology，USA  1:1000 

Anti-Snail Cell signaling Technology，USA  1:1000 

Anti-ZO-1 Cell signaling Technology，USA  1:1000 

Anti-Twist Abcam, USA  1:500 

Anti-S100A4 Abcam, USA  1:1000 

Anti-ZEB1 Proteintech, Wuhan, China  1:1000 

Anti-SIX1 Sigma，USA  1:1000 

Anti-p-AKT Cell signaling Technology，USA  1:2000 

Anti-AKT Cell signaling Technology，USA  1:1000 

Anti-p-mTOR Cell signaling Technology，USA  1:1000 

Anti-mTOR Cell signaling Technology，USA  1:1000 

Anti-p-S6 Cell signaling Technology，USA  1:1000 

Anti-S6 Cell signaling Technology，USA  1:1000 

Anti-p-4EBP1 Cell signaling Technology，USA  1:1000 

Anti-4EBP1 Cell signaling Technology，USA  1:1000 

 

USA) with cold PBS and pre-blocked with BSA (Bovine 

serum albumin fraction V, Solarbio, China) to reduce non-

specific immunoglobulin binding. Pellet beads, control 

IgG and 200 μL cell lysate incubated at 4° C about 1 h, 

transfer supernatant to a fresh microcentrifuge tube on  

ice and added 5 μL primary antibody and incubate 

overnight at 4° C, after centrifugation at 6500 rpm for  

1 min at 4° C. Cap tubes and incubated at 4° C on a  

rocker platform overnight. Collected immunoprecipitates 

by centrifugation at 2500 rpm for 1 min at 4° C. Aspirated 

and discarded supernatant carefully. Washed pellet 3 

times with lysis buffer, each time repeating centrifugation 

step above. After final wash, carefully aspirated and 

discarded supernatant and resuspended pellet in 20 μL of 

3× electrophoresis sample buffer. Boiled samples for 5 

minutes and analyze 25 μL aliquots by western blot.  

 

Mouse xenograft model 
 

To establish the orthotopic BC model, MDA-MB-231 

cells stably overexpressing SPOCK1 (MDA-MB-231-

SPOCK1) and MCF7 and SKBR3 cells stably silenced 

SPOCK1 (MCF7-shSPOCK1; SKBR3-shSPOCK1) as 

well as their negative control (MDA-MB-231-Vector; 

MCF7-NC; SKBR3-NC) were implanted in the 

mammary gland fat pad of BALB/c nude female mice 

(Viatal Rivers, Beijing, China). Injecting 10
6 

cells into 

the tail vein of 5-week-old nude mice for vivo lung 

metastasis models. Tumor sizes were monitored per 5 

days, and volumes were calculated with a formula: 

Volume (mm
3
) = 0.5 × length × width 

2
. About 5 weeks, 

all mice were sacrifices, then tumors and lungs were 

removed. The number of lung metastases was counted 

on the surface of the lungs. Finally, dissected tumors 

and lungs were hematoxylin and eosin staining.  

 

IHC staining analysis  

 

In brief, tissue sections were deparaffinized, rehydrated 

and incubated with 3% H2O2 for 15 min. Then 

performing in sodium citrate buffer (pH 6.0) at 95° C 

for antigen retrieval. After returning to the room 
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Table 4. Immunohistochemical scoring according to immune-staining intensity and area. 

Staining area(%) 

Staining intensity  

 "0" 

  (0-5%) 

"1" 

(5%-25%) 

"2" 

(25%-50%) 

"3" 

(50%-75%) 

"4" 

(75%-100%) 

"0"(Negative) Score0 Score0 Score0 Score0 Score0 

"1"(Week) Score0 Score1 Score2 Score3 Score4 

"2"(Moderate) Score0 Score2 Score4 Score6 Score8 

"3"(Strong) Score0 Score3 Score6 Score9 Score12 

 

temperature, the slides were incubated with primary 

antibodies overnight. Next day, secondary antibody was 

incubated for 2 h. The slides were developed in the 

reaction with a 3, 3'-diaminobenzidine chromogen and 

counterstained with Mayer's hematoxylin. Positive 

control and isotope control selected the tonsil and 

Rabbit IgG, respectively. Negative control treated 

positive tissue sections with PBS instead of primary 

antibody. Immunostaining for SPOCK1 was judged by 

a double semi-quantitative scoring system (Table 4). 

Specific reference to our previous research [54].  

 

Statistical analysis 
 

Statistical analyses were carried out by SPSS version 

17.0 software and Prism 8.0 for Windows. Chi-square 

tests (χ2) was used to compare the correlations between 

SPOCK1 expression and clinicopathological parameters. 

All data were displayed by mean ± standard deviation, 

which calculated for thrice experiments. One-way Anova 

was used to compare data between multiple groups, and 

pairwise comparisons between groups were performed by 

t-test. We considered P<0.05 as statistically significant. 
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INTRODUCTION 
 

Breast cancer (BC) is the second most common 

malignancy among women [1]. The main cause of high 

mortality rate in BC is cancer recurrence, which origin 

from the metastasis of dormant tumor cells [2, 3]. Till 

now, surgical operation is the main treatment for 

breast cancer, which is effective for early stage of BC. 

But for the advanced, incurable stage of BC, 

transitional chemotherapeutic agents do not produce 

good results [4, 5]. Therefore, it is necessary to 

develop new targeted drugs for advanced BC as early 

as possible. 

Epithelial cell adhesion molecule (EpCAM) is a 

glycoprotein expressing on the surface of epithelial cell 

and several tumor types, including colorectal cancer [6], 

endometrial carcinoma [7], lung carcinoma [8], gastric 

cancer, and BC [9]. It has been shown that there exists a 

close relationship between overexpression of EpCAM 

and advanced stages of BC [10]. Our study has 

demonstrated that decreased EpCAM caused a notable 

negative effect on cell proliferation, migration and 

invasion in vitro [11, 12]. EpCAM knockdown 

promoted apoptosis and raised the cytotoxic effect of 5-

Fluorouracil in breast cancer cells through MAPK 

signaling pathway [13]. These results suggested that 
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ABSTRACT 
 

Autophagy is an important regulator of cellular homeostasis and its dysregulation often results in cancer. 
Aberrant glycosylation induced by oncogenic transformation contributes to tumor invasion and metastasis. In a 
previous study, we have demonstrated that EpCAM, a glycosylation protein, is associated with cell growth and 
metastasis in breast cancer. But the effect of EpCAM glycosylation on autophagy is not clear. the precise 
mechanism of regulation remains largely unknown. In this study, breast cancer cells were transfected with N-
glycosylation mutation EpCAM plasmid to express deglycosylated EpCAM. The result showed that 
deglycosylated EpCAM promoted autophagy in breast cancer cells. We further confirmed this conclusion with 
the activator (Rapamycin, RAP) and inhibitor (Wortmannin) of autophagy. We also found that deglycosylated 
EpCAM promoted apoptosis and inhibited proliferation through activating autophagy by suppressing Akt/mTOR 
signaling pathway in breast cancer cells. These findings represent a novel mechanism by which deglycosylated 
EpCAM inhibits proliferation by enhancing autophagy of breast cancer cells via PI3K/Akt/mTOR pathway. In 
conclusion, the combination of autophagy modulation and EpCAM targeted therapy is a promising therapeutic 
strategy in the treatment of breast cancer. 
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EpCAM has a close relationship with malignant 

biological behaviors. But up to now, the relationship 

between EpCAM and autophagy has not been clear. 

 

Autophagy is a self-degradative process and is 

important to maintain cellular homeostasis, 

development, differentiation, cell survival and death, 

which has been found to play an interesting role in 

cancer biology [14]. Autophagy has two mutually 

contradictory roles in tumors. These dual effects mean 

that we could find autophagy upregulation as well as 

autophagy downregulation in cancers. Therefore, 

autophagy show dual properties during malignant 

transformation, including oncogenic and tumor 

suppressor properties [15, 16]. Thus, it is essential to 

identify the key autophagy targets for new therapeutic 

agents. 

 

Glycosylation modification on protein is the popular 

common form of post-translational modification. Tumor 

cells are usually accompanied by glycosylated 

modifications, which result in inhibition of apoptosis, 

uncontrolled proliferation, and metastasis. Recent data 

suggest that through the process of autophagy 

glycoconjugates could regulate physiology. For 

example, serum proteins showed hypoglycosylation and 

autophagy downregulated when the X-linked ATP6AP2 

was mutated in the mouse liver [17]. Autophagy is 

inhibited by excessive O-GlcNAcylation and harmful to 

neurons [18]. We have learned that EpCAM is a 

glycoprotein which has three glycosylation sites [19]. 

EpCAM showed different glycosylation in normal 

tissues and in head and neck tumors [20]. Based on the 

above, we inferred that glycosylation of EpCAM may 

play a role on autophagy in breast cancer. But the 

regulatory mechanism of EpCAM glycosylation on 

autophagy remains unclear. Therefore, whether 

glycosylated EpCAM is associated with proliferation 

and apoptosis caused by autophagy needs to be studied 

further. 

 

Thus, the role and mechanism of deglycosylation 

EpCAM on autophagy will be discussed in this paper. 

Overall, our study supposes that targeting autophagy 

may become an effective treatment for breast cancer. 

 

RESULTS 
 

Effect of glycosylation of EpCAM on autophagy 

 

To elucidate glycosylation of EpCAM in BC on 

autophagy, an EpCAM overexpression plasmid and 

small interfering RNA-mediated silencing of EpCAM 

(si-EpCAM) were used to increase and reduce EpCAM 

expression in MCF-7 and MDA-MB-231 breast cancer 

cell lines, respectively. N-glycosylation mutation of 

EpCAM plasmid was utilized to express 

deglycosylation EpCAM. Typical autophagosome 

markers, Beclin 1, P62 and LC3, were detected by using 

Western blot. As shown in Figure 1A, the expression of 

LC3 I and P62 reduced and the expression of LC3-II 

and Beclin 1 increased after treated with 

deglycosylation of EpCAM in these two cells (MCF-7 

and MDA-MB-231), suggesting that glycosylation 

modification in EpCAM may be associated with 

autophagy.  

 

In addition, we used a GFP-LC3 expression vector to 

analyze the autophagy activity of cells. The punctate 

green fluorescent proteins expressed by this vector were 

mainly concentrated on autophagic vacuoles. We 

detected autophagosomes by studying GFP-LC3 

fluorescence with fluorescence microscope. The group 

transfected with M-EpCAM plasmid showed higher 

percentage of punctate GFP, while the groups 

transfected EpCAM overexpression plasmid, si-

EpCAM sequence, with showed primarily diffused 

(Figure 1B). The results were consistent with those 

obtained for LC3-II levels in the western blot 

experiments. We inferred that N-glycosylation of 

EpCAM influenced the sub-cellular distribution of LC3. 

 

When autophagy occurs, autophagosomes with double-

membrane vesicles will be formed. The 

autophagosomes can swallow other organelles and send 

them to the lysosome. This process can be observed by 

transmission electron microscopy [21]. As shown in 

Figure 1C–1b, 1d, in the MCF-7 cells treated with 

EpCAM overexpression plasmid and si-EpCAM 

sequence, the cytoplasm was filled with organelles of 

high electron density, which were not contained within 

vacuoles. These results suggested that there should be 

short of organelle autophagy. In contrast, cytoplasmic 

vacuoles containing high electron density organelles 

were abundant around the nuclear in MCF-7 cells 

transfected with M-EpCAM plasmid. This result 

(Figure 1C–1c) supported the hypothesis that formation 

of autophagosome was regulated by glycosylation 

modification of EpCAM. Taken together, it 

demonstrated that in breast cancer cells autophagy is 

associated with glycosylation of EpCAM. 

 

Effect of regulators of autophagy on glycosylation of 

EpCAM 

 

Based on above results, we have inferred N-

glycosylation of EpCAM is important for autophagy. 

Next, inhibitor (Wortmannin) and agonist (Rapamycin) 

of autophagy were used to confirm the conclusion 

fatherly. Cells were treated with 100 nM Wortmannin 

or 200 nM Rapamycin for 12 hr accompanied with 

transfected with M-EpCAM plasmid. These data 
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Figure 1. Effect of EpCAM on autophagy. (A) MCF-7 cells and MDA-MB-231 cells were treated with pCMV-SPORT 6-EpCAM plasmid, si-

EpCAM sequence and M-EpCAM plasmid for 48 hr. Whole cell lysates were subjected to western blot to detect the expression of Beclin 1, 
p62 and the conversion from LC3-I to LC3-II. (B) MCF-7 cells and MDA-MB-231 cells were transfected with pCMV-SPORT 6-EpCAM plasmid or 
si-EpCAM sequence or M-EpCAM plasmid and pGFP-LC3 plasmid for 48 hr, images were collected. After transfection for 24 hr, the cells were 
observed under an inverted microscope. Arrow depicted the autophagosome. (C) Representative transmission electron microscopy images 
depicting ultrastructures of MCF-7 cells which were transfected with pCMV-SPORT 6-EpCAM plasmid, si-EpCAM sequence and M-EpCAM 
plasmid, respectively. (e–h) depicted boxed sections in panels (a–d) at a higher magnification, respectively. Arrows indicate autolysosomes. 
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(Figure 2) showed that the expression of Beclin1 and 

LC3-II were significantly decreased with Wortmannin 

treatment and increased with Rapamycin treatment for 

12 hr, while the level of p62 had the opposite result. 

In addition, when Wortmannin accompanied with 

transfected with M-EpCAM plasmid, we found that 

the expressions of Beclin1 and LC3-II were decreased 

further and p62 was increased compared with 

treatment of M--EpCAM plasmid. We also found that 

Rapamycin accompanied with transfected with M-

EpCAM plasmid, the expression of Beclin1  

and LC3-II were increased further and p62 was 

decreased compared with treatment of M-EpCAM  

plasmid. Collectively, these results suggest that 

deglycosylated EpCAM regulated autophagy in breast 

cancer cells. 

 

 
 

Figure 2. Effect of regulators of autophagy on glycosylation of EpCAM breast cancer cells. Treatment of MCF-7 (A) and MDA-MB-
231 (B) cells were treated with 100 nM Wortmannin or 200 nM Rapamycin for 12 hr accompanied with transfected with M-EpCAM plasmid. 
Expressions of autophagy markers Beclin1, LC3, and p62 proteins were determined by western blot analysis. 
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The effect of inhibitor and activator of autophagy 

and deglycosylated EpCAM on apoptosis 

 

We have demonstrated that deglycosylated-EpCAM 

strengthened the cytotoxic effect of 5-FU and promoted 

apoptosis in breast cancer cells [22]. It has been 

reported that autophagy is known to regulate cell cycle 

progression, survival and apoptosis [23]. Thus, we were 

interested in discussing the role of autophagy in 

deglycosylated EpCAM-mediated apoptosis in breast 

cancer cells. We used Wortmannin and Rapamycin to 

inhibit and activate autophagy, respectively. The result 

showed that apoptosis-related proteins cleaved-caspase 

3 and Bax increased and anti-apoptotic protein Bcl2 

decreased when cells were transfected with plasmid of 

M-EpCAM. After M-EpCAM transfected cells were 

incubated with 100 nM Wortmannin for 24 hr, the 

expression of cleaved-caspase 3 and Bax decreased and 

Bcl2 increased compared with the cells transfected  

with M-EpCAM plasmid only (Figure 3A, 3C). Next, 

 

 
 

Figure 3. Effect of regulators of autophagy and deglycosylated EpCAM on apoptosis in breast cancer cells. (A, B) MCF-7 cells 

were incubated with 100 nM Wortmannin 200 nM Rapamycin for 12 hr after transfected with M-EpCAM plasmid. Expression of apoptosis 
related proteins Caspase 3, Bcl2 and Bax were detected with the method of Western blot. (C, D) MDA-MB-231 cells were incubated with 100 
nM Wortmannin 200 nM Rapamycin for 12 hr after transfected with M-EpCAM plasmid. Expression of apoptosis related proteins Caspase 3, 
Bcl2 and Bax were detected with the method of Western blot. 
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we tested the effect of autophagy activator on the cell 

apoptosis. The western blot results showed that 

Rapamycin (activator) has the opposite effect compared 

to Wortmannin (inhibitor) (Figure 3B, 3D). Taken 

together, our findings proved that glycosylated EpCAM 

might regulate the apoptosis by influencing autophagy 

in breast cancer cells. 

 

The effect of inhibitor and activator of autophagy 

and deglycosylated EpCAM on proliferation 

 

Next, to further confirm that the effect of glycosylated 

of EpCAM may participate in proliferation through 

autophagy, we incubated MCF-7 and MDA-MB-231 

cells with the autophagic inhibitor Wortmannin and 

stimulus Rapamycin, respectively. By monitoring the 

expression of proliferation maker PCNA, we found both 

cells showed Wortmannin increased and Rapamycin 

decreased the expression of PCNA. Deglycosylated 

EpCAM also decreased the PCNA expression. 

Synergistic effect of Wortmannin and deglycosylated 

EpCAM showed the callback of PCNA expression 

compared with using the Wortmannin only (Figure 4A, 

4C). Then, we used Rapamycin (autophagic activator) 

to incubate these two breast cancer cells for 24 hr. The 

results showed that proliferation properties were 

 

 
 

Figure 4. Effect of regulators of autophagy and deglycosylated EpCAM on proliferation in breast cancer cells. (A, B) MCF-7 cells 

were incubated with 100 nM Wortmannin or 200 nM Rapamycin for 12 hr after transfected with M-EpCAM plasmid. Expression of PCNA was 
detected with the method of Western blot. (C, D) MDA-MB-231 cells were incubated with 100 nM Wortmannin or 200 nM Rapamycin for 12 
hr after transfected with M-EpCAM plasmid. Expression of PCNA was detected with the method of Western blot. (E, F) MCF-7 and MDA-MB-
231 cells were incubated with 100 nM Wortmannin or 200 nM Rapamycin for 12 hr after transfected with M-EpCAM plasmid. The cells were 
cultured for another 4 days. The CCK8 assay used to evaluate the proliferation of the cells after transfection with the M-EpCAM plasmid or 
autophagic regulator. 
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inhibited after using the Rapamycin only. The results 

showed that proliferation properties were inhibited after 

using the Rapamycin only. Synergistic effect of 

Rapamycin and deglycosylated EpCAM showed the 

decrease of PCNA expression (Figure 4B, 4D). We also 

used CCK8 assay to evaluate the effect of glycosylated 

EpCAM and autophagy on proliferation, CCK8 assay 

results showed consistent with above western blot 

results of PCNA (Figure 4E, 4F). Over all, the finding 

suggested that glycosylated EpCAM might inhibit the 

proliferation through influencing autophagy in breast 

cancer cells. 

 

Deglycosylated EpCAM regulates autophagy, 

apoptosis and proliferation by PI3K/AKT/mTOR 

signaling pathway 

 

Many reports supported that autophagy is followed by 

the induction of apoptosis via PI3K/Akt/mTOR 

pathway [18, 24]. mTOR can be phosphorylated by 

phosphorylated-Akt to form p-mTOR, which plays a 

negative role in autophagy. Based on this, we 

explored the effect of glycosylation modification of 

EpCAM on Akt/mTOR signaling pathways. The result 

showed that deglycosylated EpCAM decreased the 

expression of pAkt (Figure 5). Next, to further 

confirm that PI3K/Akt/mTOR participated in this 

process, we incubated the cells with the Akt inhibitor 

MK2206 (1uM). The results showed that the levels of 

p-Akt and p-mTOR significantly declined when 

treated with MK2206. We also analyzed the effect of 

glycosylated EpCAM combined with MK2206. The 

results showed that deglycosylated EpCAM along 

with MK2206 decreased the expression of pAkt and 

pmTOR. Autophagy makers Beclin 1 and LC3-II 

increased and P62 and LC3-I decreased when treated 

with M-EpCAM plasmid and MK2206 (Figure 6A). 

Furthermore, fluorescence result showed that 

increased granulation of GFP-LC3 during synergistic 

effect between deglycosylation of EpCAM and Akt 

inhibitor MK2206 (Figure 6B). Transmission electron 

microscopy has the same results as above (Figure 6C). 

Taken together, we deduced that deglycosylated 

EpCAM promote autophagy via PI3K/AKT/mTOR 

signaling pathway in breast cancer cells.  

 

We also investigated the effect of glycosylation 

modification of EpCAM combined with inhibitor of 

Akt (MK2206) on apoptosis and proliferation in BC 

(Figure 7). In the MK2206 treated cells and M-

EpCAM treated cells, cleaved-caspase 3 and BAX 

were increased and Bcl2 was decreased. When 

combined MK2206 and M-EpCAM, the results 

showed more effective. As shown in Figure 7C, 7D, 

PCNA expression in the MK2206 and M-EpCAM 

treated cells were decreased deeply. These data 

clearly demonstrated that glycosylated EpCAM plays 

a critical role in regulating autophagy, apoptosis and 

proliferation on breast cancer cells. Taken above, 

these data indicate that deglycosylated EpCAM-

induced autophagy participated in the proliferation an 

apoptosis viaI3K/Akt/mTOR signaling in breast 

cancer cells (Figure 8). 

 

DISCUSSION 
 

Autophagy is a catabolic process necessary for 

development, innate immunity, cellular stress responses, 

and cell death in physiology and pathology conditions. 

