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ABSTRACT

Background: Obg-like ATPase 1 (OLA1) has been found to have a dual role in cancers. However, the relationship
between OLA1 and hepatocellular carcinoma (HCC) remains unclear.

Results: High expression of OLA1 in HCC was detected in public datasets and clinical samples, and correlated
with poor prognosis. Downregulation of OLA1 significantly inhibited the proliferation, migration, invasion and
tumorigenicity of HCC cells. Mechanistically, GSEA showed that OLA1 might promote tumor progression by
regulating the cell cycle and apoptosis. In addition, OLA1 knockdown resulted in GO/G1 phase arrest and high
levels of apoptosis. OLA1 could bind with P21 and upregulate CDK2 expression to promote HCC progression.
Conclusions: Overall, these findings uncover a role for OLA1 in regulating the proliferation and apoptosis of HCC
cells.

Materials and methods: The Cancer Genome Atlas and Gene Expression Omnibus datasets were analyzed to
identify gene expression. Immunohistochemistry staining, western blot and real-time polymerase chain reaction
were performed to evaluate OLA1l expression in samples. Cell count Kit-8, wound-healing, transwell and flow
cytometry assays were used to analyze HCC cell progression. Subcutaneous xenotransplantation models were used
to investigate the role of OLA1 in vivo. Coimmunoprecipitation was used to analyze protein interactions.

INTRODUCTION

Hepatocellular carcinoma (HCC), a highly aggressive
malignancy, is one of the most common cancers and
fatal malignancies worldwide [1, 2]. Despite the great
advances in treatment approaches that have been

achieved, the long-term outcome for HCC patients
remains unsatisfactory because of its high recurrence
and metastasis rate [3, 4]. Over the past several decades,
the incidence of HCC has decreased, while the mortality
rate has increased in both the male and female
populations [5]. Most HCC cases develop from viral
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hepatitis, alcoholism, or metabolic disorders [6]. HCC is
most prevalent in Eastern Asia because of chronic
infection with hepatitis B virus (HBV) [3, 7, 8].
Currently, important insights into the biology of HCC
have been gained by omics studies [9, 10]. Studies have
provided insights into the tumor biology of HCC and
suggest opportunities for personalized therapies [11].
However, the detailed mechanism underlying HCC is
lacking. Therefore, exploration of HCC progression to
develop new therapeutic targets is especially urgent.

Obg-like ATPase 1 (OLA1) was found to be vital for
the biosynthesis of cytoplasmic protein in yeast,
Saccharomyces cerevisiae [12]. It plays a dual role in
cell survival, growth and progression by binding to
eukaryotic initiation factor 2 (E2F) [13]. Wenk et al.
[14] also reported that OLA1 most likely executes
similar functions in bacteria and humans, and its
upregulation inhibits the ability of the cells to scavenge
damaging reactive oxygen species. Moreover, OLAl
appears to influence cell proliferation and was found to
be upregulated in many tumors. OLAL overexpression
has been detected in multiple types of cancer and may
be related to poor survival. OLA1l mediates the
phosphorylation of serine and threonine on proteins in
cancer cells by restraining the GSK3p-inhibitor 2-PP1
positive feedback loop, leading to more aggressive
tumor growth [15]. With knockdown of OLAL, cell
migration and invasion in breast cancer cells were
significantly inhibited via the modulation of intra-
cellular oxidative stress levels [16]. OLA1l was also
found to be a functional protein in regulating cell-matrix
adhesion, and it could lead to significant changes in cell
adhesion and the associated phenotypes [17]. The
encoded protein interacts with breast cancer-associated
gene 1 (BRCAL) and BRCA1-associated RING domain
protein (BARD1), resulting in centrosome regulation
[18, 19]. However, the role of OLAL in HCC remains
unknown. Herein, we found an elevated expression of
OLAL in HCC and further explored the underlying
mechanism for the first time.

In mammalian cells, the G1-to-S phase transition
requires the expression of G1 cyclins D and E and the
formation and activation of the cyclin D-CDK4/6 and
cyclin E-CDK2 complexes, which phosphorylate and
inactivate Rb to release E2F, allowing E2F-mediated
transcriptional activity. Then, the cell cycle will enter S-
phase [20, 21]. The G2-to-M transition requires the
activation of the cyclin B-CDK1 complex via the
CDC25-mediated dephosphorylation of CDK1 [22].
The G1/S and G2/M transitions are also negatively
regulated by cyclin-dependent kinase inhibitors (CKIs),
such as P21 [23]. As has been widely acknowledged,
P21 plays an important role in regulating the cell cycle,
repairing damaged DNA, scavenging free radicals and

regulating the immune response. CDK2 promotes S
phase initiation of the cell cycle via the formation of
functional complexes with cyclin A and cyclin E [24].
Upregulation of CDK2 expression can be found in
various solid tumors and is closely related to the
formation and development of tumors [25-27]. DNA
damage upregulates the P21 protein, which can bind to
and inhibit the CDK2 kinase [28].

In our study, we found that OLA1 was significantly
upregulated in HCC patients and was closely related to
poor survival and malignant clinical characteristics.
Knockdown of OLAL inhibited HCC progression and
tumorigenicity, which at the molecular level was
associated with reduced G1/S-specific cyclins and
increased levels of the cyclin-dependent kinase inhibitor
(CKI) P21. The results of our study provide evidence
that OLAL might be a vital biomarker for diagnosis and
a potential target for treating HCC.