During this process, long-lived proteins overturn 

 

 
 

Figure 5. Effects of EpCAM on the PI3K/AKT/mTOR signaling pathway in MCF-7 and MDA-MB-231 cells. MCF-7 and MDA-MB-

231 cells were transfected with pCMV-SPORT 6-EpCAM plasmid, si-EpCAM sequence and M-EpCAM plasmid for 48 hr, respectively. 
Expressions of pAkt and Akt were detected with method of Western blot. 
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Figure 6. Effects of EpCAM on autophagy via PI3K/AKT/mTOR signaling pathway in MCF-7 and MDA-MB-231 cells. (A) MCF-7 

cells and MDA-MB-231 cells were treated with M-EpCAM plasmid and MK2206 (1μM) for 48 h. Whole cell lysates were subjected to western 
blot to detect the expression of Beclin 1, p62 and the conversion from LC3-I to LC3-II. (B) MCF-7 cells and MDA-MB-231 cells were treated 
with M-EpCAM plasmid, pGFP-LC3 plasmid and MK2206 (1μM) for 48 hr. Cells were observed under an inverted microscope. Arrow depicted 
the autophagosome. (C) Representative transmission electron microscopy images depicting ultrastructures of MCF-7 cells which were 
transfected with M-EpCAM plasmid and MK2206 (1μM) for 48 h. 
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constitutively and macromolecules and organelles are 

damaged [2, 21, 25]. Autophagy plays an important 

physiological role to maintain cellular homeostasis [26]. 

Abnormal activation of autophagy can induce cell death 

[27]. Whether autophagy promotes cell survival or 

induces cell death is controversial. Through our study, 

we illustrated that autophagy and subsequent apoptosis 

were induced by deglycosylated EpCAM in breast 

cancer cells. Furthermore, we demonstrated the 

essential role of PI3K/Akt/mTOR signaling pathway in 

deglycosylated EpCAM-induced autophagy.  

 

The dysregulation of autophagy has been identified in 

various diseases including cancer, cardiovascular 

disease, and autoimmune disease [15]. Till now, many 

autophagy related proteins and modulators  

have been found to involve in the autophagy [28]. 

Autophagy plays a dual role in cell survival and death 

in both normal tissues and tumors [8].  

The interplay between autophagy and cancer cell 

development and proliferation is complex. Autophagy 

has been implicated to be closely related to 

tumorigenesis [29]. Some evidence implicates 

autophagy as a tumor suppressor, while other 

evidence suggests that it promotes tumor 

proliferation. Thus, autophagy plays different  

roles in cancer biology depending on tumor type and 

context [9].  

 

 
 

Figure 7. Effects of EpCAM and autophagy on proliferation and apoptosis via PI3K/AKT/mTOR signaling pathway in MCF-7 
and MDA-MB-231 cells. MCF-7 (A, C) and MDA-MB-231 (B, D) cells were treated with M-EpCAM plasmid and MK2206 (1μM) for 48 h. 

Whole cell lysates were subjected to western blot to detect the expression of Caspase 3, Bcl2, Bax and PCAN. 
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Glycosylation is the common protein modification after 

translation. Abnormal glycosylation influence cancer 

development and metastasis. [30]. Tumor cells display a 

wide range of glycosylation alterations, and certain 

glycans are well-known markers of tumor progression, 

such as LeY, sLeX [14, 31]. Some data suggested that 

glycoconjugates influence physiological behavior by 

regulating autophagy. The mechanics of autophagosome 

formation was associated with glycoconjugates [32]. 

Many data have demonstrated that the relationship 

between the glycosylation and autophagy. Mutations in 

other crucial autophagy proteins have also been 

identified and support the idea that autophagy has a 

tumor suppressor function. For example, Zhu reported 

that O-GlcNAcase (OGA) inhibitors enhanced 

autophagy, which aided the brain in struggling with the 

accumulation of toxic protein species [17]. Li reported 

that knockdown of HIF-1α regulated autophagy 

mediated glycosylation in oral squamous cells [33].  

 

Autophagy and apoptosis, two important physiological 

behaviors, control cell survival and death in response to 

various stresses [34]. Autophagy is a conserved process 

to maintain cellular homeostasis, consisting of the 

degradation of organelles and abnormal proteins. 

Autophagy can be rapidly induced by hypoxia, and 

oxidative stress and so on [35]. Apoptosis is a process 

which show nuclear shrinkage, chromatin condensation 

and apoptosis body [36]. In some cases, autophagy can 

inhibit apoptosis for cell survival, while in other cases 

autophagy may lead to cell death [37, 38]. Therefore, 

the combination of autophagy and apoptosis affects cell 

homeostasis. Many studies have shown the interaction 

between autophagy and apoptosis. This interaction is 

mainly reflected in the interaction between autophagy 

protein and apoptotic protein, such as Bcl-2/Beclin-1, 

Atgs, Caspases, p53, FLIP, and so on [39]. Therefore, it 

is of great significance to explore the interaction 

between autophagy proteins and apoptotic proteins. In 

general, autophagy predates apoptosis in maintaining 

cell homeostasis. Autophagy may become a guardian of 

apoptosis through surrounding microenvironment [40]. 

Existing literature reported that autophagy participated 

the process of cell apoptosis. For example, autophagy-

dependent apoptosis was regulated by inhibition of 

SGK1 via the mTOR-Foxo3a pathway [41].  

 

We reported that deglycosylated EpCAM induced 

autophagy and apoptosis in breast cancer cells in this 

study. Blockade of autophagy with autophagy inhibitor 

Wortmannin completely inhibited deglycosylated 

EpCAM-induced autophagy apoptosis in breast cancer 

cells. Activation of autophagy with autophagy activator 

Rapamycin got the opposite results. It has been 

demonstrated that a variety of integral cell signaling 

pathways are known to regulate autophagy. 

 

 
 

Figure 8. Schematic diagram of the proposed mechanism underlying deglycosylated EpCAM-induced autophagy participated 
in the proliferation an apoptosis viaI3K/Akt/mTOR signaling in breast cancer cells. 
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The PI3K/Akt/mTOR signaling pathway is the 

common way to regulate autophagy [42, 43].  

Akt is phosphorylated and activated by PI3K. pAkt 

activates the downstream mTOR and make it 

phosphorylated, which is followed by down-

regulation of phosphorylated p70S6K. The result 

induces autophagy [6, 13, 42, 44, 45]. To understand 

the mechanism of deglycosylated EpCAM-mediated 

autophagy in breast cancer cells, we analyzed the Akt-

mTOR signaling pathway. Our study demonstrated 

that the effect of Akt-mTOR signaling on the 

regulation of autophagy in breast cancer cells. In 

addition, we also suggested that deglycosylated 

EpCAM facilitated cell apoptosis of breast cancer 

cells via PI3K/Akt signaling pathway. 

 

CONCLUSIONS 
 

In summary, we reported the autophagy disorder 

induced by three glycosylation point mutations in 

EpCAM in breast cancer cells. Deglycosylated EpCAM 

was found to be a functional marker that was required 

for AKT/mTOR mediated autophagy regulation in 

breast cancer cells. Our study further explore EpCAM 

functions and provides a theoretical basis for the 

treatment of breast cancer. 

 

MATERIALS AND METHODS 
 

Materials 

 

MCF-7 and MDA-MB-231 cells were obtained from 

ATCC (Manassas, VA). DMEM/F12, fetal bovine 

serum (FBS), Lipofectamine TM Reagent was 

purchased from Invitrogen (Paisley, UK). The anti 

pAkt, Akt, pmTOR, mTOR, GAPDH and horseradish 

peroxidase (HRP)-conjugated anti-rabbit secondary 

antibody were obtained from Santa Cruz Biotechnology 

(Heidelberg, Germany). The anti Beclin 1, P62, ILC3, 

Caspase 3, Bcl2 and Bax were purchased from 

Proteintech (Wuhan, Hubei, China). Enhanced 

chemiluminescence (ECL) assay kit was purchased 

from Amersham (Louisville, Co).  

 

Plasmid and RNAi sequence 

 

EpCAM overexpression plasmid (pCMV-SPORT 6-

EpCAM) was purchased from the Proteintech Group, 

Inc. (Wuhan, Hubei, China). SiRNA for EpCAM is as 

follows: EpCAM-1: 5′-UGCUCUGAGCGAGUGAGA 

ATT-3′; EpCAM-2: 5′-UUCUCACUGCUCAGAGCA 

TT-3′. N-glycosylation mutant was made by replacing 

asparagine with glutamine in all the three N-

glycosylation sites of EpCAM by TAKALA Company 

(Dalian, Liaoning, China). The mutation plasmid was 

named M-EpCAM plasmid. 

Cell culture 

 

Breast cancer cells (MCF-7 and MDA-MB-231) were 

cultured in medium DMEM/F12 plus 10% calf serum in 

a 5% CO2 humidified atmosphere at 37° C. 

 

Transfection 

 

Transfection of cells with EpCAM overexpression 

plasmid, si-EpCAM sequence, M-EpCAM plasmid and 

pGFP-LC3 plasmid were performed using 

LipofectamineTM Reagent according to the 

manufacturer’s instruction. 

 

Western blot 

 

Cell extracts were prepared using with RIPA lysis 

buffer. After determination of concentration of protein, 

cell lysates were separated by 10% SDS-PAGE min-gel 

and transferred to a nitrocellulose membrane. 

Subsequently, the membrane was blocked using 5% 

non-fat milk for 2 h and then incubated with the primary 

antibodies overnight. After probed with horseradish 

peroxidase-conjugated secondary antibodies, 

immunoreactive proteins were visualized with ECL 

detection system. 

 

Cell proliferation assay 

 

Cells (1×104 cells per well) were seeded in a 96-well 

plate. Cell viability was performed using an CCK8 

assay, according to the manufacturer's instructions. The 

absorbance of OD450nm was detected with a microplate 

reader. 

 

Each sample was evaluated for three times for analysis. 

 

Electron microscopy 

 

Cells were treated with 2.5% glutaraldehyde in 0.1 M 

sodium cacodylate buffer, pH 7.4 for 30 minutes at 

room temperature and post-fixed with 1% osmium 

tetroxide in 0.1 M sodium cacodylate buffer, pH 7.4 for 

1 hour, contrasted with 1% tannic acid in 0.05 M 

sodium cacodylate, followed by dehydration through 

graded alcohols and acetone and then embedded in 

EMbed 812. After using an UltraCut E ultramicrotome 

to cut into Ultrathin sections, samples were double-

stained with 0.3% lead citrate and examined under a 

JEOL 1200EX electron microscope. Micrographs were 

taken at 60,000 or 200,000 magnifications. 

 

Statistical analysis 

 

The numerical data are expressed as means ± SD. 

Unpaired Student’s t-tests were used to compare the 
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means of two groups. P value less than 0.05 was 

considered significant. 
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INTRODUCTION 
 

Hepatocellular carcinoma (HCC) is the most common 

primary hepatic cancer with an estimated 0.8 million 

incident cases in 2018 [1]. The majority of HCC 

occurs in people with either hepatitis B/C infection or 

aflatoxin exposure [2, 3]. Although current therapies 

including surgical dissection, liver transplantation, 

radiation therapy, targeted therapy and immune 

therapy improve patients’ lives a lot [4], the mortality 

of HCC is still very high, with an estimated 0.7 
million deaths in 2018, and is responsible for the 

second leading cause of cancer associated deaths 

worldwide [1, 5]. Therefore, there is an urgent need to 

develop novel therapeutic strategies for better 

treatment of HCC patients. 

 

As transcription factors, Forkhead Box (FOX) proteins 

are involved in various biological events such as 

proliferation, apoptosis, DNA repair and metabolism 

either alone or together with other transcription 

factors/cofactors [6]. Numerous studies have proved that 

the dysregulation of FOX proteins was tightly associated 

with cancer initiation, progression, and drug resistance 

[6–9]. For instance, the expression level of FOXC1 was 

significantly increased in HCC and it functioned as an 

independent predictor for HCC survival and tumor 

recurrence. FOXC1 promoted HCC tumor metastasis via 
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ABSTRACT 
 

Hepatocellular carcinoma (HCC) remains the second leading cause of cancer related deaths worldwide. 
Understanding about the molecular biology of HCC and development of targeted therapies are still the main 
focuses of this type of disease. Here, by connecting the expression levels of FOX proteins with their 
associated clinical characteristics using TCGA LIHC dataset, we found that 27/40 FOX proteins were highly 
expressed in HCC tumors compared to normal liver tissues and their expression levels were tightly 
associated with HCC tumor stage, tumor grade and overall survival. Our experimental results also confirmed 
that FOXH1 indeed played an oncogenic role in HCC development by promoting cell growth and cell 
migration/invasion. Mechanistic dissection demonstrated that FOXH1-induced cell growth and cell 
migration/invasion relied on mTOR signaling because inhibition of mTOR signaling by rapamycin could 
attenuate FOXH1-mediated phenotypic alterations of HCC cells. The results from orthotopic mouse model 
also validated that FOXH1 promoted HA22T tumor growth via triggering mTOR activation. Overall, this study 
not only comprehensively examines the clinical values of FOX proteins in HCC but also provides 
experimental evidence to support the role of FOXH1 in HCC development, building rationale to develop 
more effective therapies to treat HCC patients. 
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transactivating Snail [10], a central transcription factor 

regulating a bundle of metastasis-related genes. Besides, 

the oncogenic roles of FOXG1, FOXO3, FOXK1 and 

FOXM1 in HCC carcinogenesis have also been 

recognized in recent years [11–15], suggesting that FOX 

proteins may be the potentially therapeutic targets of 

HCC. However, few efforts have been taken to 

comprehensively evaluate the clinical values of FOX 

proteins and to unfold the role of FOXH1 in HCC. 

 

The role of mTOR (mammalian target of rapamycin) 

signaling has been well documented in cancer 

development including HCC [16, 17]. The common 

subunits of mTOR complex at least include the mTOR 

kinase, mLST8 (the mammalian lethal with SEC13 

protein 8), DEPTOR (DEP Domain Containing MTOR 

Interacting Protein), Tel2 (telomere maintenance 2) and 

Tti1 (Tel2-interacting protein 1) [18, 19]. RAPTOR in 

mTORC1 and RICTOR in mTORC2 make these two 

complexes different. In HCC patients, activation of the 

mTOR pathway was observed in 40-50% HCC patients 

and was closely associated with HCC poor prognosis 

and early recurrence [17, 20], which facilitated  

the development of mTOR inhibitors for clinical 

applications. 

 

In this study, our analyses from TCGA dataset revealed 

that the majority of FOX proteins (27/40) was 

overexpressed in HCC patients and their expression 

levels were tightly correlated with tumor stage, tumor 

grade and overall survival of HCC patients. We also 

verified that FOXH1 was indeed highly expressed  

in our collected HCC samples compared to the 

corresponding adjacent tissues. And experimental 

results demonstrated that FOXH1 played an oncogenic 

role in HCC development, which was partially due to 

the activation of mTOR signaling. Indeed, inhibition of 

mTOR signaling with rapamycin could reverse FOXH1-

induced HCC cell growth and cell invasion/migration. 

Furthermore, our in vivo animal data also confirmed 

that FOXH1 promoted HCC tumor growth. Overall, our 

study comprehensively analyzes the clinical values of 

FOX proteins in HCC and provides compelling 

rationale to develop FOX proteins either as 

diagnostic/prognostic or therapeutic biomarkers for 

better treatment of HCC patients. 

 

RESULTS 
 

Expression levels of FOX family members were 

increased in HCC patients 
 

A lack of comprehensive analysis of FOX family 

members in HCC patients led us to examine their 

expression levels by using UALCAN (http://ualcan. 

path.uab.edu) online tool. As data presented in Figure 1, 

27 FOX family members were highly expressed in HCC 

patients compared to normal liver tissues. Of note, other 

13 FOX members failed to show this trend 

(Supplementary Figure 1): 7 FOX proteins (FOXB1, 

FOXB2, FOXG1, FOXI1, FOXN1, FOXR1 and 

FOXR2) were undetectable in both HCC and liver 

tissues; 4 FOX members (FOXD3, FOXF1, FOXO1 

and FOXP2) were under expressed in HCC patients; 

FOXA3 and FOXP3 were indistinguishably expressed 

between HCC and normal liver tissues. Moreover, 

protein examination by Human Protein Atlas 

(https://www.proteinatlas.org) also confirmed that the 

majority of FOX proteins was overexpressed in HCC 

patients (Figure 2). Together, these analyses suggest 

that most FOX family proteins are highly expressed in 

HCC samples and they may serve as oncogenic factors 

to promote HCC progression. 

 

The expression levels of FOX proteins were 

independent predictors for overall survival of HCC 

patients 

 

To explore whether the expression levels of FOX 

proteins were associated with the prognosis of HCC, we 

first divided HCC patients into low-risk (n=181) and 

high-risk (n=180) group using the median expression 

level of individual FOX as a cutoff (Figure 3A). Cox 

overall survival analysis in SurvExpress 

(http://bioinformatica.mty.itesm.mx:8080/Biomatec/Surv

ivaX.jsp) demonstrated that high-risk group had poor 

overall survival compared to low risk group (Figure 3B, 

HR=2.16, P<0.001), indicating that the expression levels 

of these FOX proteins were highly associated with the 

overall survival of HCC. Also, the association of 

individual FOX protein with the overall survival of HCC 

was analyzed by UALCAN, which revealed that the 

majority of FOX proteins was highly expressed in HCC 

patients who had shorter overall survival time (Figure 

3C). Furthermore, we also found that the expression 

levels of most FOX proteins were also tightly associated 

with tumor stage, tumor grade and metastatic status of 

HCC. Data showed that high grade, high stage or 

metastatic HCC patients tended to express high levels of 

FOX proteins (Supplementary Figures 2–4). Of note, 

although metastatic HCC expressed higher levels of FOX 

proteins, there was no statistically significant difference, 

largely due to the small sample size (n=4). Collectively, 

all these findings indicate that the expression levels of 

most FOX family members can serve as independent 

predictors for the prognosis of HCC patients. 

 

Experimental evidence suggested that FOXH1 

promoted HCC development 

 

Next, we turned our focus on FOXH1 because its role in 

HCC progression has not yet been determined. The 

http://ualcan.path.uab.edu/
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https://www.proteinatlas.org/
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Figure 1. Expression levels of FOX family members were upregulated in HCC patients. 27 FOX proteins were upregulated in HCC 

patients compared to the normal liver tissues. *P<0.05, **P<0.01, ***P<0.001. 
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expression level of FOXH1 was tightly associated with 

tumor stage, tumor grade and overall survival of HCC 

(Figure 3C and Supplementary Figures 2–4). Indeed, 

overexpression of FOXH1 in HA22T promoted their 

growth, monitored by MTT assay (Figure 4A). Similar 

result was gained in SK-HEP-1 cells (Figure 4B). On 

the contrary, FOXH1 depletion by shRNAs suppressed 

cell growth of HA22T and SK-HEP-1 cells (Figure 4C, 

4D). Also, our data revealed that overexpression of 

FOXH1 increased the colony forming ability of HA22T 

cells (Figure 4E) while knockdown of FOXH1 inhibited 

the colony forming ability of HA22T cells (Figure 4F). 

 

Next, we sought to investigate whether FOXH1 could 

regulate cell migration and cell invasion of HCC cells. 

Results from wound healing assay indicated that 

FOXH1 overexpression could increase cell migrating 

ability of both HA22T and SK-HEP-1 cells (Figure 4G) 

while FOXH1 depletion led to suppressed cell 

migration of HA22T and SK-HEP-1 cells (Figure 4H). 

 

 
 

Figure 2. Representative immunohistochemical images of FOX proteins in HCC samples and the normal liver tissues. ND: Not 
detectable. 
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Figure 3. The expression levels of FOX proteins were independent predictors for overall survival of HCC patients. (A) The Box 
plots of individual FOX protein in low (green) and high (red) risk groups of TCGA-LIHC patients. (B) Cox overall survival analysis in SurvExpress 
showed that HCC patients with high expression levels of FOX proteins had shorter overall survival. (C) The association between Individual FOX 
protein expression level with overall survival of HCC. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 4. Experimental evidence suggested that FOXH1 promoted HCC development. (A, B) Top, the efficiency of FOXH1 
overexpression. GAPDH was internal control. Bottom, MTT assay demonstrated that overexpression of FOXH1 promoted cell growth of 
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HA22T (A) and SK-HEP-1 cells (B). (C, D) Top, efficiency of FOXH1 knockdown. GAPDH was loading control. Bottom, MTT assay revealed that 
knockdown of FOXH1 reduced cell growth of HA22T (C) and SK-HEP-1 cells (D). (E) FOXH1 HA22T cells had better colony forming ability than 
Vector HA22T cells. Left, representative images of colonies. Right, statistical analysis. (F) FOXH1 depleted HA22T cells formed less colonies 
than the control cells. Left, representative images of colonies. Right, statistical analysis. (G) Overexpression of FOXH1 increased cell migrating 
ability of HA22T (top) and SK-HEP-1 cells (bottom) cells. Left, representative images of wounding healing assay. Right, statistical analysis. (H) 
FOXH1 knockdown suppressed the migrating ability of HA22T (top) and SK-HEP-1 cells (bottom) cells. Left, representative images of 
wounding healing assay. Right, statistical analysis. (I) Overexpression of FOXH1 promoted cell invasion of HA22T (top) and SK-HEP-1 (bottom) 
cells. Left, representative images of wounding healing assay. Right, statistical analysis. (J) Knockdown of FOXH1 decreased cell invasion of 
HA22T (top) and SK-HEP-1 (bottom) cells. Left, representative images of wounding healing assay. Right, statistical analysis. *P<0.05, **P<0.01, 
***P<0.001. 

Consistently, data from transwell invasion assay 

suggested that HA22T and SK-HEP-1 cells with 

FOXH1 overexpression had stronger invasive abilities 

compared to the corresponding control cells (Figure 

4I). In contrast, knockdown of FOXH1 evidently 

suppressed cell invasion of HA22T and SK-HEP-1 

cells (Figure 4J). Taken together, these results illustrate 

that FOXH1 plays an oncogenic role in HCC 

development by promoting cell growth and cell 

migration/invasion. 

 

FOXH1 mediated cell growth and cell migration/cell 

invasion of HCC cells were dependent of mTOR 

signaling 

 

To dissect the underlying mechanisms responsible for 

FOXH1 mediated cell growth and cell migration/ 

invasion, we first performed GSEA KEGG pathway 

analysis to examine which signaling pathways were 

tightly associated with FOXH1 level. By dividing HCC 

patients into two groups (n=187 for each group) using 

the median expression level of FOXH1 as cutoff, we 

found that mTOR signaling was highly enriched in 

HCC patients with high level of FOXH1 (Figure 5A and 

Supplementary Figure 5, p=0.003). To end this, we 

performed the rescue assay by using mTOR specific 

inhibitor, rapamycin, to test whether FOXH1 mediated 

phenotypes of HCC cells were caused by mTOR 

activation. Expectedly, data revealed that FOXH1 lost 

its ability to increase cell growth of HA22T and SK-

HEP-1 cells in the presence of 10 nM rapamycin 

(Figure 5B), monitored by MTT assay. Colony 

formation assay also showed that FOXH1 failed to 

increase the colony number of HA22T cells when these 

cells were treated with 10 nM rapamycin (Figure 5C). 

Moreover, inhibition of mTOR signaling with 

rapamycin could also reverse FOXH1 induced HCC cell 

migration and cell invasion of HA22T and SK-HEP-1 

cells (Figure 5D, 5E). As the downstream indicator of 

mTOR signaling, the phosphorylation level of S6K1 

was also increased by FOXH1 induction, which was 

attenuated by rapamycin treatment (Figure 5F). 

Together, all these data support the notion that FOXH1 

mediated cell growth and cell migration/invasion are at 

least partially caused by the activation of mTOR 

signaling. 

In vivo and clinical evidence confirmed the 

oncogenic role of FOXH1 in HCC development 

 

To test whether FOXH1 promoted HCC progression in 

vivo, we first orthotopically implanted luciferase-based 

Vector or FOXH1 HA22T (1X106) into the livers of 

nude mice and examined tumor growth by using IVIS 

system. Data showed that FOXH1 indeed could 

significantly promote HCC tumor growth (Figure 6A, 

6B). Most importantly, FOXH1 HA22T tumors were 

considerably suppressed when we administrated them 

with 2 mg/kg rapamycin (Figure 6A, 6B), strengthening 

the notion that the contribution of FOXH1 to HCC 

progression was at least partially dependent of mTOR 

signaling. Immunohistochemical staining of mTOR 

signaling marker, p-S6K1, also confirmed that the 

tumor promoting role of FOXH1 in HA22T xenografted 

mouse model was dependent of mTOR activation 

(Figure 6C, 6D). Moreover, we collected HCC samples 

(clinical information was listed in Table 1) and the 

paired adjacent liver tissues to examine FOXH1 level. 

Consistent to our above results, high expression level of 

FOXH1 was observed in 16 HCC patients compared to 

the paired adjacent liver tissues (Figure 6E), which was 

also validated with immunohistochemical staining of 

FOXH1 in these 16 paired tissues (Figure 6F). 

Collectively, all these in vivo and clinical results 

demonstrate that FOXH1 serves as a tumor promoting 

factor controlling HCC tumor development. 

 

DISCUSSION 
 

Identification of novel diagnostic/prognostic or 

therapeutic biomarkers of HCC is still one of scientific 

focuses. In this study, we comprehensively analyzed the 

potential clinical value of individual FOX protein in 

HCC by using TCGA-LIHC dataset. Our data revealed 

that the majority of FOX proteins was highly expressed 

in HCC patients using the normal liver tissues as 

controls. Also, higher expression levels of FOX proteins 

were associated with higher stage, higher metastasis and 

shorter survival time of HCC. Importantly, our 

experimental confirmation using FOXH1 as example 
suggested that FOXH1 indeed promoted HCC 

progression by triggering mTOR activation. Our study 

not only pinpoints the clinical value of each FOX 
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Figure 5. FOXH1 mediated cell growth and cell migration/cell invasion of HCC cells were dependent of mTOR signaling. (A) 

GSEA KEGG analysis showed that mTOR signaling was enriched in high FOXH1 HCC patients. (B) FOXH1 mediated cell growth of HA22T and 
SK-HEP-1 cells was blocked by mTOR inhibitor rapamycin (Rapa). (C) Colony formation assay showed that FOXH1 induced cell growth of 
HA22T cells was attenuated by rapamycin. Left, representative images of colonies. Right, statistical analysis. (D) FOXH1 lost the ability to 
increase cell migration of HA22T and SK-HEP-1 cells in the presence of rapamycin. Top, representative images of wounding healing assay. 
Bottom, statistical analysis. (E) FOXH1 failed to increase cell invasion of HA22T and SK-HEP-1 cells in the presence of rapamycin. Top, 
representative images of invading cells. Bottom, statistical analysis. (F) FOXH1 induced phosphorylation levels of S6K1 were blocked by 
rapamycin. GAPDH served as loading control. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 6. In vivo and clinical evidence confirmed the oncogenic role of FOXH1 in HCC development. (A) The HA22T tumor growth 

curve. (B) Representative images of HA22T tumors. (C) p-S6K1 staining showed that FOXH1 promoted HA22T tumor growth was dependent 
of mTOR activation. (D) A statistical analysis of p-S6K1 level. (E) Western blotting analysis of FOXH1 in 24 HCC samples with their paired 
adjacent liver tissues. (F) IHC staining of FOXH1 in HCC samples using their corresponding adjacent liver tissues as controls. Left, 
representative image of FOXH1 staining in slides made from patient 1#. Right, statistical analysis of FOXH1 staining. Scale bar: 25 µm. 
*P<0.05, **P<0.01, ***P<0.001. 
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Table 1. Clinicopathological characteristics of HCC patients (N=24). 

Patient 

code 
Patient ID Gender 

Age, 

year 

Tumor 

number 
HBsAg 

AFP, 

ng/mL 

Liver 

cirrhosis 

BCLC 

stage 

TNM 

stage 

Child-

pugh 

1 0008155592 Male 53 Multiple Positive >1210 Yes B III A 

2 0008146382 Male 54 Single Positive 87.05 Yes A I A 

3 0000841294 Male 66 Single Positive >1210 Yes 0 I A 

4 0003476206 Male 56 Multiple Positive 2.37 Yes C III A 

5 0008271060 Male 42 Single Positive 4.39 Yes A I A 

6 0004865466 Male 20 Single Positive 111.58 Yes 0 I A 

7 0008191254 Male 72 Single Positive 850 Yes A II A 

8 0008292466 Male 64 Single Positive 1.04 Yes A I A 

9 0008330242 Male 21 Multiple Positive >800 No B III A 

10 0000060449 Male 70 Single Positive 4.99 Yes 0 I A 

11 0002543983 Male 59 Multiple Positive 243.94 No B II A 

12 0004975402 Male 61 Single Positive 400.6 Yes A I A 

13 0008366184 Male 54 Single Positive 1.4 Yes A I A 

14 0002933746 Male 66 Single Positive 1.18 No A I A 

15 0008075110 Male 41 Single Positive 4.47 No A I A 

16 0001982601 Male 55 Single Positive 2 Yes A I A 

17 0008435226 Female 65 Single Positive 6.36 No A I A 

18 0008418675 Male 64 Single Positive 14.15 Yes A I A 

19 0008464942 Male 48 Single Positive 602.95 Yes A I A 

20 0008440382 Male 57 Single Positive >1210 Yes A I A 

21 0008465012 Male 50 Single Positive 56.71 No A I A 

22 0003711350 Male 65 Single Positive >1210 Yes A I A 

23 0008509448 Male 56 Single Positive 230.41 Yes 0 I A 

24 0008560310 Male 49 Multiple Positive 9.92 No B III A 

 

protein in HCC but also strengthens the tumor 

promoting role of FOXH1 with both experimental and 

clinical evidence. Therefore, we believe development of 

FOX targeted therapeutic approaches may improve 

current treatments of HCC. 

 

Recently, accumulating evidence suggested that FOX 

proteins were involved in cancer carcinogenesis. 

Immunohistochemical staining of FOXO3 demonstrated 

that FOXO3 was overexpressed in HCC samples, 

suggesting it may occupy a position in HCC 

development. Indeed, hepatic FOXO3a transgenic mice 

were much easier to develop tumorigenesis upon 

hepatotoxicin treatment compared to the control cohorts 

[21]. Study also documented that FOXG1 was highly 

expressed in HCC patients and its induction could 

promote EMT (epithelial-Mesenchymal transition) by 

activating beta-catenin signaling [11]. Moreover, the 

roles of FOXK1 and FOXQ1 in HCC in progression 

have also been well documented. An increased 

expression level of FOXK1 caused by DNA 

hypomethylation was observed in HCC patients [15]. 

FOXK1 upregulation in HCC cells led to expand the 

population of cancer stem cells by increasing EpCAM 

and ALDH1 expression levels [15]. FOXQ1 

upregulation could initiate HCC by enhancing the 

communication between cancer association fibroblasts 

(CAF) and tumor cells [22]. Our analyses of FOXK1, 

FOXQ1, FOXG1 and FOXO3a in TCGA LIHC dataset 

were consistent with previous findings. To summarize, 

the roles of FOX members in HCC initiation and 

progression are increasingly discovered. In this study, a 

comprehensive analysis of FOX members in HCC 

demonstrates that some FOX family members could 

serve as prognostic factors determining HCC 

progression. 

 

Indeed, experimental validation demonstrated that 

FOXH1 promoted cell growth and cell invasion/migration 

of HCC cells. The in vivo animal data also confirmed the 

oncogenic role of FOXH1 in HCC development. 

Mechanistically, FOXH1 mediated HCC cell growth and 

cell invasion was partially caused by mTOR activation. 

As fact, the role of mTOR signaling in HCC progression 

has been well documented. Clinical data showed that 

mTOR signaling was activated in an approximate 40% 
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HCC patients [16, 17, 20], facilitating the clinical 

application of mTOR inhibitors into HCC treatment. 

Although mTOR inhibitors such as everolimus, 

temsirolimus and deforolimus have been approved for the 

treatment of RCC (renal cell carcinoma), HER2-negative 

breast cancer and pancreatic neuroendocrine tumor [23–

25], they haven’t obtained approval for treatment in HCC 

patients. Nevertheless, mTOR inhibitors have been 

showed to suppress HCC cell growth in vitro and in vivo. 

Most importantly, they are being clinically tested for the 

treatment of advanced HCC. Our results revealed that 

mTOR inhibitor rapamycin could block FOXH1 induced 

HCC cell growth in vitro and in vivo. All these facts build 

rationale to apply mTOR inhibitor for the treatment of 

HCC patients with high FOXH1 expression level. 

 

In addition, we found that metastatic HCC patients 

preferred to highly express FOX proteins even though 

there was no statistically significant difference due to 

the small size of metastatic HCC patients (n=4), 

indicating FOX proteins may play critical roles in the 

development of HCC metastasis. Metastatic HCC is 

more lethal compared to localized HCC so that 

currently therapeutic options are less effective [26]. Our 

data showed that FOXH1 could enhance HCC cell 

migration and cell invasion, two essential steps during 

tumor metastasis, indicating targeting FOXH1 may 

overcome HCC metastasis. However, how to 

specifically target FOXH1 is still a scientific question. 

Fortunately, specific inhibitors towards FOX proteins 

were recently being developed. JBIR-141 and JBIR-142 

have been identified as potent inhibitors specific for 

FOXO3a [27]. Given that FOX proteins are increased in 

metastatic HCC, it is worthy to develop their specific 

inhibitors for better treatment of this type of HCC. 

 

Overall, our study comprehensively analyzed the 

correlations between the expression levels of FOX 

proteins and the clinical characteristics of HCC, 

pinpointing the prognostic values of FOX proteins in 

HCC progression. The experimental evidence also 

suggested that FOXH1 was truly a tumor promoting 

factor in HCC progression, strengthening the accuracy 

of our online analyses. 

 

MATERIALS AND METHODS 
 

Patient samples 

 

HCC samples (24) and the paired adjacent liver tissues 

(24) were obtained from Department of Liver Surgery, 

Xiangya Hospital, Central South University. Resected 

tissues were stored in liquid nitrogen for further use. 

Informed consent was obtained from patients and study 

was approved by the Institutional Review board of 

Central South University. 

Cell culture 

 

HA22T, SK-HEP1 and 293T were purchased from Cell 

Bank in Chinese Academy of Sciences (Shanghai, 

China). 10% FBS DMEM (100 units/mL penicillin, 100 

µg/mL streptomycin) was used to culture cells in 

humidified 5% CO2 environment at 37° C. 

 

Lentivirus generation 

 

PLKO with shRNAs against FOXH1 or PWPI with 

FOXH1 cDNA was co-transfected with psPAX2 and 

pMD2.G into 293T cells using the standard calcium 

phosphate transfection method. 48 hours post-

transfection, virus supernatant was collected and 

infected HCC cells. 8 µg/ml polybrene was used to 

enhance the efficiency of virus infection. 

 

Real time qPCR 

 

Total RNAs were isolated using Trizol reagent following 

the standard RNA extraction protocol. Reverse 

transcription was performed using two µg of total RNAs. 

Real time qRT-PCR was performed using a Bio-Rad 

CFX96 system with SYBR green to determine the mRNA 

expression levels of interested genes. GAPDH mRNA 

level was served as internal control. 

 

Western blotting 

 

Lysates from HA22T, SK-HEP1 cells were loaded into 

10%-12% SDS-PAGE gel for electrophoresis before 

proteins were transferred to PVDF membrane. After being 

blocked with 10% milk in TBST, membrane was probed 

with specific primary antibody with approximate dilution 

at 4° C for at least 16 hours, followed by incubation with 

1:5000 HRP conjugated secondary antibody for 1 hour at 

room temperature. After being washed with TBST, blots 

were analyzed using enhanced chemiluminescence. Anti-

FOXH1 (ab189960, Abcam) and anti-GAPDH (sc-47724, 

Santa Cruz) were used in this study. 

 

MTT cell growth assay 
 

HA22T, SK-HEP1 cells were seeded into 24-well plates 

at a density of 5000 cells/well. Cells at different time 

points were incubated with 5 μg/ml 3-(4,5-

Dimethylthiazolyl)-2,5-diphenyltetrazolium bromide 

(MTT, Abcam) for 3 hours, followed by 10 mins 

DMSO incubation and the absorbance was analyzed at 

490 nm. 

 

Wound healing assay 
 

HA22T, SK-HEP1 cells with or without FOXH1 

manipulation were scratched using a pipette tip. 48 
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hours later, images of these cells were taken by 

microscopy. 

 

Transwell assay 

 

HA22T, SK-HEP1 cells with or without FOXH1 

manipulation were loaded into the upper chamber of the 

inserts pre-coated with 1:8 diluted matrigel (BD 

Bioscience, USA) at the density of 1 × 105/well. 0% 

FBS medium in the lower chamber served as a 

chemoattractant. 24 hours later, the invading cells in 

inserts were stained with 0.1% crystal violet and imaged 

with inverted microscope (Olympus, Japan). 

Quantification of images was done with ImageJ. 

 

In vivo xenografted mouse model 

 

1X106 HA22T-luciferase cells were orthotopically 

implanted into nude mice to allow tumor growth. 

Tumors were measured by IVIS system every week. 4 

weeks post-implantation, mice were sacrificed and 

tumors were removed for IHC staining. 

 

Immunohistochemical staining (IHC) 

 

Tissues were fixed in 10% (v/v) formaldehyde in PBS 

and embedded in paraffin. 5 μm sections were made 

and treated with boiling citrate buffer (pH 6.0) for 30 

mins to complete antigen retrieval. After incubation 

with 3% peroxidase and 10% goat serum blocking 

buffer, the slides were incubated with 1:100 diluted 

anti-FOXH1 (ab189960, Abcam) or anti-p-S6K1 

(9234, CST) primary antibody at 4° C for at least 16 

hours. Then the slides were incubated with biotin-

labeled secondary antibody for another 30 min, and 

followed by 30 min streptavidin incubation (PK-4000, 

Vectastain, USA.) The FOXH1 signal was determined 

by DAB staining. 

 

GSEA KEGG pathway analysis 

 

The mRNA profile in TCGA-LIHC and the 

corresponding clinical information were downloaded 

from Xena Functional Genomics Explorer 

(https://xenabrowser.net/heatmap/) of the University 

of California Santa Cruz. KEGG pathway analysis 

was performed using GSEA online tool 

(http://www.broadinstitute.org/gsea) after dividing 

patients into two groups using the median expression 

level of FOXH1. 

 

Statistical analysis 

 
All statistical analyses were performed using GraphPad 

Prism software. Data were presented as mean ± SE. 

Differences were analyzed with the Student t test, and 

significance was set at P <0.05. *, ** and *** indicates 

P < 0.05, P < 0.01 and P<0.001, respectively. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. 13/40 FOX proteins were not upregulated in HCC patients compared to the normal liver tissues. 
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Supplementary Figure 2. The association of individual FOX mRNA level with tumor stage of HCC. 
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Supplementary Figure 3. The association of individual FOX mRNA level with tumor grade of HCC. *P<0.01, **P<0.01, 

***P<0.001. 
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Supplementary Figure 4. The association of individual FOX mRNA level with tumor metastasis of HCC. *P<0.01, **P<0.01, 

***P<0.001. NS, no significant difference. 
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Supplementary Figure 5. Expression heatmap of mTOR signaling related molecules in high FOXH1 and low FOXH1 HCC 
patients. 
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INTRODUCTION 
 
Gastric cancer (GC) is a major health burden worldwide, 
especially in Eastern and Western Asia [1]. Besides, the 

incidence of GC ranks second in China [2]. Due to  
the lack of obvious symptoms, specific clinical, imaging, 
or pathological manifestations, patients are usually 
diagnosed at the advanced stage [3, 4]. Despite the 
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ABSTRACT 
 
Background: This study aimed to investigate the relationship of dyslipidemia and interleukin-enhancer binding 
factor 3 (ILF3) in gastric cancer, and provide insights into the potential application of statins as an agent to 
prevent and treat gastric cancer. 
Methods: The expression levels of ILF3 in gastric cancer were examined with publicly available datasets such as 
TCGA, and western blotting and immunohistochemistry were performed to determine the expression of ILF3 in 
clinical specimens. The effects of ox-LDL on expression of ILF3 were further verified with western blot analyses. 
RNA sequencing, Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), and Gene Set 
Enrichment Analysis (GSEA) pathway analyses were performed to reveal the potential downstream signaling 
pathway targets of ILF3. The effects of statins and ILF3 on PI3K/AKT/mTOR signaling pathway, cell proliferation, 
cell cycle, migration and invasion of gastric cancer cells were investigated with Edu assay, flow cytometry and 
transwell assay. 
Results: Immunohistochemistry and western blot demonstrated that the positive expression rates of ILF3 in 
gastric cancer tissues were higher than adjacent mucosa tissues. The ox-LDL promoted the expression of ILF3 in 
a time-concentration-dependent manner. ILF3 promoted the proliferation, cell cycle, migration and invasion by 
activating the PI3K/AKT/mTOR signaling pathway. Statins inhibited the proliferation, cell cycle, migration and 
invasion of gastric cancer by inhibiting the expression of ILF3. 
Conclusions: These findings demonstrate that ox-LDL promotes ILF3 overexpression to regulate gastric cancer 
progression by activating the PI3K/AKT/mTOR signaling pathway. Statins inhibits the expression of ILF3, which 
might be a new targeted therapy for gastric cancer. 
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development in surgery, chemotherapy, immunotherapy, 
and targeted therapy, the overall survival rate and 
prognosis remain unsatisfactory in patients with GC, with 
a poor 5-year survival rate (<30%) [5, 6]. Among them, 
the metastasis and recurrence of GC are the main reasons 
for treatment failure and the patient death [7, 8]. 
Therefore, it is critical to study the underling molecular 
of the development of GC, which also can help us 
identify more molecular markers for monitoring the 
prognosis of patients. 
 
To date, conventional serum tumor markers are applied 
in GC screening, including carcinoembryonic antigen 
(CEA), alpha-fetoprotein (AFP), cancer antigen 19-
9(CA19-9), cancer antigen 72-4(CA72-4) and cancer 
antigen 125(CA125), and are also used in the predicting 
of the prognosis, recurrence, or metastasis [9–11]. 
However, as a result of the lack of sensitivity and 
specificity, these biomarkers are not recommended for 
GC detection and prognostic follow-up [12]. 
 
The successful eradication of Helicobacter pylori (Hp) 
effectively lowered the morbidity of distal GC, while 
the number of gastric cancers at the esophagogastric 
junction and upper third was increasing year by year, 
and new cases were gradually showing a younger trend 
[13]. Studies found that obesity contributes greatly to 
the occurrence of proximal GC [14]. Obesity is a 
disorder of energy balance and abnormal lipid 
metabolism, which is mainly characterized with the 
upregulated blood concentration of low-density 
lipoprotein cholesterol (LDL-C) [15, 16]. LDL-C is 
delivered throughout the body in the form of LDL. 
LDL is very prone to be oxidized by reactive oxygen 
species (ROS) to form oxidized LDL (ox-LDL)  
[17, 18]. Therefore, excessive ox-LDL indicates the 
abnormal lipid conditions in obese subjects. It is  
well-known that ox-LDL negatively impacts on 
hypertension, atherosclerosis, and cardiovascular 
diseases [19]. More and more studies demonstrated 
that the increased ox-LDL was positively associated 
with cancer development such as colon, breast, and 
ovarian cancer [20–22]. Some studies have 
demonstrated that ox-LDL can induce mutagenesis, 
stimulate proliferation, initiate metastasis, and induce 
treatment of resistance [23, 24]. 
 
Although the occurrence and development of GC 
involves a wide range of metabolic pathways [25], little 
has been written about the roles of abnormal lipid 
metabolism in this regard. Thus, the mechanism remains 
unclear that how ox-LDL promotes the occurrence and 
development of GC. 
 