RESULTS

OLAL is upregulated in HCC and correlates with
unfavorable clinical characteristics

To assess the role of OLAL in the progression of HCC,
we employed accessible human HCC datasets from the
TCGA database and the GEO datable (GSE6764,
GSE29721, GSE45436 and GSE62232). The results
revealed that OLAL was significantly elevated in HCC
tissues among all data sets compared to normal liver
tissues (Figure 1A and 1B). Real-time PCR analysis of
20 pairs of fresh tumor tissues and normal liver tissues
demonstrated that OLA1 was upregulated in HCC
tissues (Figure 1C, p<0.01). As expected, OLAL was
significantly increased in HCC tissues compared with in
normal control tissues at the protein level (Figure 1D).
Immunohistochemistry (IHC) results confirmed that 70
out of 105 HCC patients showed high levels of OLA1
expression, while 35 had low levels of OLAl
expression (Figure 1E and 1F). OLAl was not
upregulated in normal liver tissues as shown by IHC
(Figure 1D and 1F).

Upregulation of OLAL correlates with unfavorable
clinical characteristics and predicts poor survival in
HCC patients

The clinical significance of high OLAL expression was
further assessed by IHC staining in 105 HCC tissue
samples and adjacent normal liver tissues
(Supplementary Table 1). The correlation between
OLALl expression and the clinical features of
hepatocellular carcinoma is shown in Figure 2A and
Supplementary Tables 2 and 3. OLAL expression was
positively correlated with tumor size (p<0.01), PVTT
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(p<0.01), TNM stage (p=0.01) and tumor differentiation
degree (p<0.01). The expression of OLALl was
upregulated in HCC and positively correlated with the
malignancy of HCC. In the multivariate Cox regression
models, OLAL was an independent prognostic factor for
the overall survival (OS) and disease-free survival
(DFS) of 105 HCC patients from our center (Figure 2B
and 2C). To determine the prognostic value of OLA1L,
we performed Kaplan-Meier analysis. Overexpression
of OLA1 was associated with inferior OS and DFS in
both the TCGA cohort (Figure 2D) and HCC patients at
our center (Figure 2E). As indicated by the clinical
outcomes, OLAl can be used as an independent
biomarker for the prognosis of HCC patients.

OLA1 promotes the progression and tumorigenicity
of HCC cells

We detected the expression of OLAL in HCC cell lines
and found that OLAL was highly expressed in LM3 and
MHCC-97H cells (Figure 3A). The biological role of
OLA1 was further investigated in HCC. To study the
role of OLAL in HCC, three different siRNAs targeting
OLALl (siRNA-1, siRNA-2 and siRNA-3) were
transfected into the LM3 and MHCC-97H cell lines.
Western blot analysis showed that the expression of
OLAL1 in the cells transfected with OLAL-siRNA was
significantly lower than that in the control group (Figure
3B). With the silencing of OLAL, proliferation was
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Figure 1. Upregulation of OLA1 in hepatocellular carcinoma (HCC). (A) The Cancer Genome Atlas (TCGA) liver cancer dataset
(liver hepatocellular carcinoma) included the messenger RNA (mRNA) expression of OLA1 in HCC tissues (n = 371) and normal tissues
(n =50). (B) OLA1 was highly expressed in HCC tissues compared with normal liver tissues according to the analysis of GEO datasets.
GSE6764, tumor, n=35; normal, n=23. GSE29721, tumor, n=10; normal, n=10. GSE45436, tumor, n=95; normal, n=39. GSE62232,
tumor, n=81; normal, n=10. (C) Real-time PCR analysis of OLA1 expression in 20 pairs of HCC specimens and corresponding normal
liver tissues (P<0.01). (D) OLA1 is upregulated in HCC tissues, as shown by western blot results. (E) OLA1 is upregulated in 70 out of
105 HCC tissues, as shown by IHC. (F) Representative images of OLA1 staining in HCC specimens and normal liver tissues. P, patient; T,
tumor; N, normal.
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repressed, as indicated by the MTT assay results (Figure
3C). Moreover, downregulation of OLA1 in LM3 and
MHCC-97H cells inhibited cell migration, as shown by
the wound-healing assay results (Figure 3D). The
transwell Matrigel penetration assay showed that OLA1
promoted the invasion of HCC cells (Figure 3E). To
detect whether OLAL expression levels affected tumor
progression in vivo, we constructed stable OLAL-
knockout LM3 and MHCC-97H cells using lentiviruses
carrying shRNA. Silencing of OLAL significantly
inhibited the growth and weight of both LM3 and
MHCC-97H tumors (Figure 3F-3H).

OLA1 participates in cell cycle regulation in HCC
cells

To identify the specific function of OLA1 in HCC, we
performed GSEA between low and high OLAl
expression datasets. We selected the most significantly
enriched signaling pathways based on their normalized
enrichment scores. GSEA showed that the terms cell
cycle pathway, mismatch repair, DNA replication and
spliceosome were the most differentially enriched in the
OLAL-high expression group (Figure 4A). Then, we
used TCGA data to analyze the relationships among
OLAL, cyclins and CDKs. The expression levels of
CDK1, CDK2, CDK4, CCNB1 and CCNB2 were
positively correlated with OLAL (Pearson correlation
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coefficient r>>0.54) (Figure 4B). We further studied the
effect of OLAL on the cell cycle by flow cytometry. As
shown in Figure 4C and 4D, the cell cycle of the OLA1
SiRNA groups was arrested at the GO phase (p< 0.05).
Moreover, western blot results showed that the protein
levels of CDK2, CDK4, CCNB1 and CCNB2 were
lower in sh-RNA2-treated cells than in cells of the
control group (Figure 4E). OLAL is strongly associated
with cell cycle regulation in HCC.