Interleukin-enhancer binding factor 3 (ILF3) is known 
as NF90/NF110, a member of the double-stranded 

RNA-binding proteins (DRBPs), which is crucial in 
RNA metabolism from transcription to degradation, 
including transcription, translation, maintaining the 
stability of mRNA and primary microRNA processing 
[26]. In recent years, ILF3 has been widely studied and 
been linked to multiple malignant tumors. For example, 
ILF3 facilitated the occurrence of colorectal cancer by 
regulating the mRNA stability of serine–glycine–one-
carbon (SGOC) SGOC genes [27]. ILF3 overexpression 
was associated with poor clinical outcome for patients 
with lung cancer, and ILF3 can also be employed to 
guide the hierarchical postoperative management of 
patients with lung cancer [28]. ILF3 might serve as an 
important promoter in hepatocellular carcinoma 
proliferation and migration, and could be a potential 
therapeutic target in hepatocellular carcinoma [29]. 
ILF3 increased the expression of HIF-1α/VEGFA in 
cervical cancer cells to promote angiogenesis through 
PI3K/AKT signaling pathway [30]. Moreover, it has 
been reported the important function of ILF3 in the 
development of acquired chemoresistance in GC 
patients [31]. 
 
In addition to contributing to carcinogenesis, ILF3 is also 
a risk factor for coronary artery disease, venous 
thromboembolism, and stroke [32]. Studies have reported 
that ILF3 was associated with the serum concentrations 
of LDL cholesterol, and has been found to be a candidate 
gene for myocardial infarction in Japanese individual  
[33, 34]. The reports on the relationship of ox-LDL and 
the expression of ILF3, and their relationship with the 
development and progress of GC have never been 
reported. Therefore, further research is required to 
explore the association of ox-LDL and ILF3 and the 
underlying molecular mechanism in the development  
of GC. 
 
Statins are 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase inhibitors, which are intensively 
used for dyslipidemia and cardiovascular disease 
prevention [35]. Besides, statins use also could reduce 
total cancer risk and lower cancer-specific mortality 
[36, 37]. In a large population-based retrospective 
cohort study, statins use reduced the risk of cancer and 
cancer-related mortality [38]. A meta-analysis revealed 
that statins was associated with 32% reduction in the 
risk of GC [39]. Recent years, in vivo and in vitro 
studies have demonstrated that statins may exert anti-
cancer effects via a number of potential mechanisms 
including inhibition of mevalonate pathway, anti-
inflammatory and anti-angiogenesis [40, 41], and could 
lower the cholesterol levels in human gastric cancer cell 
lines [42]. 
 
This is the first study to demonstrate that statins can 
downregulate the expression of ILF3 in GC treatment 
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by reducing blood lipid levels. Thus, we hypothesized 
that ox-LDL promoted ILF3 overexpression and 
promoted proliferation, cell cycle, migration, and 
invasion of gastric cancer cells via PI3K/AKT/mTOR 
signaling pathway, and that statins might be the targeted 
drugs to treat GC in clinical practice. 
 
RESULTS 
 
ILF3 was overexpressed in gastric cancer patients 
 
To determine the expression level of ILF3 in GC 
samples, analysis of the mRNA expression data from 
The Cancer Genome Atlas (TCGA) including 375 GC 

samples and 32 normal cases demonstrated that the 
ILF3 expression level was higher in cancer tissue than 
normal tissues (Figure 1A, P<0.05). 
 
To measure the ILF3 expression levels in clinical GC 
tissues, immunohistochemical staining of ILF3 was 
performed in a cohort of 33 human GC tissues and 
matched adjacent non-cancerous tissues. Patients with 
GC were divided into subgroups according to use of 
statins medication. The results revealed that the ILF3 
expression in GC was higher than in no-neoplastic 
tissues. And the expression of ILF3 in patients taking 
statins was significantly lower than that without taking 
statins (Figure 1B, P<0.05). 

 

 
 

Figure 1. ILF3 was up-regulated in gastric cancer. (A) Expression of ILF3 mRNA in gastric cancer samples (n = 375) and normal samples 
(n = 32) from the TCGA data. (B) ILF3 protein expression was detected by IHC. ILF3 positive staining in tumor tissues was increased relative to 
non-cancerous tissues. (C) Western blot analysis of ILF3 in paired tumor tissues and non-cancerous tissues. The ILF3 expression level of mRNA 
was higher in cancer tissue than in normal tissues. (D) Western blot analysis of ILF3 protein in gastric epithelial cell line (GES-1) and gastric 
cancer cells lines (SGC-7901, HGC-27, Ncl-N87, and SNU-1). The ILF3 protein expression was significantly higher in gastric cancer cell lines 
than gastric epithelial cell line. **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Moreover, the ILF3 protein expression was quantified 
by western blot. As shown in Figure 1C, ILF3 protein 
level was significantly upregulated in tissues from GC 
(P<0.05). 
 
Expression of ILF3 protein was detected in all 4 gastric 
cancer cell lines (SGC-7901, HGC-27, Ncl-N87, and 
SNU-1) and gastric epithelial cell lines (GES-1). 
Western blotting found that GC cell lines expressed 
higher ILF3 protein than gastric epithelial cell line 
(GES-1) (Figure 1D, P<0.05). Among the 4 cell lines of 
GC, the expressions of ILF3 in HGC-27 and Ncl-N87 
were remarkedly increased compared with other cell 
lines. Therefore, Ncl-N87 and HGC-27 cell lines were 
selected for subsequent experiments. 
 
Whole-genome RNA-seq analysis of ILF3 
 
Correlation analysis of the whole-genome RNA-
sequencing (RNA-seq) of ILF3 was performed with 
small interference (si-ILF3) to explore potential 
biological effects of ILF3. The volcano map of 
transcriptomics analysis showed a global view of gene 
expression, and showed that ILF3 played important role 
in processing the environmental and genetic 
information, the cellular processes, metabolism, and 
organismal systems (Figure 2A, 2B). 
 
Among all the differentially expressed genes 
(Supplementary Table 1), APOB and FGF19 were 
involved in the lipid biosynthetic process. APOB was 
also involved in the lipoprotein transport. Based on  
the result, we speculated that ILF3 may participate  
in the regulation of lipid metabolism by regulating  
the expression of APOB. Besides, DEPTOR was 

overexpressed after knocking out ILF3 using ILF3-
specific small interference RNA (si-ILF3), and 
previous studies have reported that DEPTOR is an 
endogenous mTOR inhibitor [43], whose expression 
was negatively regulated by mTOR. Therefore, the 
overexpressed DEPTOR may inhibit the mTOR 
signaling pathway and thus exerted a tumor suppressor 
effect (Figure 2C). 
 
Functional characteristics of ILF3 in gastric cancer 
cells 
 
GO analysis was applied to reveal the function 
characteristics of ILF3, including BPs (biological 
processes), CCs (cellular components), and MFs 
(molecular function) (Figure 3 and Supplementary 
Table 2). 
 
For BP analysis, the functions of ILF3 were mainly 
involved in digestive system development, lipoprotein 
transport and localization, cell migration (T cell, 
leukocyte, lymphocyte etc.), cell-cell adhesion, cell 
proliferation (fibroblast, neural precursor cell, smooth 
muscle cell etc.), and DNA synthesis and transcription. 
For example, a number of investigators have proposed 
the role of lipoproteins in the promotion of cancer 
progression [44]. And LDL is the largest cholesterol 
transporter of the body [45]. The LDL receptor on 
tumor cells is overexpressed to meet the high demand of 
cholesterol which is necessary for the rapid cell 
proliferation and de novo membrane synthesis. And ox-
LDL is an independent risk factor for GC. Thus, 
understanding the mechanism and function between 
ILF3 and ox-LDL facilitates the discovery of new 
targets for the treatment of GC. 

 

 
 

Figure 2. Volcano plot comparing gene expression between the interference group (infected with ILF3-specific siRNA) and 
the transfected negative control group in gastric cancer cell SGC-7901, respectively named si-ILF3 group and si-nc group.  
(A) The abscissa represents the logarithmic value of the fold change(log2FC) of the difference in the expression of a certain gene in the si-ILF3 
group and si-nc group. The greater the absolute value of the abscissa, the greater the difference of expression between the two groups. The y-
coordinate represents the negative log of p-value, namely the -log10 (p-value). The higher the value of ordinate was, the more the differential 
expression of genes was reliable. (B) The potential important roles that ILF3 played in the gastric cancer cells. (C) Genes that were potentially 
regulated by ILF3 expression in whole-genome RNA sequencing. 
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For CC analysis, ILF3 was associated with membrane 
raft. Membrane rafts of lipid rafts are small, dynamic 
membrane domains which are enriched with cholesterol 
and sphingolipids [46]. Membrane rafts do not only 
occur in the plasma membrane but also in intracellular 
membranes and extracellular vesicles [47]. Membrane 
rafts are significant in cellular signal pathways, and 
regulating cell proliferation, migration, invasion and 
apoptosis, which are responsible for the initiation, 
development and progression of malignant tumors  
[48, 49]. Studies have shown that ox-LDL may destroy 
the severity of lipid rafts, leading to corresponding 
pathological processes, and promote the progression of 
cancer [50]. Further research to link the ox-LDL to 
impaired lipid raft function due to the interaction with 
the expression of ILF3 is needed. 
 
For MF analysis, ILF3 was associated with Notch 
binding. Abnormal Notch signaling is associated with a 
variety of genetic and acquired disease, including 

cancers [51]. Notch signaling pathway regulated 
cellular proliferation and differentiation in a variety of 
gastrointestinal tract tissues, including the stomach.  
[52, 53]. Studies have found that mTOR signaling was 
reduced after Notch inhibition suggesting that mTOR 
might be downstream of Notch in GC cells [54, 55]. 
Therefore, ILF3 may eventually activate the mTOR 
signaling pathway through the Notch signaling to 
promote the proliferation of GC cells. 
 
ILF3 involved signaling pathway alterations in 
gastric cancer cells 
 
KEGG pathway analysis of ILF3 identified 14 
statistically significant signaling pathways, including 
African trypanosomiasis, Glycine, serine and threonine 
metabolism, Mineral absorption, Tryptophan metabolism, 
Arrhythmogenic right ventricular cardiomyopathy 
(ARVC), Gap junction, Hypertrophic cardiomyopathy 
(HCM), Systemic lupus erythematosus, Alcoholism, 

 

 
 

Figure 3. GO enrichment analysis between the si-ILF3 group and si-nc group in gastric cancer cell SGC-7901. GO enrichment 
analysis revealed the functions of ILF3 in gastric cancer cells, including BPs (biological processes), CCs (cellular components), and MFs 
(molecular function), which showed that ILF3 played important roles in the development of gastric cancer. 
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signaling pathways regulating stem cell pluripotency, 
TGF-beta signaling pathway, Dilated cardiomyopathy 
(DCM), Glycosaminoglycan biosynthesis - heparan 
sulfate / heparin and mTOR signaling pathway  
(Figure 4A and Supplementary Table 3). 
 
To further investigate ILF3-mediated signaling 
pathways in gastric carcinogenesis, Gene Set 
Enrichment Analysis (GSEA) was performed, which 
found that ILF3 was positively associated with 
upregulation of mTOR signaling pathway. It is well-
known that mTOR is an important downstream target of 
PI3K/AKT. Therefore, we need further experiments to 
prove that ILF3 can promote the occurrence and 
development of GC through PI3K/Akt/mTOR signaling 
pathway (Figure 4B). 
 
ox-LDL promoted ILF3 overexpression in gastric 
cancer cells 
 
To study the potential links between ox-LDL and ILF3, 
we set the concentration gradient of ox-LDL (0, 20, 40, 
60, 80, and 100 µg/ml) and the time gradient (24, 48, 
and 72 h) of stimulation, respectively. 
 
Western blotting showed that when the stimulation time 
was set to 48h, the protein expression of ILF3 was 
significantly upregulated after ox-LDL stimulation in 
20, 40, 60, and 80 µg/ml concentration range compared 
with blank control group without ox-LDL stimulation. 
The protein expression of ILF3 was highest when the 

concentration of ox-LDL was 40 µg/ml. When the 
concentration of ox-LDL is 100ug/ml, the protein 
expression of ILF3 is not statistically significant 
compared with control group (Figure 5A, P<0.05). 
Therefore, an ox-LDL concentration of 40 µg/ml was 
used for all subsequent experiments. 
 
When the concentration of ox-LDL was set to 40 µg/ml, 
the expression of ILF3 was measured by western blot at 
24h, 48h and 72h after stimulation. The expression of 
ILF3 was the highest when the stimulation time wea 48h 
and it was statistically significant (Figure 5B, P<0.05). 
 
To conducted loss-of-function assays to detected the 
effect of ILF3 on GC cells, ILF3 was knocked down 
with ILF3-specific small interference RNA (si-ILF3). 
Compared to the negative control (si-nc) group, mRNA 
and protein levels of ILF3 were lower (Figure 5C, 
P<0.05). Also, ILF3 was overexpressed with ILF3-
overexpressed plasmids (flag-ILF3). Compared to the 
vector plasmids (CMV2) group, the ILF3 expression 
was significantly higher (Figure 5D, P<0.05). 
 
ILF3 promoted proliferation, cell cycle, migration, 
and invasion of gastric cancer cells, and statins may 
exert an anti-tumor effect by inhibiting ILF3 
expression in gastric cancer 
 
Combined with BP (biological processes) analysis, to 
verify the role of ILF3 in promoting GC, in vitro 
experiments were conducted. 

 

 
 

Figure 4. KEGG enrichment analysis between the si-ILF3 group and si-nc group in gastric cancer cell SGC-7901. (A) KEGG 
analysis showed the signaling pathways that ILF3 was involved in gastric cancer cell SGC-7901. (B) Results of the GSEA showed that ILF3 
participated in the regulation of mTOR signaling pathway. NES = normalized enrichment score. 
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To further reveal the possible relationship between 
statins and ILF3, we set the concentration gradient of 
statins (0, 10, 20, 30, 40, and 50 µmol/L) to stimulate 
GC cells. Western blot assay showed that the expression 
of ILF3 was decreased with the increase in 
concentration of statins. Follow-up experiments chose 
40 µmol/L as the treatment concentration of statins 
treatment. And western blot analysis also found that 
ILF3-specific small interference RNA (si-ILF3) 
downregulated the protein expressions of ILF3 
compared with blank control group (Figure 6A, 
P<0.05). To reveal the role of ILF3 and the feasibility of 
statins in the treatment of GC, the changes of cell 
phenotype was analyzed after treatment with ox-LDL + 
si-nc, ox-LDL+ILF3-specific small interference RNA 
(si-ILF3) and ox-LDL + statins. And we set the ox-LDL 
+ si-nc group as control group. 
 
The effect of ILF3 on cell proliferation was evaluated 
by Edu assay (Figure 6B). The percentage of Edu-
positive GC cells in the ILF3-specific small interference 
and statins treatment groups were lower than that in the 
control group. The PCNA expression was lower 
expressed in the ILF3-specific small interference and 
statins treatment groups compared to control (Figure 
6B, 6C, P<0.05). 
 
Flow cytometry analyzed the effect of ILF3 on cell cycle 
of GC cells. Down-expression of ILF3 significantly 
increased the proportion of HGC-27 in the G0/G1 phase, 
and inhibited the proportion of HGC-27 in the S phase of 
cell cycle in the ILF3-specific small interference and 

statins treatment groups compared to control group. 
Down-expression of ILF3 significantly inhibited the 
proportion of Ncl-N87 in the S phase of cell cycle in the 
ILF3-specific small interference and statins treatment 
groups compared to control group, but the proportion of 
Ncl-N87 in the G0/G1 phase was not statistically 
significant(Figure 6D, P<0.05). Western blot analysis 
showed that the protein expression of cyclin-D1, the 
marker of G1-S phase transition, was lower expressed in 
the ILF3-specific small interference and statins treatment 
groups compared to control group(Figure 6E, P<0.05). 
 
The role of ILF3 on cell cycle was analyzed by flow 
cytometry. Inhibiting ILF3 expression significantly 
upregulated the proportion of HGC-27 and Ncl-N87 in 
the G0/G1 phase, and inhibited the percentage of HGC-
27 and Ncl-N87 in the S phase in the ILF3-specific small 
interference and statins treatment groups compared to 
control group (Figure 6D, P<0.05). As shown in Figure 
6E, compared to control group, the protein level of 
cyclin-D1, the marker of G1-S phase transition, was 
lower expressed in the ILF3-specific small interference 
and statins treatment groups (P<0.05). 
 
Cell invasion and migration modulated by ILF3 were 
assessed by transwell assay. Less invasive and migrated 
GC cells were found in the ILF3-specific small 
interference and statins treatment groups compared to 
control group (Figure 6F, P<0.05). The protein levels of 
MMP-2 and MMP-9 were lower expressed in the ILF3-
specific small interference and statins treatment groups 
compared to control (Figure 6G, P<0.05). 

 

 
 

Figure 5. The relationship of the expression of ILF3 and ox-LDL. (A, B) ox-LDL promoted the expression of ILF3 in a time-
concentration-dependent manner, the optimal concentration and intervention time was 40 µg/ml and 48h. (C) ILF3 was knocked down by 
ILF3-specific small interference RNA (siRNA) in HGC-27 and Ncl-N87 cells. The mRNA and protein expression level of ILF3 was verified by RT-
qPCR and western blot. The ILF3 expression at the mRNA and protein levels was significantly lower in the ILF3-siRNA group compared with 
the negative control group in HGC-27 and Ncl-N87 cells. (D) ILF3 was overexpressed by ILF3-overexpressed plasmids (flag-ILF3) in HGC-27 and 
Ncl-N87 cells. The mRNA and protein expression level of ILF3 was verified by RT-qPCR and western blot. The ILF3 expression at the mRNA and 
protein levels was significantly higher in the flag-ILF3 group compared with the negative control group in HGC-27 and Ncl-N87 cells. **P < 
0.01, ***P < 0.001, ****P < 0.0001 vs. 0 µg/L or 48 h groups. 
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Knockdown of ILF3 inhibited the activity of PI3K/ 
AKT/mTOR signaling pathway in gastric cancer 
cells 
 
KEGG and GSEA analyses revealed that ILF3 affected 
GC through PI3K/AKT/mTOR signaling pathway. 

Western blot analysis of p-PI3K/PI3K, p-AKT/AKT, 
and p-mTOR/mTOR found that p-PI3K, p-AKT, and  
p-mTOR were significantly downregulated ILF3-
specific small interference and statins treatment groups 
compared to control group. And the expression of 
PI3K, AKT and mTOR did not change significantly 

 

 
 

Figure 6. ILF3 promotes gastric cancer cells proliferation, cell cycle, migration, and invasion, and statins may exert an anti-
tumor effect by inhibiting ILF3 expression in gastric cancer. (A) Statins inhibited the expression of ILF3 in a concentration-dependent 
manner, the optimal concentration was 40 µmol/L. The protein expression of ILF3 was significantly downregulated with ILF3-specific small 
interference RNA (si-ILF3) and statin treatment compared to control group. The expression level of ILF3 was analyzed with western blot. (B) 
Edu assay analyzed the effects of ILF3 on cell proliferation of gastric cancer cells. ILF3-specific small interference RNA (si-ILF3) and statins 
treatment inhibited the proliferation of HGC-27 and Ncl-N87 cells compared to control group. (C) The protein expression of PCNA was lower 
expressed in the ILF3-specific small interference and statins treatment groups compared to control group. (D) Flow cytometry analyzed the 
effect of ILF3 on cell cycle of gastric cancer cells. ILF3-specific small interference RNA (si-ILF3) and statins treatment inhibited the cell cycle of 
HGC-27 and Ncl-N87 cells compared to control group. (E) The protein expression of cyclin-D1 was lower expressed in the ILF3-specific small 
interference and statins treatment groups compared to control group. (F) Transwell assay analyzed the effect of ILF3 on cell migration and 
invasion. ILF3-specific small interference RNA (si-ILF3) and statins treatment inhibited the migration and invasion of HGC-27 and Ncl-N87 cells 
compared to control group. (G) The protein expression of MMP-2 and MMP-9 were lower expressed in the ILF3-specific small interference 
and statins treatment groups compared to control group. **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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(Figure 7). These findings demonstrated that ILF3 
regulated the proliferation, cell cycle, migration and 
invasion by activating the PI3K/AKT/mTOR signaling 
pathway. 
 
ILF3 promoted gastric cancer cell proliferation, cell 
cycle, migration and invasion via PI3K/AKT/mTOR 
signaling pathway 
 
To further define the role of PI3K/AKT/mTOR signaling 
pathway affected by ILF3 in the regulation of GC cell 
proliferation, cell cycle, migration, and invasion, the 
malignant biological of GC cells overexpressing ILF3 
treated with PI3K/AKT inhibitor LY294002. ILF3-
overexpressed plasmids (flag-ILF3) or vector plasmids 
(CMV2) were transfected into GC cells HGC-27 and 
Ncl-N87. The changes of cell phenotype were analyzed 
after treatment with ox-LDL+CMV2, ox-LDL+ 
flag-ILF3, ox-LDL+flag-ILF3+PI3K/AKT inhibitor 
LY294002. And we set the ox-LDL+flag-ILF3 as the 
control group. 
 
Western blotting found that p-PI3K, p-AKT, and  
p-mTOR were downregulated in ILF3-vector plasmids 

(CMV2) and PI3K/AKT inhibitor LY294002 treatment 
groups compared to ILF3-overexpressed plasmids  
(flag-ILF3) group. And the expression of PI3K, AKT  
and mTOR did not change significantly (Figure 8A). 
These findings demonstrated that ILF3 activated the 
PI3K/AKT/mTOR signaling pathway. And the inhibition 
of the signaling pathway could reverse the gastric cancer-
promoting effect of the overexpression of ILF3. 
 
Edu assay analyzed the effects of PI3K/AKT/mTOR 
signaling pathway affected by ILF3 on cell proliferation 
of GC cells. The proportion of Edu-positive GC cells 
was higher than in the ILF3-overexpressed plasmids 
group compared to control group. LY294002 treatment 
reduced the proportion of Edu-positive GC cells 
compared to the ILF3-overexpressed plasmids group 
(Figure 8B, P<0.05). The LY294002 treatment 
decreased the expression of PCNA compared to the 
ILF3-overexpressed plasmids group (Figure 8C, 
P<0.05). Overall, inhibition of the signaling pathway 
impeded ILF3-mediated the proliferation of GC cells. 
 