Knockdown of OLA1 promotes apoptosis

Flow cytometry results showed that depletion of OLA1
increased the percentage of apoptotic LM3 and MHCC-
97H cells (Figure 5A-5D). Western blot results showed
that the expression of P21, BAD and cleaved caspase 3
was elevated in sh-OLA1 HCC cells (Figure 5E-5G).
Moreover, depletion of OLAL significantly inhibited
Bcl-2 in LM3 and MHCC-97H cells (Figure 5E-5G).
OLA1 could promote apoptosis resistance in HCC by
decreasing BAD/P21/cleaved caspase 3 levels.

OLA1 activates the HCC cell cycle by inhibiting the
interaction between P21 and CDK?2

The above results demonstrated that OLAL regulates the
cell cycle and inhibits cell apoptosis. Next, we aimed to
study the specific underlying mechanism. Western blot
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Figure 2. OLA1 expression is correlated with clinicopathological features and poor prognosis. (A) OLA1 expression levels were
significantly correlated with tumor size, PVTT, TNM stage and tumor differentiation. (B and C) OLA1 expression and several other clinical
characteristics were analyzed by multivariate Cox regression analysis to determine whether they were independent prognostic factors in
predicting the overall survival (OS) and disease-free survival (DFS) of HCC patients. (D) Overall survival and disease-free survival analysis of
TCGA data. (E) Overall survival and disease-free survival curves for HCC patient groups seen in our clinical data.
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analysis showed that depletion of OLAL upregulated
P21 levels and reduced the phosphorylation of Rb
(Figure 6A). With OLAL depletion, CDK2, CCNEZ2,
and E2F1 levels were significantly repressed in HCC
cells. After using an inhibitor of P21 UC2288 in HCC
OLAZl-knockdown cells, western blot results showed
that CCNE2, CDK2, E2F1 and phosphorylated Rb
levels were upregulated (Figure 6A). To further
investigate the correlations between OLA1, CDK2 and
P21, we performed coimmunoprecipitation (co-IP)
experiments. In endogenous level of HCC cells, with
OLA1 downregulation, less OLAL interacts with P21,
resulting in more P21 being pulled down by Flag-
CDK2 (Figure 6B). With OLA1 upregulation, more
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CDK2. CDK2 level was not regulated due to OLA1
level (Figure 6B). OLAL protein can interact with P21
protein directly with overexpression system in 293T
cells (Figure 6C and 6D). These results suggested that

OLALl inhibited the phosphorylation of Rb by
interfering with the interaction between CDK2
and P21.

OLAL1 correlates with CDK2 in HCC

High expression of CDK2 was associated with poor
survival outcomes of HCC as indicated by TCGA data
(Figure 7A). Further, the expression level of CDK2 is
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Figure 3. Inhibition of OLA1 represses the proliferation, migration, invasion and tumorigenicity of HCC cells. (A and B) OLA1 was
highly expressed in LM3 and MHCC-97H cells and inhibited by transfection with OLA1-siRNA. (C) OLA1 silencing repressed the proliferation of
HCC cells. (D) OLA1 downregulation inhibited cell migration after transfection. (E) The transwell Matrigel penetration assay showed that OLA1
promoted the invasion of HCC cells. (F-H) OLA1 silencing significantly reduced tumor growth and tumor weight in xenografts carrying HCC cells.
(1) Ki-67 was significantly downregulated in OLA1-knockout tumors, as shown by IHC. All ¥p<0.05, **p<0.01, ***p<0.001.
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highly relevant to the level of OLAl (R 0.57,
p<0.001, Figure 7B). Our HCC clinical samples also
demonstrated a high correlation of these biomarkers
(Figure 7C and 7D).

DISCUSSION

There has not been satisfactory improvement in the
long-term survival of HCC patients [29]. Therefore,

developing novel treatment targets and uncovering the
underlying molecular mechanism have become
increasingly urgent. We performed the first study of
OLAL1 in HCC. In the present study, OLAL serves as a
marker for predicting inferior prognosis in HCC
patients. High OLA1 expression was therefore
identified as an independent prognostic factor for the
prediction of OS and DFS in HCC. Our data showed
that OLAL facilitated the growth, migration, invasion,
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apoptosis resistance and tumorigenesis of HCC cells
(Figures 3-6 and Supplementary Figure 1). Mechanistic
studies have suggested that OLA1 activates tumori-
genicity and progression in HCC by regulating CDK2
and P21 to drive the activation of the Rb/E2F1
pathway.

OLAL is a member of a subfamily of P-loop GTPases
[30]. P-loop GTPases are the most abundant nucleotide-
binding proteins and are involved in the regulation of
diverse cellular processes, including protein translation,
intracellular transport, signal transduction, cell pro-
liferation, and stress response [28]. A novel molecular
mechanism by which OLA1 stabilizes HSP70, leading
to the upregulation of HSP70 and increased survival