Flow cytometry analyzed the effects of the signaling 
pathway affected by ILF3 on the cell cycle. ILF3 

 

 
 

Figure 7. ILF3 was involved in the regulation of PI3K/AKT/mTOR signaling pathway. The effect of ILF3 on PI3K/AKT/mTOR signaling 
pathway was verified with western blot. ILF3-specific small interference RNA (si-ILF3) and statins treatment significantly inhibited 
PI3K/AKT/mTOR signaling pathway. The expression of p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR were significantly downregulated 
compared to control group. And the expression of PI3K, AKT and mTOR and p-mTOR did not change significantly. 
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Figure 8. ILF3 regulated gastric cancer cell proliferation, cell cycle, migration, and invasion via PI3K/AKT/mTOR signaling 
pathway. (A) The effect of ILF3 on PI3K/AKT/mTOR signaling pathway was verified with western blot. ILF3-overexpressed plasmids (flag-
ILF3) treatment significantly activated PI3K/AKT/mTOR signaling pathway. The expression of p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR 
were significantly upregulated compared to vector plasmids (CMV2) group. And PI3K/AKT inhibitor LY294002 treatment significantly inhibited 
the PI3K/AKT/mTOR signaling pathway. (B) Edu assay analyzed the effects of PI3K/AKT/mTOR signaling pathway affected by ILF3 on cell 
proliferation of gastric cancer cells. ILF3-overexpressed plasmids (flag-ILF3) treatment significantly promoted the proliferation of HGC-27 and 
Ncl-N87 cells. And PI3K/AKT inhibitor LY294002 treatment significantly inhibited the proliferation of HGC-27 and Ncl-N87 cells compared to 
control group ILF3-overexpressed plasmids (flag-ILF3) group. (C) The protein expression of PCNA was lower expressed in the PI3K/AKT 
inhibitor LY294002 treatment and vector plasmids (CMV2) groups compared to ILF3-overexpressed plasmids (flag-ILF3) group. (D) Flow 
cytometry analyzed the effects of PI3K/AKT/mTOR signaling pathway affected by ILF3 on cell cycle of gastric cancer cells. ILF3-overexpressed 
plasmids (flag-ILF3) treatment significantly promoted the cell cycle of HGC-27 and Ncl-N87 cells. And PI3K/AKT inhibitor LY294002 treatment 
significantly inhibited the cell cycle HGC-27 and Ncl-N87 cells compared to ILF3-overexpressed plasmids (flag-ILF3) group. (E) The protein 
expression of cyclin-D1 was lower expressed in the PI3K/AKT inhibitor LY294002 treatment and vector plasmids (CMV2) groups compared to 
ILF3-overexpressed plasmids (flag-ILF3) group. (F) Transwell assay analyzed the effects of PI3K/AKT/mTOR signaling pathway affected by ILF3 
on migration and invasion of gastric cancer cells. ILF3-overexpressed plasmids (flag-ILF3) treatment significantly promoted the migration and 
invasion of HGC-27 and Ncl-N87 cells. And PI3K/AKT inhibitor LY294002 treatment significantly inhibited the migration and invasion HGC-27 
and Ncl-N87 cells compared to ILF3-overexpressed plasmids (flag-ILF3) group. (G) The protein expression of MMP-2 and MMP-9 were lower 
expressed in the PI3K/AKT inhibitor LY294002 treatment and vector plasmids (CMV2) groups compared to ILF3-overexpressed plasmids (flag-
ILF3) group. **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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overexpression downregulated the proportion of HGC-
27 and Ncl-N87 in the G0/G1 phase and increased the 
proportion of HGC-27 and Ncl-N87 in the S phase in 
the ILF3-overexpressed plasmids group compared to 
control group. LY294002 treatment increased the 
proportion of HGC-27 and Ncl-N87 in the G0/G1 phase 
and reduced the proportion of HGC-27 and Ncl-N87 in 
the S phase compared to the ILF3-overexpressed 
plasmids group (Figure 8D, P<0.05). The LY294002 
treatment downregulated the cyclin-D1 expression 
compared with ILF3-overexpressed group (Figure 8E, 
P<0.05). Overall, inhibition of the PI3K/AKT/mTOR 
signaling pathway impeded ILF3-mediated the cell 
cycle of GC cells. 
 
Transwell assay analyzed the effects of the signaling 
pathway affected by ILF3. The number of migrated and 
invasive GC cells was remarkedly elevated in the  
ILF3-overexpressed plasmids group compared to 
control group (Figure 4F, P<0.05). LY294002 treatment 
reduced the number of migrated and invasive GC  
cells compared to the ILF3-overexpressed plasmids 
group (Figure 8E, P<0.05). The protein expression of 
MMP-2 and MMP-9 were higher in ILF3-overexpressed 
plasmids group compared to control group. LY294002 
treatment decreased the expression of MMP-2 and 
MMP-9 compared to the ILF3-overexpressed plasmids 
group (Figure 8G, P<0.05). Overall, suppress the PI3K/ 
AKT/mTOR signaling pathway impeded ILF3-mediated 
the invasion and migration of GC cells. 
 
ILF3 promoted tumorigenesis of in vivo gastric 
cancer cells 
 
To test the consequent of ILF3 on the growth of GC cells 
in vivo, a xenograft tumor model was employed. Sixteen 
of twenty nude mice survived up to the end of the 
experiments. Tumors of the high-fat diets had larger 
volumes than those of the normal diets group. Tumors of 
statins treatment and YM-155 (ILF3 inhibitor) treatment 
groups had smaller volumes than those of the high-fat 
diets group (Figure 9A, P<0.05). Immunohistochemistry 
showed that the expression of ILF3 in high-fat diets was 
significantly higher compared with the normal diet group. 
The expression of ILF3 in statins treatment and YM-155 
(ILF3 inhibitor) treatment groups were lower than those 
of the high-fat diets group (Figure 9B, P<0.05). 
 
ILF3 was involved in the regulation of PI3K/AKT/ 
mTOR signaling pathway in gastric cancer cell 
SGC-7901 
 
The experiments were conducted in SGC-7901 cells to 
confirm the relationship of ILF3 and the related 
signaling pathway. Western blotting found that p-PI3K, 
p-AKT, and p-mTOR were significantly downregulated 

ILF3-specific small interference and statins treatment 
groups compared to control group. The expression of 
PI3K, AKT and mTOR did not change significantly. 
The protein level of p-PI3K, p-AKT, and p-mTOR were 
significantly downregulated in ILF3-vector plasmids 
(CMV2) and PI3K/AKT inhibitor LY294002 treatment 
groups compared to control group. But the expression 
of PI3K, Akt and mTOR did not obviously changed 
(Figure 10). 
 
DISCUSSION 
 
Gastric cancer ranks fifth in the global incidence (5.6%) 
and fourth in tumor-related mortality (7.7%) [1]. Studies 
have investigated molecular mechanisms of GC. 
However, the pathogenesis needs to be further revealed. 
Therefore, more and more research has focused on 
patient-specific factors to provide more effective 
treatment to achieve precise treatment, thereby reducing 
morbidity and mortality [56]. Recently, studies have 
shown that lipid metabolism dysfunction plays significant 
role in gastric carcinogenesis [57], which provides a new 
research direction to predict, prevent, and early diagnosis 
of GC. High-fat diets and obesity have been regarded as 
risk factors of GC [58]. Therefore, dietary modifications 
and losing weight primary and secondary prevention 
strategies to reduce the risk of GC. In addition, this study 
focused on the molecular mechanism and targets of GC 
caused by abnormal lipid metabolism and find a new 
biomarker for early diagnoses of GC. In addition to 
formulating personalized treatment plans for targets, it is 
more important to find targeted drugs to successfully 
transform research results into results that benefit 
patients. 
 
Obesity leads to diseases such as abnormal lipid 
metabolism and hyperlipidemia [59], and is an important 
risk factor for carcinogenesis. Some studies have 
demonstrated that improvement of blood lipid levels and 
obesity control reduced the occurrence rate of GC, 
colorectal cancer, and esophageal cancer [60–62]. 
Abnormal lipid metabolism triggers a cascade of 
molecular events to finally cause malignancy. So, 
understanding mechanisms that how obesity or abnormal 
lipid metabolism induce GC development is important to 
prevent and treat GC. A case-control study in South 
Korea has found the higher blood LDL in patients with 
GCs compared to healthy people [63]. And LDL can 
easily be oxidized to ox-LDL which is an important 
feature of abnormal lipid metabolism [64, 65]. While, 
ox-LDL is critical in the progress of atherosclerosis and 
non-alcoholic steatohepatitis [66, 67]. Recently, studies 
have revealed the function of ox-LDL in the cancer  
cell proliferation [24], cell cycle [68], EMT [69], 
angiogenesis [70] and metastasis [71]. However, the 
detailed mechanism of ox-LDL to regulate the 
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Figure 9. ILF3 promoted tumor cell growth in vivo. (A) Images of nude mouse tumorigenesis test after four weeks of implantation. 
Comparison of tumor volume between normal diets, high-fat diets, high-fat diets+statin and high-fat diets + ILF3 inhibitor-YM155. Tumors in 
high-fat diet group were bigger than normal diet group. Tumors in statin and ILF3 inhibitor-YM-155 groups were smaller than high-fat diet 
group. (B) Immunohistochemistry showed that the expression of ILF3 in normal diets, high-fat diets, high-fat diets+statin and high-fat diets + 
ILF3 inhibitor-YM155 groups. **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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downstream gene expression or involved signaling 
pathways in GC is still unclear. It has been shown that 
ILF3 was associated with plasma LDL cholesterol, and 
has been considered as a candidate gene for the patients 
with acute myocardial infarction in Japanese [33, 34]. 
But the reports on the relationship of ox-LDL and the 
expression of ILF3, and their relationship with the 
occurrence and development of GC have never been 
reported. We found ox-LDL promoted the expression of 
ILF3 in a time-concentration dependent manner in GC 
cells, which provided a new research direction of the 
relationship of ox-LDL and GC. 
 
Previous research has reported that ILF3 plays as a 
transcriptional coactivator and involves in proliferation 
and metastasis of tumor [72]. To further explore the 
function of ILF3, GO analysis on the sequencing results 
was performed to guide the next step of phenotyping 
experiments. GO analysis exhibited that ILF3 was vital 
in GC cell proliferation, migration and invasion, 
indicating the oncogenic role of ILF3. We showed that 
ILF3 promoted proliferation of GC in vitro, and ILF3  
 

 
 

Figure 10. ILF3 was involved in the regulation of 
PI3K/AKT/mTOR signaling pathway in gastric cancer  
cell SGC-7901. (A:ox-LDL+si-nc;B:ox-LDL+si-ILF3;C:ox-LDL+statin; 
D:ox-LDL+CMV-2;E:ox-LDL+flag-ILF3;F:ox-LDL+flag-ILF3+PI3K/AKT 
inhibitor LY294002). (A–C) ILF3-specific small interference  
RNA (si-ILF3) and statins treatment significantly inhibited 
PI3K/AKT/mTOR signaling pathway. The expression of p-
PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR were significantly 
downregulated compared to control group. And the expression 
of PI3K, Akt and mTOR and p-mTOR did not change significantly. 
(D–F) ILF3-overexpressed plasmids (flag-ILF3) treatment 
significantly activated PI3K/AKT/mTOR signaling pathway. The 
expression of p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR were 
significantly upregulated compared to vector plasmids (CMV2) 
group. PI3K/AKT inhibitor LY294002 treatment significantly 
inhibited the PI3K/AKT/mTOR signaling pathway. 

overexpression accelerated cell proliferation rate with 
upregulation of PCNA expression in GC cells, 
suggesting that ILF3 promotes GC progression. Previous 
research reported that downregulation of ILF3 could 
delay hepatocellular carcinoma cell cycle progression 
and inhibit cell proliferation [73]. And to a certain 
extent, the cell cycle reflects the proliferation status of 
GC cells. After ILF3 inhibition by ILF3-specific small 
interference, the proportion of GC cells in G0/G1 phase 
was increased, which indicated that ILF3 promoted the 
proliferation and cell cycle of GC cells. 
 
Cell invasion and migration are typical hallmark of 
malignancies [74]. Consistent with previous study in 
melanoma, our results indicated that ILF3 could 
accelerate the invasion and migration of GC cells  
in vitro [75]. When ILF3 was down-regulated by 
siRNA, the migration and invasion of GC cells in vitro 
were significantly inhibited. Thereby, the results 
validated that ox-LDL promoted the overexpression of 
ILF3 to enhance proliferation, cell cycle, migration and 
invasion of GC cells, thereby promoting the occurrence 
and development of GC. 
 
Statins can lower plasma cholesterol, and are extensively 
used to prevent cardiovascular diseases [76, 77]. 
Currently studies have found that statins have multiple 
functions, including anti-inflammatory, antioxidant, 
antithrombotic, anticancer, and cancer chemopreventive 
effects. Several studies found that statins improved 
chemosensitivity in a variety of cancers and was used as 
an adjuvant to chemotherapy [78]. A meta-analysis of 
studies supported the association between statin and GC 
risk [39]. A previous study found that Hp infection was 
the most common cause for GC [39], and cytotoxin-
associated gene A (CagA) is the most-important 
virulence factor of Hp [79]. Hp can manipulate the 
cholesterol-rich microdomains (also called lipid rafts), 
which contributes to CagA functions and pathogenesis 
[80], and statins disrupt the lipid raft of cell membranes 
to inhibit pathogenic function of CagA [79]. A meta-
analysis demonstrated that the inhibition of cancer by 
statins was more pronounced in distal than proximal GC, 
and that Hp infection is not the only risk factor for GC 
[42]. Besides, study had reported that the inhibition of the 
mevalonate pathway reverted the malignancy potential 
and reduce the invasiveness of cancers [81]. However, 
molecular mechanisms for the use of statins to treat GC 
remain unclear. Thus, it is crucial to find new targets to 
provide a reliable fundamental basis for statins against 
GC. 
 
From CC analysis, the results showed that ILF3 was 
also associated with membrane raft. We proposed that 
statins may play anti-tumor effects in GC by acting on 
ILF3. To verify this hypothesis, in the present study we 
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conducted a series of experiments. We found statins 
treatment significantly inhibited the mRNA and protein 
expressions of ILF3 compared to control group in GC 
cells. The cell functional experiments revealed that 
statins treatment significantly inhibited the proliferation, 
cell cycle, migration and invasion of GC cells by 
inhibiting ILF3. The animal experiments revealed that 
ILF3 inhibitor (YM-155) and statins treatment not only 
the volume of subcutaneous, but also the expression of 
ILF3 were significantly reduced. These findings were 
consistent with previous findings that the expression of 
ILF3 was significantly lower in patients with taking 
statins when compared to patients who didn’t take 
statins. Thereby, these data supported that ILF3 acted as 
a tumor promoter and served as a potential new target 
for the use of statins to treat GC patients, and ILF3 
elimination is a significant target to prevent and 
intervent GC, providing rationale for the use of statins 
to treat GC. 
 
Obesity-associated cancer is a major health burden and 
has been intensively studied. Researchers have identified 
multiple cancer risk factors including adipokines, 
cytokines, insulin/insulin-like growth factor axis, and 
other cellular signal pathways. Among them, lipids 
regulate some important oncogenic pathways such as 
PI3K/AKT/mTOR, Ras, or Wnt pathways [82, 83]. In 
this study, based on KEGG pathway enrichment analysis 
and GSEA analysis, the expression levels of ILF3  
could regulate the activation of the PI3K/AKT/mTOR 
signaling pathway 
 
The PI3K/AKT/mTOR signaling pathway is important 
in tumor progression, including cell proliferation, 
invasion, metastasis, cell cycle, apoptosis, and 
metabolic functions [84, 85]. Thus, discovery of new 
specific targets to activate PI3K/AKT/mTOR signaling 
pathway has become a hotspot of research among 
targeted interventions of GC. And the role of ILF3 in 
the modulation of PI3K/AKT/mTOR signaling pathway 
is unrevealed. 
 
This study validated that interference of ILF3 and statins 
treatment downregulated the phosphorylation PI3K, 
AKT and mTOR, thereby inhibit the PI3K/AKT/mTOR 
signaling pathway in GC cells. The rescue experiments 
were designed, in which PI3K/AKT/mTOR signaling 
pathway inhibitors under the premise of overexpression 
of ILF3 were used to observe the phenotypic changes of 
GC cells. The rescue experiments demonstrated that the 
inhibitor of signaling pathway reversed overexpression 
effect of ILF3 on cell proliferation, cell cycle, migration, 
and invasion of GC cells. Therefore, ILF3 promoted cell 
proliferation, cell cycle, migration, and invasion by 
regulating PI3K/AKT/mTOR signaling pathway in GC 
cells. 

ILF3 and its regulated PI3K/AKT/mTOR signaling 
pathway are valuable resource for GC in the field of 
abnormal lipid metabolism, providing insights into lipid 
metabolism and discovery of energy metabolism-based 
molecular biomarker pattern and new antitumor targets/ 
drugs to effectively treat GC. ILF3 might be a new GC 
marker for risk stratification in people with obesity or 
abnormal lipid level. According to the individual risks, 
appropriate preventive measures can be taken. For high-
risk group of GC, statins treatment improved blood lipid 
levels when inhibiting the expression of ILF3, and 
reduced the occurrence of GC. Statins combined with 
chemotherapy might aid personalized treatment of 
treatment of high-expressed ILF3 GC patients. 
 
CONCLUSIONS 
 
This study shows that ox-LDL promotes the expression 
of ILF3 through the PI3K/AKT/mTOR signaling 
pathway, thus facilitates the proliferation, cell cycle, 
migration and invasion of gastric cancer cells, providing 
a potential new biomarker for the early detection and 
the therapeutic target of gastric cancer patients. 
 
MATERIALS AND METHODS 
 
Clinical specimen acquisition and analysis 
 
The data of mRNA sequencing and corresponding 
clinical information of 375 GC samples and 32 normal 
cases were obtained from The Cancer Genome Atlas 
(TCGA) database (https://tcga-data.nci.nih.gov/). The 
paired gastric cancer tissue and matched adjacent 
normal tissue were collected from 33 patients with GC 
admitted to Qilu Hospital, Cheeloo College of 
Medicine, Shandong University (Jinan, China) 
between January 2020 and December 2020 before 
surgery, these patients did not receive any other 
treatments, such as radiotherapy, chemotherapy, and 
targeted therapy. Informed consent was obtained from 
all participants. 
 
Whole-genome RNA sequencing 
 
The gastric cancer cells SGC-7901 were randomly 
divided into the interference group (infected with ILF3-
specific siRNA) and the transfected negative control 
group. RNeasy mini kit (Qiagen, Germany) was applied 
to isolate total RNA. TruSeq™ RNA Sample Preparation 
Kit (Illumina, USA) was used to synthesize paired-end 
libraries. The final cDNA library was then created with 
PCR by purification and enrichment. The library 
construction and sequencing were implemented by 
Sinotech Genomics Co., Ltd (Shanghai, China). R 
package edgeR was carried out to analyze the mRNA 
differential expression. Differentially expressed RNAs 

https://tcga-data.nci.nih.gov/
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with |log2(fold-change)| value >1 and q value <0.05 were 
reserved for further analysis. 
 
Functional enrichment analyses 
 
We performed the Gene Ontology (GO) [86] and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses based on the RNA sequencing, 
which included the biological processes (BP), cellular 
components (CC), molecular functions (MF), and 
pathways. The p value < 0.05 were considered significant. 
 
Gene Set Enrichment Analysis (GSEA) was performed 
to figure out the signaling pathway which may be 
regulated by ILF3. The normalized enrichment score 
(|NES|) > 1 was considered as statistical significance. 
 
Cell lines and cell culture 
 
The gastric cancer cell lines GES, SGC-7901, HGC-27, 
Ncl-N87, and SNU-1 were obtained from Fuheng 
company, Shanghai, China, and were cultured in 1640 
media (Gibco) supplemented with 10% fetal bovine 
serum (Gibco) and 1% penicillin/streptomycin 
(Millipore) in a humidified incubator with 5% CO2 at 
37° C. 
 
ILF3-siRNA transfection and groupings 
 
For the knockdown of ILF3, cells were transfected with 
ILF3-specific siRNA or scramble siRNA with 
lipofectamine 3000 reagents. Each targeting sequence 
was shown: si-ILF3: 5’-ACG UGA CAC GUU CGG 
AGA ATT-3’; si-nc: 5’-UUC UCC GAA CGU GUC 
ACG UTT-3’. According to the manufacturer's 
protocol, GC cells were seeded in a 6-well plate, and 
cultivated for 24h prior to transfection. And transfection 
was performed when the cells reached ~70% 
confluence. Subsequent experiments were performed at 
48h post-transfection. 
 
Plasmid construction and transfection 
 
Human ILF3 Gene cDNA Clone (full-length ORF Clone) 
was cloned into Flag-ILF3 vector. For transfection, the 
Lipofectamine 3000 and OPTI-MEM (Gibco, Shanghai, 
China) were mixed with plasmids, transfected into cells 
and incubate for 24 hours. 
 
Cell proliferation assay (Edu assay) 
 
GC cells were seeded in 12-well plates to confluence and 
cultured with 10-μM EdU for an additional 2h. Then 4% 
formaldehyde (PFA) was used to fix the cells for 30 min 
at room temperature (RT). After washing, Click-iTR EdU 
kit was used to detect EdU, with a detection time of ~30 

min. After 10 min incubation with DAPI, the cells were 
observed with a fluorescence microscope (Olympus). The 
EdU incorporation rate was calculated by Image-Pro Plus 
6.0 software (Media Cybernetics). The result was 
expressed as the ratio of EdU-positive cells to total 
DAPI-positive cells. 
 