during heat shock, has been reported [31]. Zhang et al.
[32] found that knockdown of OLAL in human cells
elicited an increased resistance to oxidizing agents,
including tert-butyl hydroperoxide and diamide, without
affecting cell proliferation, baseline apoptosis, or
sensitivity to other cytotoxic agents that target the
mitochondria, cytoskeleton, or DNA. Studies have
revealed that the modulation of OLAL in tumorigenesis
may be two-sided, either inhibitory or promoting the
cancer. One previous report indicated that OLAL is
overexpressed in colon, stomach, ovarian, uterine, and
lung cancers at the mRNA level and in colon cancer at
the protein level compared to its expression in normal
tissue counterparts [33]. Bai et al. [34] found that
decreased OLAL protein expression was associated
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Figure 5. Depletion of OLA1 promotes apoptosis in HCC cells. (A-D) Flow cytometry was performed to determine the level of cell
apoptosis in si-OLA1 groups. (E-G) Western blot analysis showed that knockdown of OLA1 upregulated P21, BAD and cleaved caspase 3 levels
and downregulated Bcl-2 levels in HCC cells. All ¥P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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with an increased risk of relapse and decreased disease-
specific survival, indicating that OLA1 may play a
cancer type-specific role in cancer progression. In the
experimental EMT system, Bai et al. [34] found that
OLA1-knockdown lung cancer cells were more resistant
to TGF-Bl-induced EMT than the control-siRNA
transfected cells. In breast and ovarian cancer cells,
OLAL directly bound to the amino-terminal region of
BRCA1 and y-tubulin, resulting in centrosome
regulation [18]. A further study showed that receptor for
activated C kinase was a protein that interacted with
OLA1 and controlled the localization of BRCAL in the
centrosome, resulting in regulation of centriole
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duplication in mammary tissue-derived cells [35]. As
shown by previous studies, OLAl functioned
differently in various conditions, especially in different
phases of the cell cycle [36]. The results demonstrate
that OLAL has a vital role in promoting the progression
of HCC and could serve as a therapeutic target.

To investigate how OLAL functioned in regulating cell
proliferation and progression, we explored the
possibility that OLAL might interact with cell cycle-
associated proteins (Figures 4-6). In the present study,
bioinformatics analysis found that OLAL had a close
relationship with CDK2. CDK2 binding to cyclin E
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Figure 6. OLA1 inhibits the interaction between CDK2 and P21. (A) LM3 and MHCC-97H cells were transfected with OLA1 sh-RNA2 or
treated with the P21 inhibitor UC2288 for 48 h, and cell lysates were analyzed by western blot using the indicated antibodies. (B) HCC cells
were transfected with Flag-CDK2 and HA-P21 in the presence or absence of siRNA-OLA1 or GST-OLA1 for 48 h. Flag-CDK2 and HA-P21 were
examined by co-IP assays, followed by western blot. (C) HEK293T cells were transfected with Flag-OLA1 or HA-P21 (or both) for 48 h. The
interaction between exogenous OLA1 and P21 was examined by co-IP assays, followed by western blot. (D) The interaction between
endogenous OLA1 and P21 was examined by co-IP assays, followed by western blot. h, hour.
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initiates transition from the G1 to the S phase. This
interaction can be inhibited by P21 binding to CDK2
[26]. Our results showed that OLAL interacted with
both P21 and free CDK2. Formation of the OLA1-P21
complex upregulated CDK2 expression. Next, CDK2
binds to cyclin E or cyclin A, and CDK2 has been
shown to be active in the G1/S and M phases [37, 38].
Figure 6 shows that the presence of free CDK2 will
result in Rb phosphorylation and CCNE2 and E2F1
upregulation, thus processing the transition from G1 to
S phase. After knockdown of OLAl, CDK2 was
significantly downregulated (Figure 4). As a result, the
initiation of the transition from G1 to S phase was
inhibited, which explained the G1 arrest of HCC cells
following OLA1 knockdown.

Cancer represents a pathological manifestation of
uncontrolled cell division and cell cycle mis-regulation.
Therefore, it has long been anticipated that our
understanding of the basic principles of cell cycle
control would result in effective cancer therapies [25].
In particular, CDKSs that promote transitions throughout
the cell cycle were expected to be key therapeutic
targets [39]. Upon DNA damage or other stressors, the
tumor suppressor p53 is activated, leading to transient
expression of the CDK inhibitor P21. This either
triggers momentary G1 cell cycle arrest or leads to a
chronic state of senescence or apoptosis, a form of
genome guardianship [40]. P21 is involved in
differentiation, cell migration, cytoskeletal dynamics,
apoptosis, transcription, DNA repair, reprogramming of
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Figure 7. OLA1 correlates with CDK2 in HCC. (A) High expression of CDK2 was associated with poor survival outcomes of HCC. (B) CDK2
expression level is highly relevant to OLA1 expression. (C) Our HCC clinical samples also demonstrated a high correlation of OLA1 and CDK2.
(D) Representative images of OLA1 and CDK2 co-expression staining in HCC specimens. (E) Schematic of the above-mentioned findings. OLA1
influences cell cycle, apoptosis and progression in LM3 and MHCC-97H cells by the interaction with P21 and upregulation of CDK2.

WWwWw.aging-us.com

3033 AGING



induced pluripotent stem cells, autophagy and the onset
of senescence [41]. Therefore, P21 is considered to be
one of the key factors determining cell survival and the
focus of novel treatment strategies [42]. Here, we first
found that OLA1 could bind to P21 in HCC, thereby
inhibiting P21 transcriptional activity and the P21-
mediated inhibition of HCC cell progression. After
knocking down OLAL, the expression of CDK2 was
greatly reduced. Therefore, we believe that OLA1 binds
to and inhibits P21 to promote CDK2. In addition, we
found that OLAL interacted with P21 and CDK2 by
immunoprecipitation experiments. The interactions of
OLAL, CDK2 and P21 greatly affect the cell cycle and
promote HCC progression.

In conclusion, we demonstrated that increased OLAL
expression is an unfavorable marker in HCC survival.
OLALl regulated proliferation, migration, invasion,
apoptosis, the cell cycle and tumorigenicity in HCC cells.
In-depth mechanistic studies suggested that OLAL binds
to P21, resulting in increased expression of CDK2,
followed by phosphorylation of Rb and an increase in
E2F1 (Figure 7E). Collectively, our present study
provides novel insights into the mechanism of tumori-
genesis in HCC, as well as a vital biomarker for diagnosis
and a potential target for the treatment of HCC.

MATERIALS AND METHODS
Patients, tissue samples and follow-up

All tissue samples were obtained from HCC patients
who underwent hepatectomy at the First Affiliated
Hospital of Sun Yat-sen University from July 2013 to
December 2015 [43]. Preoperative radiotherapy or
preoperative chemotherapy was not performed. Detailed
clinical information of all patients is shown in the
extended data. All fresh tumor tissue specimens for
MRNA detection were cryopreserved rapidly in liquid
nitrogen and stored immediately at -80°C after
resection. All patients were followed up until July 2019.
Overall survival (OS) was defined as the period
between liver resection and death or the last contact.
Disease-free survival (DFS) was defined as the period
between liver resection and any form of tumor
recurrence or metastasis [44].

High-throughput data processing

To investigate the clinical significance of OLAL in HCC,
data from samples from the TCGA database
(https://gdc.cancer.gov/) and the GEO database
(GSE6764, GSE29721, GSE45436 and GSE62232)
(http://www.ncbi.nlm.nih.gov/geo) were analyzed. All
data were Log2 converted and analyzed by R and
GraphPad Prism 8 software. The relative expression

levels were determined. The edgeR package that we used
was based on negative binomial distributions, an
empirical Bayes estimation, exact tests, generalized linear
models and quasi-likelihood tests. A logFC (fold change)
>1.0 or a logFC <-1.0 associated with a P value <0.05
was selected as statistically significant for the genes.

GSEA

GSEA was performed to identify gene sets, pathways,
and OS and DFS outcomes associated with OLAL using
the data obtained from TCGA. In this study, GSEA first
generated an ordered list of all genes according to their
correlation with OLA1 expression. GSEA was carried
out to elucidate the significant survival differences
observed between the high- and low-OLAl groups.
Gene set permutations were performed 1,000 times for
each analysis. The expression level of OLA1 was used
as a phenotype label. GSEA was carried out via the
Broad Institute Website (http://software.broadinstitute.
org/gseal/index.jsp). Each gene in the list was weighted
by its log fold change in expression.

Cell culture and transfection

Human HCC cell lines (Hep3b, Hep G2, LM3 and
MHCC-97H) and HEK293T cells were obtained from
the American Type Culture Collection (ATCC,
Manassas, VA), and were cultured in a humid
atmosphere of 5% CO2 with DMEM supplemented
with 10% fetal bovine serum (penicillin and
streptomycin) at 37°C. All HCC cells and normal liver
LO2 cells were obtained from the Institute of
Biochemistry and Cell Biology, Chinese Academy of
Sciences, Shanghai, China. To inhibit the expression
of OLAL, we transfected three small interfering RNAs
(siRNAS) targeting the OLA1 coding sequence. The
siRNA sequences used are as follows: Si-1: GCTGGAA
AGTACAGACAAC; Si-2: GCTGCTGGAAAGTACA
GAC; and Si-3: GGGATTCATTATGGCTGAA.

The OLAL knockout and overexpression vector, which
was constructed by Shanghai Generay Biotechnology
Co., Ltd., was mixed with the pPACKH1 packaging
plasmid and transfected into 293TN cells. Three days
later, according to the SBI instructions, the virus
particles were collected via concentrated virus
precipitation solution derived from Letinus edodes.
TUNDUX virus transducers were used to infect cells.
Positive cells were identified by puromycin screening.

Cell proliferation assay, Wound-healing assay, Cell
invasion assay

These methods were described in previously work and
performed as indicated [44].
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Animal experiments

To establish a subcutaneous xenograft model, a total of
1 x 10° LM3 and MHCC-97H cells stably expressing
OLAL knockdown (shRNAZ2) or negative control (NC)
plasmids were resuspended in 100 pl of saline
containing 50% Matrigel (BD Biosciences). The cells
were subcutaneously injected into the left and right
flank regions of male BALB/C nude mice aged 6 to 8
weeks. To assess tumor growth, tumor volumes were
measured and recorded every 7 days using digital
calipers. The mice were sacrificed on the 45th day, and
the tumors were harvested, fixed, weighed, photo-
graphed and preserved.

Animal experiments were conducted under the guidance
of the Institute Animal Care and Use Committee
(IACUC) of Sun Yat-sen University and an application
approved by the Institutional Assessment Committee of
Sun Yat-sen University.

Immunohistochemistry staining and antibodies

There were 105 formalin-fixed paraffin-embedded
specimens that were wused for OLAl immuno-
histochemistry  staining.  After  deparaffinization,
hydration and blocking, the samples were mixed with the
primary anti-OLAL polyclonal antibody and incubated
overnight at 4°C (dilution ratio 1:1,000). Finally, the
HCC staining was compared and evaluated as previously
described [43, 44].