Flow cytometry for cell cycle analysis 
 
Gastric cancer cells were centrifuged (1000g, 5 min, 
and 4° C), and rinsed with a volume (1 ml) of precooled 
PBS. Then a volume (1 ml) of precooled 70% ethanol 
was added, and the cells were maintained at 4° C for 2 
h. The cell suspension was added with a volume (1 ml) 
of precooled PBS, and the supernatant was discarded 
after centrifugation (1000 g, 5 min, and 4° C). The cells 
were resuspended in a volume (500 µl) of binding 
buffer with 25 µl propidium Iodide (20 x) and 10 µl 
RNase A (50 x) (RT, darkness, and 30min). Then the 
flow cytometry was performed. 
 
Detection of cell migration and invasion 
 
Human gastric cancer cell lines were collected, and 
suspended with 1640 medium (Gibco), made into 1.5 x 
105 cells/ml. The cell suspension (200 µl) was incubated 
into the upper chamber for migration (or precoated with 
100µl Matrigel solution [BD] for invasion). A volume 
(600 µl) of medium containing 20% FBS and specific 
treatment was applied to the lower chamber. After 24 h 
plating, the cells remaining on the upper chamber were 
removed with a cotton swab. The cells in the lower 
chamber were fixed and stained. And the number of 
migration and invasion cells was counted and 
photographed in three randomly selected view-fields. 
 
Western blotting 
 
The total proteins were collected from gastric cancer 
cells grown in a 6-well plate with specific treatment. 
Briefly, the cells were harvested and lysed with RIPA 
lysis buffer containing 1× protease inhibitor cocktail. A 
portion (5 µl) of protein samples was separated by SDS-
PAGE, and transferred onto PVDF membrane. PVDF 
membrane was blocked with 5% non-fat milk (1h, room 
temperature), and incubated with primary antibody 
(overnight, 4° C). The proteins on PVDF Membrane 
were incubated with secondary anti-rabbit antibodies 
(1h, room temperature). The levels of proteins and 
phosphoproteins were determined with WesternBright 
ECL. The primary antibodies were against ILF3 
(Abcam, USA), PCNA (Abcam, USA), cyclinD1 
(Abcam, USA), MMP9 (Abcam, USA), MMP2 
(Abcam, USA), Akt (CST, USA), p-Akt (CST, USA), 
PI3K (CST, USA), p-PI3K (CST, USA), mTOR (CST, 
USA), and p- mTOR (CST, USA). 
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Immunohistochemistry staining (IHC) 
 
Gastric cancer tissues and adjacent nonmalignant tissues 
were PFA-fixed, paraffin-embedded, and cut into 5-µm-
thick consecutive sections. Each section was then 
immersed in sodium citrate solution (pH 6.0, 20 min, 
98° C) and washed three times with 1x PBS for 3 
min/time to achieve deparaffinization and antigen 
recovery. The sections were permeabilized with PBS 
containing 0.5% Triton X-100 for 20 min at RT. After 
initial incubation in 4% normal goat serum (30 min, 
RT), primary antibody was used and incubated (4° C, 
overnight). After washing with PBS, each tissue section 
was incubated with secondary antibody for 1 h at RT, 
and then stained with diaminobenzidine (DAB). After 
washing in PBS, nuclei were stained with hematoxylin 
(Sigma-Aldrich) for 10 min, and washed in tap water. 
Immunohistochemistry for each sample was repeated 
thrice. 
 
Real-time quantitative PCR (RT-qPCR) 
 
RNAfast200 was applied to extract the total RNAs. 
Reverse transcription was performed in a total 
volume 20 µl with reverse transcriptase. To remove 
genomic DNA, samples were mixed with gDNA 
wipeout buffer and incubated (42° C, 2min), and 
further incubated at 37° C for 15 min, and 85° C for 5 
s to obtain cDNA. The prepared sample was stored at 
−20° C until use. 
 
The quantification cycle (Cq) was calculated with the 
amplification curve. The experiments were repeated 
thrice. The primers for ILF3 were forward 5’-CATTA 
CGCCCATGAAACGCC-3’, and reverse 5’-TAAAG 
ATGGGGGCATGGACG-3’. The primers for GAPDH 
were forward 5’-GCACCGTCAAGGCTGAGAAC-3’, 
and reverse 5’-TGGTGAAGACGCCAGTGGA-3’. 
 
Xenograft tumor 
 
Four-week-old male nude mice were obtained from 
Sibeifu Company (Beijing, China). A total of 1 x 107 
HGC-27 cells were subcutaneously injected into nude 
mice (n = 5 per group). Nude mice were randomly 
divided into four groups (n = 5 per group): normal diets, 
high-fat diets, high-fat diets + statins treatment, and 
high-fat diets + ILF3 inhibitor-YM155 treatment. The 
tumor size was measured every 4 days with a vernier 
caliper starting from the day 7 after subcutaneous 
tumor. The treatment group were injected with  
statins (intraperitoneally, 5 mg/kg) or ILF3 inhibitor 
(intraperitoneally, 5 mg/kg) once every 3 days. The 
tumor volume was calculated with volume = 0.5 x 
length x width2. All animal experiments met the ethic 
regulations. 

Statistical analysis and bioinformatics 
 
SPSS 26.0 and GraphPad Prism 9.1.2 software were used 
to perform statistical analysis. Data was expressed as 
mean ± SD of 3 independent biological replicates. 
Differences between two groups were analyzed by 
unpaired two-tailed Student's t-test. Multiple comparisons 
between groups were performed with ANOVA test. A P-
value < 0.05 was considered as statistically significance. 
 
Ethics approval 
 
All investigations conformed to the principles outlined in 
the Declaration of Helsinki and were performed with 
permission by the responsible Medical Ethics Committee 
of Qilu Hospital of Shandong University. 
 
Abbreviations 
 
AFP: alpha-fetoprotein; Akt: serine-threonine kinase; BP: 
biological processes; CA125: cancer antigen 125; CA19-
9: cancer antigen 19-9; CA72-4: cancer antigen 72-4; 
CC: cellular components; CEA: carcinoembryonic 
antigen; DRBPs: double-stranded RNA-binding proteins; 
GSEA: Gene Set Enrichment Analysis; ILF3: 
Interleukin-enhancer binding factor 3; LDL: low-density 
lipoprotein; LDL-C: low-density lipoprotein cholesterol; 
MF: molecular functions; MMP2: matrix 
metalloproteinase 2; MMP9: matrix metalloproteinase 9; 
mTOR: mammalian target of rapamycin; ox-LDL: 
oxidized low-density lipoprotein; p-Akt: phosphorylated 
serine-threonine kinase; PCNA: proliferating cell nuclear 
antigen; PI3K: phosphatidylinositol 3 kinase; p-mTOR: 
phosphorylated mammalian target of rapamycin; p-PI3K: 
phosphorylated phosphatidylinositol 3 kinases; ROS: 
reactive oxygen species; TCGA: The Cancer Genome 
Atlas; GESA: Gene Set Enrichment Analysis. 
 
AUTHOR CONTRIBUTIONS 
 
D. S. performed most experiments. W.Y. and M.Z. 
designed the overall study. Z.W. and W.Q. supervised 
the experiments. D.S. wrote the paper. M.W. and Y. L. 
completed the collection and processing of clinical 
specimens. P.L., X. Z., Y. C. and Y.H. analyzed data. 
W.Y. revised the paper and acquired the funding. All 
authors read and approved the final manuscript. 
 
ACKNOWLEDGMENTS 
 
The authors also acknowledge Professor Mingxiang 
Zhang from The Key Laboratory of Cardiovascular 
Remodeling and Function Research, Chinese Ministry  
of Education, Chinese Ministry of Health and  
Chinese Academy of Medical Sciences, Department of 
Cardiology to assist in experimental design and guidance. 



www.aging-us.com 3903 AGING 

CONFLICTS OF INTEREST 
 
The authors declare that they have no conflicts of 
interest. 
 
FUNDING 
 
This work was supported by Natural Science 
Foundation of Shandong Province, China (Grant/Award 
Number: ZR201911030023; and ZR2019LZL006). 
 
REFERENCES 
 
1. Sung H, Ferlay J, Siegel RL, Laversanne M, 

Soerjomataram I, Jemal A, Bray F. Global Cancer 
Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. 
CA Cancer J Clin. 2021; 71:209–49. 

 https://doi.org/10.3322/caac.21660 PMID:33538338 

2. Cao W, Chen HD, Yu YW, Li N, Chen WQ. Changing 
profiles of cancer burden worldwide and in China: a 
secondary analysis of the global cancer statistics 2020. 
Chin Med J (Engl). 2021; 134:783–91. 

 https://doi.org/10.1097/CM9.0000000000001474 
PMID:33734139 

3. Sitarz R, Skierucha M, Mielko J, Offerhaus GJ, 
Maciejewski R, Polkowski WP. Gastric cancer: 
epidemiology, prevention, classification, and 
treatment. Cancer Manag Res. 2018; 10:239–48. 

 https://doi.org/10.2147/CMAR.S149619 
PMID:29445300 

4. Yang L, Li Y, Zhou T, Shi G, Pan J, Liu J, Wang G. Effect of 
the degree of gastric filling on the measured thickness 
of advanced gastric cancer by computed tomography. 
Oncol Lett. 2018; 16:2335–43. 

 https://doi.org/10.3892/ol.2018.8907 PMID:30008937 

5. Chen S, Chen X, Nie R, Ou Yang L, Liu A, Li Y, Zhou Z, 
Chen Y, Peng J. A nomogram to predict prognosis for 
gastric cancer with peritoneal dissemination. Chin J 
Cancer Res. 2018; 30:449–59. 

 https://doi.org/10.21147/j.issn.1000-9604.2018.04.08 
PMID:30210225 

6. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 
Jemal A. Global cancer statistics, 2012. CA Cancer J 
Clin. 2015; 65:87–108. 

 https://doi.org/10.3322/caac.21262 PMID:25651787 

7. Liu X, Chen L, Fan Y, Hong Y, Yang X, Li Y, Lu J, Lv J, Pan 
X, Qu F, Cui X, Gao Y, Xu D. IFITM3 promotes bone 
metastasis of prostate cancer cells by mediating 
activation of the TGF-β signaling pathway. Cell Death 
Dis. 2019; 10:517. 

 https://doi.org/10.1038/s41419-019-1750-7 
PMID:31273201 

8. Weng J, Li S, Lin H, Mei H, Liu Y, Xiao C, Zhu Z, Cai W, 
Ding X, Mi Y, Wen Y. PCDHGA9 represses epithelial-
mesenchymal transition and metastatic potential in 
gastric cancer cells by reducing β-catenin 
transcriptional activity. Cell Death Dis. 2020; 11:206. 

 https://doi.org/10.1038/s41419-020-2398-z 
PMID:32231199 

9. Yu J, Zheng W. An Alternative Method for Screening 
Gastric Cancer Based on Serum Levels of CEA, CA19-9, 
and CA72-4. J Gastrointest Cancer. 2018; 49:57–62. 

 https://doi.org/10.1007/s12029-016-9912-7 
PMID:28028765 

10. Li Y, Yang Y, Lu M, Shen L. Predictive value of serum 
CEA, CA19-9 and CA72.4 in early diagnosis of 
recurrence after radical resection of gastric cancer. 
Hepatogastroenterology. 2011; 58:2166–70. 

 PMID:22024091 

11. He CZ, Zhang KH, Li Q, Liu XH, Hong Y, Lv NH. 
Combined use of AFP, CEA, CA125 and CAl9-9 improves 
the sensitivity for the diagnosis of gastric cancer. BMC 
Gastroenterol. 2013; 13:87. 

 https://doi.org/10.1186/1471-230X-13-87 
PMID:23672279 

12. Wu D, Zhang P, Ma J, Xu J, Yang L, Xu W, Que H, Chen 
M, Xu H. Serum biomarker panels for the diagnosis of 
gastric cancer. Cancer Med. 2019; 8:1576–83. 

 https://doi.org/10.1002/cam4.2055  
PMID:30873760 

13. Gong X, Zhang H. Diagnostic and prognostic values of 
anti-helicobacter pylori antibody combined with serum 
CA724, CA19-9, and CEA for young patients with early 
gastric cancer. J Clin Lab Anal. 2020; 34:e23268. 

 https://doi.org/10.1002/jcla.23268 PMID:32118318 

14. Shah MA, Khanin R, Tang L, Janjigian YY, Klimstra DS, 
Gerdes H, Kelsen DP. Molecular classification of gastric 
cancer: a new paradigm. Clin Cancer Res. 2011; 
17:2693–701. 

 https://doi.org/10.1158/1078-0432.CCR-10-2203 
PMID:21430069 

15. Strader CD, MacIntyre DE, Candelore MR, Parker EM. 
Molecular approaches to the discovery of new 
treatments for obesity. Curr Opin Chem Biol. 1997; 
1:204–9. 

 https://doi.org/10.1016/s1367-5931(97)80011-7 
PMID:9667852 

16. Liu G, Zheng X, Xu Y, Lu J, Chen J, Huang X. Long non-
coding RNAs expression profile in HepG2 cells reveals 
the potential role of long non-coding RNAs in the 
cholesterol metabolism. Chin Med J (Engl). 2015; 
128:91–7. 

 https://doi.org/10.4103/0366-6999.147824 
PMID:25563320 

https://doi.org/10.3322/caac.21660
https://pubmed.ncbi.nlm.nih.gov/33538338
https://doi.org/10.1097/CM9.0000000000001474
https://pubmed.ncbi.nlm.nih.gov/33734139
https://doi.org/10.2147/CMAR.S149619
https://pubmed.ncbi.nlm.nih.gov/29445300
https://doi.org/10.3892/ol.2018.8907
https://pubmed.ncbi.nlm.nih.gov/30008937
https://doi.org/10.21147/j.issn.1000-9604.2018.04.08
https://pubmed.ncbi.nlm.nih.gov/30210225
https://doi.org/10.3322/caac.21262
https://pubmed.ncbi.nlm.nih.gov/25651787
https://doi.org/10.1038/s41419-019-1750-7
https://pubmed.ncbi.nlm.nih.gov/31273201
https://doi.org/10.1038/s41419-020-2398-z
https://pubmed.ncbi.nlm.nih.gov/32231199
https://doi.org/10.1007/s12029-016-9912-7
https://pubmed.ncbi.nlm.nih.gov/28028765
https://pubmed.ncbi.nlm.nih.gov/22024091
https://doi.org/10.1186/1471-230X-13-87
https://pubmed.ncbi.nlm.nih.gov/23672279
https://doi.org/10.1002/cam4.2055
https://pubmed.ncbi.nlm.nih.gov/30873760
https://doi.org/10.1002/jcla.23268
https://pubmed.ncbi.nlm.nih.gov/32118318
https://doi.org/10.1158/1078-0432.CCR-10-2203
https://pubmed.ncbi.nlm.nih.gov/21430069
https://doi.org/10.1016/s1367-5931(97)80011-7
https://pubmed.ncbi.nlm.nih.gov/9667852
https://doi.org/10.4103/0366-6999.147824
https://pubmed.ncbi.nlm.nih.gov/25563320


www.aging-us.com 3904 AGING 

17. Kuzu OF, Noory MA, Robertson GP. The Role of 
Cholesterol in Cancer. Cancer Res. 2016; 76:2063–70. 

 https://doi.org/10.1158/0008-5472.CAN-15-2613 
PMID:27197250 

18. Lu M, Gursky O. Aggregation and fusion of low-density 
lipoproteins in vivo and in vitro. Biomol Concepts. 
2013; 4:501–18. 

 https://doi.org/10.1515/bmc-2013-0016 
PMID:25197325 

19. Chang C, Liu H, Wei C, Chang L, Liang J, Bei H, Li H, Liu 
S, Wu Y. Tongxinluo Regulates Expression of Tight 
Junction Proteins and Alleviates Endothelial Cell 
Monolayer Hyperpermeability via ERK-1/2 Signaling 
Pathway in Oxidized Low-Density Lipoprotein-Induced 
Human Umbilical Vein Endothelial Cells. Evid Based 
Complement Alternat Med. 2017; 2017:4198486. 

 https://doi.org/10.1155/2017/4198486 
PMID:28400842 

20. Chimento A, Casaburi I, Avena P, Trotta F, De Luca A, 
Rago V, Pezzi V, Sirianni R. Cholesterol and Its 
Metabolites in Tumor Growth: Therapeutic Potential of 
Statins in Cancer Treatment. Front Endocrinol 
(Lausanne). 2019; 9:807. 

 https://doi.org/10.3389/fendo.2018.00807 
PMID:30719023 

21. Koh WP, Dan YY, Goh GB, Jin A, Wang R, Yuan JM. 
Dietary fatty acids and risk of hepatocellular carcinoma 
in the Singapore Chinese health study. Liver Int. 2016; 
36:893–901. 

 https://doi.org/10.1111/liv.12978 PMID:26443688 

22. Ioannou GN, Morrow OB, Connole ML, Lee SP. 
Association between dietary nutrient composition and 
the incidence of cirrhosis or liver cancer in the United 
States population. Hepatology. 2009; 50:175–84. 

 https://doi.org/10.1002/hep.22941  
PMID:19441103 

23. Zabirnyk O, Liu W, Khalil S, Sharma A, Phang JM. 
Oxidized low-density lipoproteins upregulate proline 
oxidase to initiate ROS-dependent autophagy. 
Carcinogenesis. 2010; 31:446–54. 

 https://doi.org/10.1093/carcin/bgp299 
PMID:19942609 

24. Scoles DR, Xu X, Wang H, Tran H, Taylor-Harding B, Li A, 
Karlan BY. Liver X receptor agonist inhibits proliferation 
of ovarian carcinoma cells stimulated by oxidized low 
density lipoprotein. Gynecol Oncol. 2010; 116:109–16. 

 https://doi.org/10.1016/j.ygyno.2009.09.034 
PMID:19854496 

25. Antalis CJ, Uchida A, Buhman KK, Siddiqui RA. 
Migration of MDA-MB-231 breast cancer cells depends 
on the availability of exogenous lipids and cholesterol 
esterification. Clin Exp Metastasis. 2011; 28:733–41. 

 https://doi.org/10.1007/s10585-011-9405-9 
PMID:21744083 

26. Wen X, Liu X, Mao YP, Yang XJ, Wang YQ, Zhang PP,  
Lei Y, Hong XH, He QM, Ma J, Liu N, Li YQ. Long non-
coding RNA DANCR stabilizes HIF-1α and promotes 
metastasis by interacting with NF90/NF45 complex  
in nasopharyngeal carcinoma. Theranostics. 2018; 
8:5676–89. 

 https://doi.org/10.7150/thno.28538 PMID:30555573 

27. Li K, Wu JL, Qin B, Fan Z, Tang Q, Lu W, Zhang H, Xing F, 
Meng M, Zou S, Wei W, Chen H, Cai J, et al. ILF3 is a 
substrate of SPOP for regulating serine biosynthesis in 
colorectal cancer. Cell Res. 2020; 30:163–78. 

 https://doi.org/10.1038/s41422-019-0257-1 
PMID:31772275 

28. Xu Z, Huang H, Li X, Ji C, Liu Y, Liu X, Zhu J, Wang Z, 
Zhang H, Shi J. High expression of interleukin-
enhancer binding factor 3 predicts poor prognosis in 
patients with lung adenocarcinoma. Oncol Lett. 2020; 
19:2141–52. 

 https://doi.org/10.3892/ol.2020.11330 
PMID:32194712 

29. Zhang C, Xie C, Wang X, Huang Y, Gao S, Lu J, Lu Y, 
Zhang S. Aberrant USP11 expression regulates NF90 to 
promote proliferation and metastasis in hepatocellular 
carcinoma. Am J Cancer Res. 2020; 10:1416–28. 

 PMID:32509388 

30. Zhang W, Xiong Z, Wei T, Li Q, Tan Y, Ling L, Feng X. 
Nuclear factor 90 promotes angiogenesis by regulating 
HIF-1α/VEGF-A expression through the PI3K/Akt 
signaling pathway in human cervical cancer. Cell Death 
Dis. 2018; 9:276. 

 https://doi.org/10.1038/s41419-018-0334-2 
PMID:29449553 

31. Sun J, Zhao J, Yang Z, Zhou Z, Lu P. Identification of 
gene signatures and potential therapeutic targets for 
acquired chemotherapy resistance in gastric cancer 
patients. J Gastrointest Oncol. 2021; 12:407–22. 

 https://doi.org/10.21037/jgo-21-81  
PMID:34012635 

32. Hinds DA, Buil A, Ziemek D, Martinez-Perez A, Malik R, 
Folkersen L, Germain M, Mälarstig A, Brown A, Soria 
JM, Dichgans M, Bing N, Franco-Cereceda A, et al, and 
METASTROKE Consortium, and INVENT Consortium. 
Genome-wide association analysis of self-reported 
events in 6135 individuals and 252 827 controls 
identifies 8 loci associated with thrombosis. Hum Mol 
Genet. 2016; 25:1867–74. 

 https://doi.org/10.1093/hmg/ddw037 PMID:26908601 

33. Yamada Y, Matsui K, Takeuchi I, Fujimaki T. Association 
of genetic variants with dyslipidemia and chronic 
kidney disease in a longitudinal population-based 

https://doi.org/10.1158/0008-5472.CAN-15-2613
https://pubmed.ncbi.nlm.nih.gov/27197250
https://doi.org/10.1515/bmc-2013-0016
https://pubmed.ncbi.nlm.nih.gov/25197325
https://doi.org/10.1155/2017/4198486
https://pubmed.ncbi.nlm.nih.gov/28400842
https://doi.org/10.3389/fendo.2018.00807
https://pubmed.ncbi.nlm.nih.gov/30719023
https://doi.org/10.1111/liv.12978
https://pubmed.ncbi.nlm.nih.gov/26443688
https://doi.org/10.1002/hep.22941
https://pubmed.ncbi.nlm.nih.gov/19441103
https://doi.org/10.1093/carcin/bgp299
https://pubmed.ncbi.nlm.nih.gov/19942609
https://doi.org/10.1016/j.ygyno.2009.09.034
https://pubmed.ncbi.nlm.nih.gov/19854496
https://doi.org/10.1007/s10585-011-9405-9
https://pubmed.ncbi.nlm.nih.gov/21744083
https://doi.org/10.7150/thno.28538
https://pubmed.ncbi.nlm.nih.gov/30555573
https://doi.org/10.1038/s41422-019-0257-1
https://pubmed.ncbi.nlm.nih.gov/31772275
https://doi.org/10.3892/ol.2020.11330
https://pubmed.ncbi.nlm.nih.gov/32194712
https://pubmed.ncbi.nlm.nih.gov/32509388
https://doi.org/10.1038/s41419-018-0334-2
https://pubmed.ncbi.nlm.nih.gov/29449553
https://doi.org/10.21037/jgo-21-81
https://pubmed.ncbi.nlm.nih.gov/34012635
https://doi.org/10.1093/hmg/ddw037
https://pubmed.ncbi.nlm.nih.gov/26908601


www.aging-us.com 3905 AGING 

genetic epidemiological study. Int J Mol Med. 2015; 
35:1290–300. 

 https://doi.org/10.3892/ijmm.2015.2152 
PMID:25813695 

34. Yoshida T, Kato K, Oguri M, Horibe H, Kawamiya T, 
Yokoi K, Fujimaki T, Watanabe S, Satoh K, Aoyagi Y, 
Tanaka M, Yoshida H, Shinkai S, et al. Association of 
polymorphisms of BTN2A1 and ILF3 with myocardial 
infarction in Japanese individuals with different lipid 
profiles. Mol Med Rep. 2011; 4:511–8. 

 https://doi.org/10.3892/mmr.2011.441 
PMID:21468600 

35. Krycer JR, Sharpe LJ, Luu W, Brown AJ. The Akt-SREBP 
nexus: cell signaling meets lipid metabolism. Trends 
Endocrinol Metab. 2010; 21:268–76. 

 https://doi.org/10.1016/j.tem.2010.01.001 
PMID:20117946 

36. Farwell WR, Scranton RE, Lawler EV, Lew RA, Brophy 
MT, Fiore LD, Gaziano JM. The association between 
statins and cancer incidence in a veterans population. J 
Natl Cancer Inst. 2008; 100:134–9. 

 https://doi.org/10.1093/jnci/djm286  
PMID:18182618 

37. Nielsen SF, Nordestgaard BG, Bojesen SE. Statin use 
and reduced cancer-related mortality. N Engl J Med. 
2012; 367:1792–802. 

 https://doi.org/10.1056/NEJMoa1201735 
PMID:23134381 

38. Ren QW, Yu SY, Teng TK, Li X, Cheung KS, Wu MZ, Li HL, 
Wong PF, Tse HF, Lam CS, Yiu KH. Statin associated 
lower cancer risk and related mortality in patients with 
heart failure. Eur Heart J. 2021; 42:3049–59. 

 https://doi.org/10.1093/eurheartj/ehab325 
PMID:34157723 

39. Singh PP, Singh S. Statins are associated with reduced 
risk of gastric cancer: a systematic review and meta-
analysis. Ann Oncol. 2013; 24:1721–30. 

 https://doi.org/10.1093/annonc/mdt150 
PMID:23599253 

40. Pelton K, Freeman MR, Solomon KR. Cholesterol  
and prostate cancer. Curr Opin Pharmacol. 2012; 
12:751–9. 

 https://doi.org/10.1016/j.coph.2012.07.006 
PMID:22824430 

41. Juneja M, Kobelt D, Walther W, Voss C, Smith J, 
Specker E, Neuenschwander M, Gohlke BO, Dahlmann 
M, Radetzki S, Preissner R, von Kries JP, Schlag PM, 
Stein U. Statin and rottlerin small-molecule inhibitors 
restrict colon cancer progression and metastasis via 
MACC1. PLoS Biol. 2017; 15:e2000784. 

 https://doi.org/10.1371/journal.pbio.2000784 
PMID:28570591 

42. Lin CJ, Liao WC, Lin HJ, Hsu YM, Lin CL, Chen YA, Feng 
CL, Chen CJ, Kao MC, Lai CH, Kao CH. Statins Attenuate 
Helicobacter pylori CagA Translocation and Reduce 
Incidence of Gastric Cancer: In Vitro and Population-
Based Case-Control Studies. PLoS One. 2016; 
11:e0146432. 

 https://doi.org/10.1371/journal.pone.0146432 
PMID:26730715 

43. Doan H, Parsons A, Devkumar S, Selvarajah J, Miralles 
F, Carroll VA. HIF-mediated Suppression of DEPTOR 
Confers Resistance to mTOR Kinase Inhibition in Renal 
Cancer. iScience. 2019; 21:509–20. 

 https://doi.org/10.1016/j.isci.2019.10.047 
PMID:31710966 

44. Cruz PM, Mo H, McConathy WJ, Sabnis N, Lacko AG. 
The role of cholesterol metabolism and cholesterol 
transport in carcinogenesis: a review of scientific 
findings, relevant to future cancer therapeutics. Front 
Pharmacol. 2013; 4:119. 

 https://doi.org/10.3389/fphar.2013.00119 
PMID:24093019 

45. Bedin A, Maranhão RC, Tavares ER, Carvalho PO, 
Baracat EC, Podgaec S. Nanotechnology for the 
treatment of deep endometriosis: uptake of lipid core 
nanoparticles by LDL receptors in endometriotic foci. 
Clinics (Sao Paulo). 2019; 74:e989. 

 https://doi.org/10.6061/clinics/2019/e989 
PMID:31291391 

46. Pike LJ. Rafts defined: a report on the Keystone 
Symposium on Lipid Rafts and Cell Function. J Lipid 
Res. 2006; 47:1597–8. 

 https://doi.org/10.1194/jlr.E600002-JLR200 
PMID:16645198 

47. Ripa I, Andreu S, López-Guerrero JA, Bello-Morales R. 
Membrane Rafts: Portals for Viral Entry. Front 
Microbiol. 2021; 12:631274. 

 https://doi.org/10.3389/fmicb.2021.631274 
PMID:33613502 

48. Hryniewicz-Jankowska A, Augoff K, Biernatowska A, 
Podkalicka J, Sikorski AF. Membrane rafts as a novel 
target in cancer therapy. Biochim Biophys Acta. 2014; 
1845:155–65. 

 https://doi.org/10.1016/j.bbcan.2014.01.006 
PMID:24480320 

49. Zhang T, Wang Q, Wang Y, Wang J, Su Y, Wang F, Wang 
G. AIBP and APOA-I synergistically inhibit intestinal 
tumor growth and metastasis by promoting cholesterol 
efflux. J Transl Med. 2019; 17:161. 

 https://doi.org/10.1186/s12967-019-1910-7 
PMID:31101050 

50. Levitan I, Gooch KJ. Lipid rafts in membrane-
cytoskeleton interactions and control of cellular 

https://doi.org/10.3892/ijmm.2015.2152
https://pubmed.ncbi.nlm.nih.gov/25813695
https://doi.org/10.3892/mmr.2011.441
https://pubmed.ncbi.nlm.nih.gov/21468600
https://doi.org/10.1016/j.tem.2010.01.001
https://pubmed.ncbi.nlm.nih.gov/20117946
https://doi.org/10.1093/jnci/djm286
https://pubmed.ncbi.nlm.nih.gov/18182618
https://doi.org/10.1056/NEJMoa1201735
https://pubmed.ncbi.nlm.nih.gov/23134381
https://doi.org/10.1093/eurheartj/ehab325
https://pubmed.ncbi.nlm.nih.gov/34157723
https://doi.org/10.1093/annonc/mdt150
https://pubmed.ncbi.nlm.nih.gov/23599253
https://doi.org/10.1016/j.coph.2012.07.006
https://pubmed.ncbi.nlm.nih.gov/22824430
https://doi.org/10.1371/journal.pbio.2000784
https://pubmed.ncbi.nlm.nih.gov/28570591
https://doi.org/10.1371/journal.pone.0146432
https://pubmed.ncbi.nlm.nih.gov/26730715
https://doi.org/10.1016/j.isci.2019.10.047
https://pubmed.ncbi.nlm.nih.gov/31710966
https://doi.org/10.3389/fphar.2013.00119
https://pubmed.ncbi.nlm.nih.gov/24093019
https://doi.org/10.6061/clinics/2019/e989
https://pubmed.ncbi.nlm.nih.gov/31291391
https://doi.org/10.1194/jlr.E600002-JLR200
https://pubmed.ncbi.nlm.nih.gov/16645198
https://doi.org/10.3389/fmicb.2021.631274
https://pubmed.ncbi.nlm.nih.gov/33613502
https://doi.org/10.1016/j.bbcan.2014.01.006
https://pubmed.ncbi.nlm.nih.gov/24480320
https://doi.org/10.1186/s12967-019-1910-7
https://pubmed.ncbi.nlm.nih.gov/31101050


www.aging-us.com 3906 AGING 

biomechanics: actions of oxLDL. Antioxid Redox Signal. 
2007; 9:1519–34. 

 https://doi.org/10.1089/ars.2007.1686 
PMID:17576163 

51. Suckling RJ, Korona B, Whiteman P, Chillakuri C, Holt L, 
Handford PA, Lea SM. Structural and functional 
dissection of the interplay between lipid and Notch 
binding by human Notch ligands. EMBO J. 2017; 
36:2204–15. 

 https://doi.org/10.15252/embj.201796632 
PMID:28572448 

52. Demitrack ES, Samuelson LC. Notch as a Driver of 
Gastric Epithelial Cell Proliferation. Cell Mol 
Gastroenterol Hepatol. 2017; 3:323–30. 

 https://doi.org/10.1016/j.jcmgh.2017.01.012 
PMID:28462374 

53. Demitrack ES, Samuelson LC. Notch regulation  
of gastrointestinal stem cells. J Physiol. 2016; 
594:4791–803. 

 https://doi.org/10.1113/JP271667 PMID:26848053 

54. Hibdon ES, Razumilava N, Keeley TM, Wong G, Solanki 
S, Shah YM, Samuelson LC. Notch and mTOR Signaling 
Pathways Promote Human Gastric Cancer Cell 
Proliferation. Neoplasia. 2019; 21:702–12. 

 https://doi.org/10.1016/j.neo.2019.05.002 
PMID:31129492 

55. He Y, Wang Y, Liu L, Liu S, Liang L, Chen Y, Zhu Z. 
Circular RNA circ_0006282 Contributes to the 
Progression of Gastric Cancer by Sponging miR-155 to 
Upregulate the Expression of FBXO22. Onco Targets 
Ther. 2020; 13:1001–10. 

 https://doi.org/10.2147/OTT.S228216 PMID:32099403 

56. Ding S, Zhang Y. MicroRNA-539 inhibits the 
proliferation and migration of gastric cancer cells by 
targeting SRY-box 5 gene. Mol Med Rep. 2019; 
20:2533–40. 

 https://doi.org/10.3892/mmr.2019.10486 
PMID:31322222 

57. Luo X, Su KJ, Qiu C, Liu X, Yang F. Novel Prognostic 
Model for Gastric Cancer using 13 Co-Expression Long 
Non-Coding RNAs (LncRNAs). Med Sci Monit. 2020; 
26:e923295. 

 https://doi.org/10.12659/MSM.923295 
PMID:32480397 

58. Sun XJ, Shi JF, Guo LW, Huang HY, Yao NL, Gong JY, Sun 
YW, Liu GX, Mao AY, Liao XZ, Bai YN, Ren JS, Zhu XY, et 
al, and listed authors are on behalf of the Health 
Economic Evaluation Working Group, Cancer Screening 
Program in Urban China (CanSPUC). Medical expenses 
of urban Chinese patients with stomach cancer during 
2002-2011: a hospital-based multicenter retrospective 
study. BMC Cancer. 2018; 18:435. 

 https://doi.org/10.1186/s12885-018-4357-y 
PMID:29665788 

59. Yang D, Hu C, Deng X, Bai Y, Cao H, Guo J, Su Z. 
Therapeutic Effect of Chitooligosaccharide Tablets on 
Lipids in High-Fat Diets Induced Hyperlipidemic Rats. 
Molecules. 2019; 24:514. 

 https://doi.org/10.3390/molecules24030514 
PMID:30709014 

60. Zakko L, Lutzke L, Wang KK. Screening and Preventive 
Strategies in Esophagogastric Cancer. Surg Oncol Clin N 
Am. 2017; 26:163–78. 

 https://doi.org/10.1016/j.soc.2016.10.004 
PMID:28279462 

61. Bähr I, Goritz V, Doberstein H, Hiller GG, Rosenstock P, 
Jahn J, Pörtner O, Berreis T, Mueller T, Spielmann J, 
Kielstein H. Diet-Induced Obesity Is Associated with an 
Impaired NK Cell Function and an Increased Colon 
Cancer Incidence. J Nutr Metab. 2017; 2017:4297025. 

 https://doi.org/10.1155/2017/4297025 
PMID:28357137 

62. Yasin HK, Taylor AH, Ayakannu T. A Narrative Review of 
the Role of Diet and Lifestyle Factors in the 
Development and Prevention of Endometrial Cancer. 
Cancers (Basel). 2021; 13:2149. 

 https://doi.org/10.3390/cancers13092149 
PMID:33946913 

63. Pih GY, Gong EJ, Choi JY, Kim MJ, Ahn JY, Choe J, Bae 
SE, Chang HS, Na HK, Lee JH, Jung KW, Kim DH, Choi 
KD, et al. Associations of Serum Lipid Level with Gastric 
Cancer Risk, Pathology, and Prognosis. Cancer Res 
Treat. 2021; 53:445–56. 

 https://doi.org/10.4143/crt.2020.599  
PMID:33253515 

64. Jiang X, Li M, Yang Q, Du L, Du J, Zhou J. Oxidized low 
density lipoprotein and inflammation in gout patients. 
Cell Biochem Biophys. 2014; 69:65–9. 

 https://doi.org/10.1007/s12013-013-9767-5 
PMID:24068523 

65. Bitorina AV, Oligschlaeger Y, Shiri-Sverdlov R, Theys J. 
Low profile high value target: The role of OxLDL in 
cancer. Biochim Biophys Acta Mol Cell Biol Lipids. 
2019; 1864:158518. 

 https://doi.org/10.1016/j.bbalip.2019.158518 
PMID:31479734 

66. Liu R, Cheng F, Zeng K, Li W, Lan J. GPR120 Agonist 
GW9508 Ameliorated Cellular Senescence Induced by 
ox-LDL. ACS Omega. 2020; 5:32195–202. 

 https://doi.org/10.1021/acsomega.0c03581 
PMID:33376857 

67. Walenbergh SM, Koek GH, Bieghs V, Shiri-Sverdlov R. 
Non-alcoholic steatohepatitis: the role of oxidized low-
density lipoproteins. J Hepatol. 2013; 58:801–10. 

https://doi.org/10.1089/ars.2007.1686
https://pubmed.ncbi.nlm.nih.gov/17576163
https://doi.org/10.15252/embj.201796632
https://pubmed.ncbi.nlm.nih.gov/28572448
https://doi.org/10.1016/j.jcmgh.2017.01.012
https://pubmed.ncbi.nlm.nih.gov/28462374
https://doi.org/10.1113/JP271667
https://pubmed.ncbi.nlm.nih.gov/26848053
https://doi.org/10.1016/j.neo.2019.05.002
https://pubmed.ncbi.nlm.nih.gov/31129492
https://doi.org/10.2147/OTT.S228216
https://pubmed.ncbi.nlm.nih.gov/32099403
https://doi.org/10.3892/mmr.2019.10486
https://pubmed.ncbi.nlm.nih.gov/31322222
https://doi.org/10.12659/MSM.923295
https://pubmed.ncbi.nlm.nih.gov/32480397
https://doi.org/10.1186/s12885-018-4357-y
https://pubmed.ncbi.nlm.nih.gov/29665788
https://doi.org/10.3390/molecules24030514
https://pubmed.ncbi.nlm.nih.gov/30709014
https://doi.org/10.1016/j.soc.2016.10.004
https://pubmed.ncbi.nlm.nih.gov/28279462
https://doi.org/10.1155/2017/4297025
https://pubmed.ncbi.nlm.nih.gov/28357137
https://doi.org/10.3390/cancers13092149
https://pubmed.ncbi.nlm.nih.gov/33946913
https://doi.org/10.4143/crt.2020.599
https://pubmed.ncbi.nlm.nih.gov/33253515
https://doi.org/10.1007/s12013-013-9767-5
https://pubmed.ncbi.nlm.nih.gov/24068523
https://doi.org/10.1016/j.bbalip.2019.158518
https://pubmed.ncbi.nlm.nih.gov/31479734
https://doi.org/10.1021/acsomega.0c03581
https://pubmed.ncbi.nlm.nih.gov/33376857


www.aging-us.com 3907 AGING 

 https://doi.org/10.1016/j.jhep.2012.11.014 
PMID:23183522 

68. Zettler ME, Prociuk MA, Austria JA, Massaeli H, Zhong 
G, Pierce GN. OxLDL stimulates cell proliferation 
through a general induction of cell cycle proteins. Am J 
Physiol Heart Circ Physiol. 2003; 284:H644–53. 

 https://doi.org/10.1152/ajpheart.00494.2001 
PMID:12529257 

69. González-Chavarría I, Fernandez E, Gutierrez N, 
González-Horta EE, Sandoval F, Cifuentes P, Castillo C, 
Cerro R, Sanchez O, Toledo JR. LOX-1 activation by 
oxLDL triggers an epithelial mesenchymal transition 
and promotes tumorigenic potential in prostate cancer 
cells. Cancer Lett. 2018; 414:34–43. 

 https://doi.org/10.1016/j.canlet.2017.10.035 
PMID:29107109 

70. González-Chavarría I, Cerro RP, Parra NP, Sandoval FA, 
Zuñiga FA, Omazábal VA, Lamperti LI, Jiménez SP, 
Fernandez EA, Gutiérrez NA, Rodriguez FS, Onate SA, 
Sánchez O, et al. Lectin-like oxidized LDL receptor-1 is 
an enhancer of tumor angiogenesis in human prostate 
cancer cells. PLoS One. 2014; 9:e106219. 

 https://doi.org/10.1371/journal.pone.0106219 
PMID:25170920 

71. Ma C, Xie J, Luo C, Yin H, Li R, Wang X, Xiong W, Zhang 
T, Jiang P, Qi W, Zhou T, Yang Z, Wang W, et al. OxLDL 
promotes lymphangiogenesis and lymphatic 
metastasis in gastric cancer by upregulating VEGF-C 
expression and secretion. Int J Oncol. 2019; 54:572–84. 

 https://doi.org/10.3892/ijo.2018.4648  
PMID:30483757 

72. Liu Y, Li Y, Zhao Y, Liu Y, Fan L, Jia N, Zhao Q. ILF3 
promotes gastric cancer proliferation and may be 
used as a prognostic marker. Mol Med Rep. 2019; 
20:125–34. 

 https://doi.org/10.3892/mmr.2019.10229 
PMID:31115508 

73. Jiang W, Huang H, Ding L, Zhu P, Saiyin H, Ji G, Zuo J, 
Han D, Pan Y, Ding D, Ma X, Zhang Y, Wu J, et al. 
Regulation of cell cycle of hepatocellular carcinoma by 
NF90 through modulation of cyclin E1 mRNA stability. 
Oncogene. 2015; 34:4460–70. 

 https://doi.org/10.1038/onc.2014.373 PMID:25399696 

74. Qu J, Liu B, Li B, Du G, Li Y, Wang J, He L, Wan X. TRIB3 
suppresses proliferation and invasion and promotes 
apoptosis of endometrial cancer cells by regulating the 
AKT signaling pathway. Onco Targets Ther. 2019; 
12:2235–45. 

 https://doi.org/10.2147/OTT.S189001 PMID:30988628 

75. Gao G, Li W, Liu S, Han D, Yao X, Jin J, Han D, Sun W, 
Chen X. The positive feedback loop between ILF3 and 
lncRNA ILF3-AS1 promotes melanoma proliferation, 

migration, and invasion. Cancer Manag Res. 2018; 
10:6791–802. 

 https://doi.org/10.2147/CMAR.S186777 
PMID:30588088 

76. Maron DJ, Fazio S, Linton MF. Current perspectives on 
statins. Circulation. 2000; 101:207–13. 

 https://doi.org/10.1161/01.cir.101.2.207 
PMID:10637210 

77. Liao JK. Effects of statins on 3-hydroxy-3-methylglutaryl 
coenzyme a reductase inhibition beyond low- 
density lipoprotein cholesterol. Am J Cardiol. 2005; 
96:24F–33F. 

 https://doi.org/10.1016/j.amjcard.2005.06.009 
PMID:16126020 

78. Ahmadi Y, Karimian R, Panahi Y. Effects of statins on 
the chemoresistance-The antagonistic drug-drug 
interactions versus the anti-cancer effects. Biomed 
Pharmacother. 2018; 108:1856–65. 

 https://doi.org/10.1016/j.biopha.2018.09.122 
PMID:30372891 

79. Simons K, Toomre D. Lipid rafts and signal 
transduction. Nat Rev Mol Cell Biol. 2000; 1:31–9. 

 https://doi.org/10.1038/35036052 PMID:11413487 

80. Lin CJ, Lai CK, Kao MC, Wu LT, Lo UG, Lin LC, Chen YA, 
Lin H, Hsieh JT, Lai CH, Lin CD. Impact of cholesterol on 
disease progression. Biomedicine (Taipei). 2015; 5:7. 

 https://doi.org/10.7603/s40681-015-0007-8 
PMID:26048694 

81. Freed-Pastor WA, Mizuno H, Zhao X, Langerød A, 
Moon SH, Rodriguez-Barrueco R, Barsotti A, Chicas A, Li 
W, Polotskaia A, Bissell MJ, Osborne TF, Tian B, et al. 
Mutant p53 disrupts mammary tissue architecture via 
the mevalonate pathway. Cell. 2012; 148:244–58. 