RNA extraction and quantitative real-time
polymerase chain reaction (QRT-PCR)

Total RNA was isolated from tissues and cells using the
Qiagen RNeasy Mini Kit in combination with on-
column DNase treatment (Applied Biosystems, USA).
A High Capacity RNA-to-cDNA Kit (Applied
Biosystems) was used to synthesize the first strand of
cDNA. Quantitative real-time PCR was performed
using the Power SYBR Green PCR Master Mix
(Applied Biosystems) with gene-specific primers.
According to the manufacturer's instructions, the total
RNA was extracted with TRIzol reagent (USA, NY,
USA). gRT-PCR was performed using the SYBR Green
Detection RT-PCR System (TaKaRa, Japan) using the
following OLAl  primers:  forward  primer,
ACTTTTTCACTGCAGGCCCA; reverse  primer,
GTACTTTCCAGCAGCCTTGAC. 18s rRNA was used
as the reference control and was amplified with the
following primers: forward primer, GTAACCCGTTGA
ACCCCATT,; reverse primer, CCATCCAATCGGTA
GTAGCG. The relative mRNA expression level was
determined by the 2% method. All gRT-PCR
experiments were conducted in triplicate.

Western blot

The tissues and cells were washed twice with 4°C PBS
and then lysed in cold RIPA buffer with protease
inhibitors. The BCA Protein Quantitation Assay
(KeyGen Biotech, Nanjing, China) was used to measure
the protein concentration. The total protein was
transferred to a nitrocellulose membrane after denaturing
by 10% SDS-PAGE. The membranes were blocked with
5% nonfat milk in Tris-buffered saline containing 0.1%
Tween-20 (TBST) for 1 h at room temperature. The
membranes were then incubated with the primary
antibodies overnight at 4°C (dilution ratio 1:2,000). The
membranes were washed three times with TBST and then
incubated with secondary antibodies (anti-rabbit 1gG or
anti-mouse 1gG) for 1 h at room temperature. The
membranes were washed three times with TBST, and
then, the targeted proteins were detected by the ECL
reagent (EMD Millipore, MA, USA) method.

Reagents

The following antibodies were purchased from Abcam:
OLAl (ab229090), GAPDH (ab8245), CCNB1
(ab71977), CCNB2 (ab18250), CCNE2 (ab40890),
CDK2 (ab32147), CDK4 (ab108357), P21 (ab188224),
Bcl-2 (ab32124), BAD (ab32445), cleaved caspase 3
(ab32042), Rb (ab181616), pRb (ab184796), and E2F1
(ab112580). The P21 inhibitor UC2288 was purchased
from Abcam (ab146969) and used as recommended.

Coimmunoprecipitation

Overexpressed Flag- or HA-labeled cell protein extracts
were incubated with antibodies (or IgG as a control,
Sigma) and binding protein A/G beads (Pierce) for 12 h
at 4°C. After washing three times with IP buffer, the
samples were analyzed by western blotting.

Flow cytometry

HCC cells were harvested and fixed in 75% ethanol and
stored overnight at 4°C. Then, the cells were stained
with a DNA Prep Kit (Beckman Coulter, Brea, CA,
USA), and the percentage of cells at different stages
was determined by flow cytometry according to DNA
content.

Statistical analysis

The significance of continuous parameters presented as
the mean £ SD in vivo and in vitro was determined by
Student’s t-test. Fisher’s exact test was used for
categorical parameters. The survival curves were
assessed by Kaplan-Meier analysis and compared by the
log-rank test. The independent prognostic factors for
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survival were identified by a multivariate analysis using
the Cox proportional hazards regression model. Pearson
correlation analysis was used to evaluate the
relationships among OLAL and related genes. P<0.05
was considered significant. Data analysis was
performed using SPSS 22.0 software (IBM, USA). All
experiments were independently repeated at least three
times. The symbols *, ** and *** have been used to
represent p<0.05, p<0.01 and p<0.001, respectively, in
the Figures.
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samples in this study.

CONFLICTS OF INTEREST

We have no conflicts of interest.

FUNDING

This study was supported by the National Natural Science
Foundation of China (grant 81670592); the Natural
Science Foundation of Guangdong Province, China (grant
2016A030313242); the Science and Technology Program
of Guangzhou, China (grant 201804020075); the
Fundamental Research Funds for the Central Universities
(grant 17ykjc09); and the Ke Lin Program Foundation for
Youth Talents (grant y50181), the Science and
Technology Program of Huizhou (2017229, 2018Y 305,
2019C0602009), Funding for the Construction of Key
Specialty in Huizhou (Qi Zhou), the National Natural
Science Foundation of China (project No. 81702783 and
81672475), the Natural Science Foundation of Guangdong
Province (project No. 2017A030310574), Guangdong
Provincial Key Laboratory Construction Projection on
Organ  Donation and Transplant  Immunology
(N0.2013A061401007); and Guangdong Provincial
international Cooperation Base of Science and Technology
(Organ Transplantation) (N0.2015B050501002).

REFERENCES

1. Forner A, Reig M, Bruix J. Hepatocellular carcinoma.
Lancet. 2018; 391:1301-14.
https://doi.org/10.1016/S0140-6736(18)30010-2
PMID:29307467

2. Bertuccio P, Turati F, Carioli G, Rodriguez T, La
Vecchia C, Malvezzi M, Negri E. Global trends and

10.

predictions in hepatocellular carcinoma mortality. J
Hepatol. 2017; 67:302—-09.
https://doi.org/10.1016/j.jhep.2017.03.011
PMID:28336466

Lu J, Zhang XP, Zhong BY, Lau WY, Madoff DC,
Davidson JC, Qi X, Cheng SQ, Teng GJ. Management
of patients with hepatocellular carcinoma and portal
vein tumour thrombosis: comparing east and west.
Lancet Gastroenterol Hepatol. 2019; 4:721-30.
https://doi.org/10.1016/52468-1253(19)30178-5
PMID:31387735