 https://doi.org/10.1016/j.cell.2011.12.017 
PMID:22265415 

82. Chen J. Multiple signal pathways in obesity-associated 
cancer. Obes Rev. 2011; 12:1063–70. 

 https://doi.org/10.1111/j.1467-789X.2011.00917.x 
PMID:22093240 

83. Hashmi S, Wang Y, Suman DS, Parhar RS, Collison K, 
Conca W, Al-Mohanna F, Gaugler R. Human cancer: is it 
linked to dysfunctional lipid metabolism? Biochim 
Biophys Acta. 2015; 1850:352–64. 

 https://doi.org/10.1016/j.bbagen.2014.11.004 
PMID:25450488 

84. Bahrami A, Hasanzadeh M, Hassanian SM, ShahidSales 
S, Ghayour-Mobarhan M, Ferns GA, Avan A. The 
Potential Value of the PI3K/Akt/mTOR Signaling 
Pathway for Assessing Prognosis in Cervical Cancer and 
as a Target for Therapy. J Cell Biochem. 2017; 
118:4163–9. 

 https://doi.org/10.1002/jcb.26118 PMID:28475243 

https://doi.org/10.1016/j.jhep.2012.11.014
https://pubmed.ncbi.nlm.nih.gov/23183522
https://doi.org/10.1152/ajpheart.00494.2001
https://pubmed.ncbi.nlm.nih.gov/12529257
https://doi.org/10.1016/j.canlet.2017.10.035
https://pubmed.ncbi.nlm.nih.gov/29107109
https://doi.org/10.1371/journal.pone.0106219
https://pubmed.ncbi.nlm.nih.gov/25170920
https://doi.org/10.3892/ijo.2018.4648
https://pubmed.ncbi.nlm.nih.gov/30483757
https://doi.org/10.3892/mmr.2019.10229
https://pubmed.ncbi.nlm.nih.gov/31115508
https://doi.org/10.1038/onc.2014.373
https://pubmed.ncbi.nlm.nih.gov/25399696
https://doi.org/10.2147/OTT.S189001
https://pubmed.ncbi.nlm.nih.gov/30988628
https://doi.org/10.2147/CMAR.S186777
https://pubmed.ncbi.nlm.nih.gov/30588088
https://doi.org/10.1161/01.cir.101.2.207
https://pubmed.ncbi.nlm.nih.gov/10637210
https://doi.org/10.1016/j.amjcard.2005.06.009
https://pubmed.ncbi.nlm.nih.gov/16126020
https://doi.org/10.1016/j.biopha.2018.09.122
https://pubmed.ncbi.nlm.nih.gov/30372891
https://doi.org/10.1038/35036052
https://pubmed.ncbi.nlm.nih.gov/11413487
https://doi.org/10.7603/s40681-015-0007-8
https://pubmed.ncbi.nlm.nih.gov/26048694
https://doi.org/10.1016/j.cell.2011.12.017
https://pubmed.ncbi.nlm.nih.gov/22265415
https://doi.org/10.1111/j.1467-789X.2011.00917.x
https://pubmed.ncbi.nlm.nih.gov/22093240
https://doi.org/10.1016/j.bbagen.2014.11.004
https://pubmed.ncbi.nlm.nih.gov/25450488
https://doi.org/10.1002/jcb.26118
https://pubmed.ncbi.nlm.nih.gov/28475243


www.aging-us.com 3908 AGING 

85. Costa C, Pereira S, Lima L, Peixoto A, Fernandes E, 
Neves D, Neves M, Gaiteiro C, Tavares A, Gil da Costa 
RM, Cruz R, Amaro T, Oliveira PA, et al. Abnormal 
Protein Glycosylation and Activated PI3K/Akt/mTOR 
Pathway: Role in Bladder Cancer Prognosis and 
Targeted Therapeutics. PLoS One. 2015; 10:e0141253. 

 https://doi.org/10.1371/journal.pone.0141253 
PMID:26569621 

86. The Gene Ontology Consortium. The Gene Ontology 
Resource: 20 years and still GOing strong. Nucleic Acids 
Res. 2019; 47:D330–8. 

 https://doi.org/10.1093/nar/gky1055  
PMID:30395331 

  

https://doi.org/10.1371/journal.pone.0141253
https://pubmed.ncbi.nlm.nih.gov/26569621
https://doi.org/10.1093/nar/gky1055
https://pubmed.ncbi.nlm.nih.gov/30395331


www.aging-us.com 3909 AGING 

SUPPLEMENTARY MATERIALS 
 
Supplementary Tables 

 
 

 
Please browse Full Text version to see the data of Supplementary Tables 1–3. 
 
Supplementary Table 1. The differentially expressed genes between the control group and the si-ILF3 group. 

 

Supplementary Table 2. The functional characteristics of ILF3 by GO analysis. 

 

Supplementary Table 3. The significant signaling pathways that ILF3 identified by KEGG pathway analysis. 



www.aging-us.com 4176 AGING 

 

Hallmarks of cancer: comparing apples and 
oranges 
 
As depicted by Hanahan and Weinberg in 2000 [1], the 
circle schema of six hallmarks of cancer somewhat 
compares apples and oranges https://els-jbs-prod-
cdn.jbs.elsevierhealth.com/cms/attachment/428dbc2e-
657c-429d-98f4-9910c7df1678/gr1_lrg.jpg. 
 
The hallmarks themselves are exact, but they are not 
equal. For example, limitless replicative potential (cell 
immortality) cannot be directly compared to sustained 
angiogenesis. Cell immortality is revealed outside the 
host (extra-organismal level), for example, in cell 
culture where clonal cell lines can proliferate 
indefinitely without interaction with normal tissues. In 
contrast, sustained angiogenesis requires interaction of 
cancer cells with normal cells of several tissues. 

Angiogenesis can be only understood on the tissue 
level. 
 
Second, cancer cells undergo Darwinian-type selection 
[2] for resistance to anti-growth signals, resistance to 
apoptosis and self-sufficiency in mitogenic signals. This 
trio represents three out of six hallmarks of cancer [1]. 
They can be combined in one super-hallmark: resistance 
to growth-limiting conditions [3]. (Note: The definition 
of oncogenic resistance to growth-limiting conditions 
was discussed previously [4]). Not only resistance to 
apoptosis and anti-growth signals but also self-
sufficiency in mitogenic signals render cells resistant to 
growth-limiting conditions. Examples of growth-
limiting conditions include lack of external mitogenic 
signals, cytostatic cytokines such as TGF-beta, 
cytotoxic carcinogens such as tobacco smoke, anti-
cancer drugs, contact inhibition, glucose deprivation, 
cellular senescence, hypoxia, absence of nutrients and 
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growth factors [5, 6]. For example, glucose deprivation 
selects for oncogenic Ras [6]. 
 
Whereas normal cells do not proliferate in growth-
limiting conditions, cancer cells do. Resistance to 
growth-limiting conditions provides an immediate 
selective advantage. But what immediate advantages 
can be provided by cellular immortality? The cell 
cannot tell the future, that it will live in cell culture one 
day. Cellular immortality is selected indirectly as 
derived hallmarks [3], because the same mutations that 
provide resistance to growth-limiting conditions also 
make cells immortal, angiogenic, invasive and 
metastatic [1, 7, 8]. Cellular immortality, angiogenesis, 
invasion and metastasis are derived hallmarks. 
 
Third, molecular alterations (e.g., DNA mutations) are 
absent in the six-hallmark circle by Hanahan and 
Weinberg [1]. As discussed by Gems and de Magalhães, 
the hallmarks do not include mutations (or genetic 
instability) because this hallmark is implicitly taken for 
granted [9]. In fact, Hanahan and Weinberg called it an 
enabling hallmark in their revised paper published in 
2011 [7]. 
 
In 2005, I explicitly included the molecular hallmark 
(mutations) and suggested the hierarchical principle to 
arrange these hallmarks from molecular to organismal 
levels [5]. 

Hierarchical model of hallmarks of cancer: 
arranging the oranges 
 
Here I present the hallmarks of cancer, depicted as a 
circle by Hanahan and Weinberg [1], not as the circle 
but hierarchically, from molecular levels to the 
organism (Figure 1). 
 
Molecular level: Somatically inheritable molecular 
alterations. 
 
Genome instability is an enabling hallmark of cancer 
because it enables the acquisition of molecular 
alterations, such as DNA mutations, aneuploidy and 
epigenetic alterations [7]. Vogelstein et al. suggested 
that a typical human tumor contains relatively few 
driver gene mutations that each confers a growth 
advantage of 0.4% and numerous passenger gene 
mutations that confer no selective advantage [8, 10]. 
 
Intracellular signaling pathways: Oncogenic 
translation of ambivalent signaling 
 
Signal-transduction pathways are ambivalent, causing 
opposite outcomes depending on cellular context. 
Oncogenic mutations re-wire signal transduction 
pathways. For example, MAPK pathways can 
simultaneously induce cyclin D1 and CDK inhibitors, 
leading either to cellular proliferation or senescence 

 

 
 
 
Figure 1. Hierarchical representation (from molecular to organismal levels) of the original hallmarks of cancer based on 
Hanahan and Weinberg. See text for explanation. 
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[11]. Inactivation of CDK inhibitors such as p16 may 
translate this ambivalent signaling into proliferation [3, 
12]. TGF-beta inhibits normal cell proliferation, but in 
cancer it can induce proliferation and invasion [7, 13]. 
 
Growth-promoting and mitogen/nutrient-sensing 
signaling pathways are constantly activated by 
mutations to promote growth and proliferation as well 
as self-sufficiency in mitogen signaling. This, in turn, is 
manifested as three hallmarks of cancer on the next 
hierarchical level: cellular. This trio can be combined as 
one super-hallmark of resistance to growth-limiting 
conditions. 
 
Cellular level: Resistance to growth-limiting 
conditions 
 
Oncogenic mutations make cancer cells resistant to 
growth-limiting conditions (a definition of oncogenic-
type of resistance was discussed previously [4]). This is 
the driver hallmark of cancer because it provides a 
selective advantage to cancer cells. Cells, capable of 
proliferation, are unicellular organisms in a Darwinian 
sense [2, 14, 15]. Selection can be “natural” (during 
carcinogenesis) and “artificial” (during cancer therapy) 
[14, 16]. For example, selection for therapy resistance 
increases oncogenic properties of cancer cells because 
many mutations in oncogenes and tumor suppressors 
that render cells drug-resistant also make them more 
oncogenic [5, 17–19]. Simultaneously, the same 
combination of mutations enables metastasis and other 
higher-level hallmarks. There is no direct selection for 
metastatic potential, angiogenesis and immortality. 
They are derived hallmarks. 
 
Tissue level: Invasion and angiogenesis 
 
Cancer cells produce cytokines and enzymes, which 
enable the cells to invade and to attract normal cells of 
different tissues in order to sustain angiogenesis [7]. 
 
Organismal level: Metastasis 
 
Metastasis is the deadliest hallmark of cancer. Yet, there 
is no direct selection for metastatic potential. Direct 
selection for metastatic potential could take place only 
if metastases produced new metastases; in other words, 
if metastases reproduce. Simply, selection for cells 
resistant to growth-limiting conditions (survival and 
proliferation) brings about mutations that confer not 
only resistance, but also metastatic potential. There are 
no specific “metastasis” genes [8, 20]. They are the 
same oncogenes and tumor suppressors that act on 
cellular levels for the “trio” hallmark. Let us consider an 
analogy. If we select people for their ability to run 
faster, these selected people will also jump higher than 

average, although selection was not for jumping ability. 
The fastest runners are the farthest jumpers. 
 
Extra-organismal level: Cellular immortality 
 
Some cancer cell lines live for more than half of a 
century in cell culture and for thousands of years in the 
wild. Originating in one animal, viable cancer cells are 
directly transmitted into unrelated hosts in a process 
similar to metastasis [21, 22]. Transmissible cancers 
have been observed in domestic dogs, the Tasmanian 
devil, hamsters and six bivalve species such as the soft-
shell clam [23]. Canine transmissible venereal tumors 
(transmitted during sexual intercourse) may have 
originated thousands of years ago from the cells of a 
wolf or East Asian breed of dog [21–25]. The 
Tasmanian devil facial tumor disease [24] spreads 
through the Tasmanian devil population by transfer of 
cancer cells through biting [22]. [26]. Derived from a 
single original clam, leukemia-like cancer spreads 
among marine bivalves through sea water, leading to 
massive population loss [23, 27]. 
 
Six levels rather than six hallmarks 
 
The number of hallmarks of cancer is arbitrary. Some 
can be combined, and others can be added. Numerous 
authors have re-visited the hallmarks of cancer, adding 
hallmarks or suggesting a new set of hallmarks [28–37]. 
 
Some hallmarks of cancer may be pseudo-hallmarks. 
For example, visiting an oncologist is a “hallmark” of 
cancer. We can be 99% sure that if someone has 20 
appointments in an oncology clinic, then this person has 
cancer. However, it would be ridiculous to include this 
pseudo-hallmark in Figure 1. And the hierarchical 
principle makes this impossible, because there is no 
level (among the six levels) to include it. 
 
Hallmarks of aging 
 
To start with, let us depict the hallmarks of aging 
suggested by López-Otín et al. [38] based on the 
hierarchical principle. This representation renders 
hallmarks tangible but reveals three shortcomings 
(Figure 2). 
 
First is the lack of hallmarks on the organismal level. 
Yet, the main hallmark of organismal aging is age-
related diseases in all species from C. elegans [39–42] 
to humans [39, 43]. Aging is the sum of all age-related 
diseases, which cause death “from aging”. 
 
Second, the relationship between hallmarks on different 
levels are unclear. 
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Third, the inclusion of genetic instability as a hallmark 
is based on the theory that aging is caused by 
accumulation of molecular damage. The molecular 
damage theory was refuted by key experiments, as 
discussed in detail [44–51]. 
 
Yes, damage accumulates and is harmful and potentially 
lethal [52–55] but it is not life-limiting because aging 
caused by hyper-functional signaling terminates life 
first. The reason why mTOR-driven aging is life-
limiting has been discussed [49, 56, 57]. 
 
It was also suggested that the levels of DNA repair 
needed to avoid cancer at a young age greatly exceeds 
the levels that are needed to prevent damage-induced 
aging during a normal lifetime [58]. As previously 
discussed, the role of molecular damage in cancer 
supports the role of mTOR-driven hyperfunction in 
aging [59]. 
 
Let us depict hallmarks of aging, according to the 
hyperfunction theory of aging (Figure 3). 
 
Hallmarks of aging and hyperfunction theory 
 
The hyperfunction theory of aging was extensively 
reviewed previously [44, 45, 49, 56, 57, 60–66], and 

responses [60, 67] to its critics [68, 69] were also 
provided. 
 
According to hyperfunction theory, aging is a 
continuation of developmental and reproductive 
programs that were not turned off upon their 
completion. Continuously active signaling pathways 
that initially drive developmental growth, drive aging 
later in life. Signaling pathways establish feedback 
loops, involving also gene expression and epigenetic 
modifications. These pathways become hyperfunctional, 
meaning that their activity is higher than optimal for 
longevity. 
 
How does normal function become a deadly 
hyperfunction? Consider an analogy. When you pump 
air into an inflatable balloon, it grows in size. But when 
it reaches its intended size and you continue to pump air 
at the same rate, it will not grow further but instead will 
burst. This event can be compared with a stroke due to 
hypertension, resulting in brain damage. The brain is 
not damaged by life-long accumulation of molecular 
damage, but by hyperfunction, such as hypertension and 
hypercoagulation, thrombosis. 
 
Hyper-function does not necessarily mean increased 
function. Even unchanged or slightly decreased activity 

 

 
 

Figure 2. Hierarchical representation of the hallmarks of aging based on López-Otín et al. See text for explanation. 
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of growth-promoting pathways, such as mTOR, can be 
hyperfunctional when developmental growth is 
completed. As an analogy, 55 mph on the highway is not 
speeding, but even 40 mph on the driveway is too fast. 
 
Hyperfunction causes organ damage and functional 
decline. The accumulation of molecular damage is 
associated with decline, but it is hyperfunction that 
causes decline during a normal lifetime. 
 
Unlike cancer, aging is not a molecular disease. 
Development is not driven by accumulation of 
molecular damage or mutations in signaling pathways, 
and aging is not either. Nutrient-sensing pathways (e.g., 
mTOR) are not altered by random mutations. 
 
The lowest level of hallmarks of aging is a continuous 
activation of normal signal transduction pathways. 
Deactivation of these pathways by knockout of a single 
gene extends lifespan in animals [70–73]. Rapamycin, a 
drug that inhibits normal mTOR signaling, extends 
lifespan [74–77]. 
 
Hyperfunctional signaling directly drives age-related 
diseases. There are no longevity pathways/mechanisms 
inhibitable by pro-aging pathways such as mTOR. Pro-

aging pathways do not drive aging by inhibiting 
longevity mechanisms. Why would nature create 
something that inhibits longevity mechanisms? Pro-
aging pathways such as mTOR directly drive age- 
related diseases because they are a continuation of 
development. 
 
The key to understanding aging: life-limiting vs. 
non-life-limiting hallmarks 
 
Among numerous harmful processes, only one can be 
life-limiting in a particular individual. If an animal dies 
from one cause, it cannot die from another cause even a 
day later. If quasi-programmed (e.g., mTOR-driven) 
aging is life-limiting, then accumulation of random 
damages cannot kill the organism. 
 
López-Otín et al. [38] suggested three criteria for 
hallmarks of aging but two of them are criteria for both 
life-limiting and non-life-limiting processes: (1) 
hallmarks are observed during normal aging and (2) its 
experimental aggravation should decrease lifespan. 
However, experimental aggravation can make any 
process life-limiting. Telomere shortening becomes life- 
limiting in mice lacking telomerase, but their symptoms 
are drastically different from normal age-related

 

 
 

Figure 3. Hierarchical hallmarks of aging based on hyperfunction theory, applicable to humans. Non-life-limiting hallmarks are 
shown in brown color. See text for explanation. 
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diseases [78]. Although telomere shortening is 
associated with cardiovascular disease (CVD) in 
humans, patients with dyskeratosis congenita (DKC), a 
condition caused by short telomeres, do not die from 
CVD but from bone marrow failure (which is not a 
typical age-related disease) [79]. Hyperfunction theory 
explains how hyper-functional signaling leads to CVD 
in humans [80]. But telomere shortening cannot 
explain it. 
 
Anything can shorten lifespan including starvation and 
the atomic bomb but they are not causes of aging. Only 
the third criterion matters: (3) its experimental 
amelioration should slow down aging and increase 
healthy lifespan. Not surprisingly, “the last criterion is 
the most difficult to achieve and not all of the hallmarks 
are fully supported yet by interventions,” as noted by 
López-Otín et al. [38]. In other words, they are not 
hallmarks of normal aging. 
 
(Note: Even the third criterion is not sufficient to define 
a life-limiting hallmark. 
 
Besides interventions may have off-target effects. For 
example, NAC, an antioxidant, is also a mTOR 
inhibitor [81]). 

In conclusion, numerous deadly processes develop in 
parallel but only a few (or one) are life-limiting. 
 
Therefore, non-limiting hallmarks are not included in the 
version of life-limiting hallmarks of aging (Figure 4). 
This final re-presentation is generic and can be applied 
to any species, from C. elegans to humans. 
 
Aging as a selective force for cancer 
 
Common cancers are age-related diseases. This cannot 
be explained by simple accumulation of mutations with 
age. For example, melanoma and lung cancer in 
smokers have atypically high mutation burden [8] but 
still develop at old age. Centenarians, who age slower, 
are protected from cancer. Rapamycin and calorie 
restriction slow aging in mice and prevent cancer. 
 
As discussed, the selective force driving carcinogenesis 
is growth-limiting conditions, also named micro-
environmental constraints in aging [16]. For example, 
the aging hematopoietic system selects for robust 
hematopoietic cells and such a preleukemic clone can 
originate leukemic clone [82]. Specifically, chronic 
inflammatory microenvironments in old age may select 
for cells harboring oncogenic mutations [83]. 

 

 
 
Figure 4. Hierarchical hallmarks of aging based on hyperfunction theory, universal. Hyperfunction of intracellular signaling 
pathways leads to cellular and systemic hyperfunctions, which in turn lead to age-related diseases on the organismal level [56]. Specific 
hyperfunctions and diseases may be different in different species and therefore are not shown. For example, human systemic 
hyperfunctions (e.g., hypertension, hyperlipidemia, hyperglycemia) and diseases (e.g., cardio-vascular diseases) differ from diseases in C 
elegans [40, 41]. 
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Chronic inflammation is a hyper-function and is in part 
mTOR-dependent [84–88]. An aging microenvironment 
puts stem cells on the path of hyper-activation [89] and 
geroconversion [90–92], leading to their exhaustion 
[89–92]. 
 
Mutations are necessary (with a few exceptions) but not 
sufficient for inducing cancer. The second requirement 
is selective force, favoring these mutations. Aging is a 
leading selective force. 
 
One of the potential mechanisms of growth-limiting 
conditions that drive cancer progression is mTOR-
dependent cellular senescence. 
 
Common hallmarks of cancer, aging and cell 
senescence 
 
Cellular senescence is a two-step process: cell cycle 
arrest followed by geroconversion [93]. Like organismal 
aging, geroconversion is a continuation of growth driven 
in part by hyperfunctional mTOR. When the cell cycle is 
blocked by p21/p16, but growth-promoting pathways 
such as mTOR and MAPK are active, the cells become 
hypertrophic (large cell morphology) and 
hyperfunctional: beta-Gal staining (lysosomal 
hyperfunction) and SASP. A hallmark of cellular 
senescence is active mTOR pathway in non-proliferating 
cells. Rapamycin suppresses geroconversion to 
senescence [93–97]. Figuratively, organismal aging is a 
quasi-growth after developmental growth is completed. 
 
In cancer, the PI3K/mTOR pathway is almost 
universally activated by mutations [98–100]. 
Figuratively, cancer cells are proliferating senescent 
cells. In organismal aging, cancer and cellular 
senescence, the same key signaling pathways, such as 
mTOR, are involved. This is why the same drugs, such 
as rapamycin, can suppress all of them. 
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