Meyer T. Treatment of advanced hepatocellular
carcinoma: beyond sorafenib. Lancet Gastroenterol
Hepatol. 2018; 3:218-20.
https://doi.org/10.1016/52468-1253(17)30255-8
PMID:29533189

Allemani C, Matsuda T, Di Carlo V, Harewood R, Matz
M, Niksi¢ M, Bonaventure A, Valkov M, Johnson CJ,
Esteve J, Ogunbiyi OJ, Azevedo E Silva G, Chen WQ, et
al, and CONCORD Working Group. Global surveillance
of trends in cancer survival 2000-14 (CONCORD-3):
analysis of individual records for 37 513 025 patients
diagnosed with one of 18 cancers from 322
population-based registries in 71 countries. Lancet.
2018;391:1023-75.
https://doi.org/10.1016/S0140-6736(17)33326-3
PMID:29395269

Valery PC, Laversanne M, Clark PJ, Petrick JL,
McGlynn KA, Bray F. Projections of primary liver
cancer to 2030 in 30 countries worldwide.
Hepatology. 2018; 67:600—-11.
https://doi.org/10.1002/hep.29498 PMID:28859220

Duran SR, Jaquiss RD. Hepatocellular Carcinoma. N
EnglJ Med. 2019; 381:e2.
https://doi.org/10.1056/NEJMc1906565
PMID:31269386

Villanueva A. Hepatocellular Carcinoma. N Engl J
Med. 2019; 380:1450-62.
https://doi.org/10.1056/NEJMral1713263
PMID:30970190

Sia D, Llovet JM. Liver cancer: Translating '-omics’
results into precision medicine for hepatocellular
carcinoma. Nat Rev Gastroenterol Hepatol. 2017,
14:571-72.
https://doi.org/10.1038/nrgastro.2017.103
PMID:28765583

Loffler MW, Mohr C, Bichmann L, Freudenmann LK,
Walzer M, Schroeder CM, Trautwein N, Hilke FJ,
Zinser RS, Mihlenbruch L, Kowalewski DJ, Schuster H,
Sturm M, et al, and HEPAVAC Consortium. Multi-
omics discovery of exome-derived neoantigens in
hepatocellular carcinoma. Genome Med. 2019; 11:28.

WWwWw.aging-us.com 3036

AGING


https://doi.org/10.1016/S0140-6736(18)30010-2
https://www.ncbi.nlm.nih.gov/pubmed/29307467
https://doi.org/10.1016/j.jhep.2017.03.011
https://www.ncbi.nlm.nih.gov/pubmed/28336466
https://doi.org/10.1016/S2468-1253(19)30178-5
https://www.ncbi.nlm.nih.gov/pubmed/31387735
https://doi.org/10.1016/S2468-1253(17)30255-8
https://www.ncbi.nlm.nih.gov/pubmed/29533189
https://doi.org/10.1016/S0140-6736(17)33326-3
https://www.ncbi.nlm.nih.gov/pubmed/29395269
https://doi.org/10.1002/hep.29498
https://www.ncbi.nlm.nih.gov/pubmed/28859220
https://doi.org/10.1056/NEJMc1906565
https://www.ncbi.nlm.nih.gov/pubmed/31269386
https://doi.org/10.1056/NEJMra1713263
https://www.ncbi.nlm.nih.gov/pubmed/30970190
https://doi.org/10.1038/nrgastro.2017.103
https://www.ncbi.nlm.nih.gov/pubmed/28765583

11.

12.

13.

14.

15.

16.

17.

18.

https://doi.org/10.1186/s13073-019-0636-8
PMID:31039795

Jiang Y, Sun A, Zhao Y, Ying W, Sun H, Yang X, Xing B,
Sun W, Ren L, Hu B, Li C, Zhang L, Qin G, et al, and
Chinese Human Proteome Project (CNHPP)
Consortium. Proteomics identifies new therapeutic
targets of early-stage hepatocellular carcinoma.
Nature. 2019; 567:257-61.
https://doi.org/10.1038/s41586-019-0987-8
PMID:30814741

Samanfar B, Tan H, Shostak K, Chalabian F, Wu Z,
Alamgir M, Sunba N, Burnside D, Omidi K, Hooshyar M,
Galvan Marquez 1, Jessulat M, Smith ML, et al. A global
investigation of gene deletion strains that affect
premature stop codon bypass in yeast, Saccharomyces
cerevisiae. Mol Biosyst. 2014; 10:916-24.
https://doi.org/10.1039/C3MB70501C
PMID:24535059

Chen H, Song R, Wang G, Ding Z, Yang C, Zhang J,
Zeng Z, Rubio V, Wang L, Zu N, Weiskoff AM, Minze
LJ, Jeyabal PV, et al. OLA1 regulates protein synthesis
and integrated stress response by inhibiting elF2
ternary complex formation. Sci Rep. 2015; 5:13241.
https://doi.org/10.1038/srep13241

PMID:26283179

Wenk M, Ba Q, Erichsen V, Maclnnes K, Wiese H,
Warscheid B, Koch HG. A universally conserved
ATPase regulates the oxidative stress response in
Escherichia coli. ) Biol Chem. 2012; 287:43585-98.
https://doi.org/10.1074/jbc.M112.413070
PMID:23139412

Xu D, Song R, Wang G, Jeyabal PV, Weiskoff AM, Ding
K, Shi ZZ. Obg-like ATPase 1 regulates global protein
serine/threonine phosphorylation in cancer cells by
suppressing the GSK3B-inhibitor 2-PP1 positive
feedback loop. Oncotarget. 2016; 7:3427-39.
https://doi.org/10.18632/oncotarget.6496
PMID:26655089

Zhang JW, Rubio V, Zheng S, Shi ZZ. Knockdown of
OLA1, a regulator of oxidative stress response,
inhibits motility and invasion of breast cancer cells. J
Zhejiang Univ Sci B. 2009; 10:796—-804.
https://doi.org/10.1631/jzus.B0910009
PMID:19882753

Jeyabal PV, Rubio V, Chen H, Zhang J, Shi ZZ.
Regulation of cell-matrix adhesion by OLA1, the Obg-
like ATPase 1. Biochem Biophys Res Commun. 2014;
444:568-74.
https://doi.org/10.1016/j.bbrc.2014.01.099
PMID:24486488

Matsuzawa A, Kanno S, Nakayama M, Mochiduki H,
Wei L, Shimaoka T, Furukawa Y, Kato K, Shibata S,

19.

20.

21.

22.

23.

24,

25.

26.

27.

Yasui A, Ishioka C, Chiba N. The BRCA1/BARD1-
interacting protein OLA1 functions in centrosome
regulation. Mol Cell. 2014; 53:101-14.
https://doi.org/10.1016/j.molcel.2013.10.028
PMID:24289923

Gomez V, Hergovich A. OLAl in centrosome biology
alongside the BRCA1/BARD1 complex: looking
beyond centrosomes. Mol Cell. 2014; 53:3-5.
https://doi.org/10.1016/j.molcel.2013.12.016
PMID:24411079

Ciemerych MA, Sicinski P. Cell cycle in mouse
development. Oncogene. 2005; 24:2877-98.
https://doi.org/10.1038/sj.0nc.1208608
PMID:15838522

Leone G, DeGregori J, Jakoi L, Cook JG, Nevins JR.
Collaborative role of E2F transcriptional activity and
G1 cyclindependent kinase activity in the induction of
S phase. Proc Natl Acad Sci USA. 1999; 96:6626—31.
https://doi.org/10.1073/pnas.96.12.6626
PMID:10359762

Seki A, Coppinger JA, Jang CY, Yates JR, Fang G. Bora
and the kinase Aurora a cooperatively activate the
kinase PlIk1 and control mitotic entry. Science. 2008;
320:1655-58.
https://doi.org/10.1126/science.1157425
PMID:18566290

Jung YS, Qian Y, Chen X. Examination of the
expanding pathways for the regulation of p21
expression and activity. Cell Signal. 2010; 22:1003-12.
https://doi.org/10.1016/j.cellsig.2010.01.013
PMID:20100570

Huang Z, Wang L, Chen L, Zhang Y, Shi P. Induction of
cell cycle arrest via the p21, p27-cyclin E, A/Cdk2
pathway in SMMC-7721 hepatoma cells by clioquinol.
Acta Pharm. 2015; 65:463-71.
https://doi.org/10.1515/acph-2015-0034
PMID:26677902

Asghar U, Witkiewicz AK, Turner NC, Knudsen ES. The
history and future of targeting cyclin-dependent
kinases in cancer therapy. Nat Rev Drug Discov. 2015;
14:130-46.

https://doi.org/10.1038/nrd4504 PMID:25633797

Du WW, Yang W, Liu E, Yang Z, Dhaliwal P, Yang BB.
Foxo3 circular RNA retards cell cycle progression via
forming ternary complexes with p21 and CDK2.
Nucleic Acids Res. 2016; 44:2846-58.

https://doi.org/10.1093/nar/gkw027 PMID:26861625

Geng Y, Michowski W, Chick JM, Wang YE, Jecrois ME,
Sweeney KE, Liu L, Han RC, Ke N, Zagozdzon A,
Sicinska E, Bronson RT, Gygi SP, Sicinski P. Kinase-
independent function of E-type cyclins in liver cancer.
Proc Natl Acad Sci USA. 2018; 115:1015-20.

WWwWw.aging-us.com

AGING


https://doi.org/10.1186/s13073-019-0636-8
https://www.ncbi.nlm.nih.gov/pubmed/31039795
https://doi.org/10.1038/s41586-019-0987-8
https://www.ncbi.nlm.nih.gov/pubmed/30814741
https://doi.org/10.1039/C3MB70501C
https://www.ncbi.nlm.nih.gov/pubmed/24535059
https://doi.org/10.1038/srep13241
https://www.ncbi.nlm.nih.gov/pubmed/26283179
https://doi.org/10.1074/jbc.M112.413070
https://www.ncbi.nlm.nih.gov/pubmed/23139412
https://doi.org/10.18632/oncotarget.6496
https://www.ncbi.nlm.nih.gov/pubmed/26655089
https://doi.org/10.1631/jzus.B0910009
https://www.ncbi.nlm.nih.gov/pubmed/19882753
https://doi.org/10.1016/j.bbrc.2014.01.099
https://www.ncbi.nlm.nih.gov/pubmed/24486488
https://doi.org/10.1016/j.molcel.2013.10.028
https://www.ncbi.nlm.nih.gov/pubmed/24289923
https://doi.org/10.1016/j.molcel.2013.12.016
https://www.ncbi.nlm.nih.gov/pubmed/24411079
https://doi.org/10.1038/sj.onc.1208608
https://www.ncbi.nlm.nih.gov/pubmed/15838522
https://doi.org/10.1073/pnas.96.12.6626
https://www.ncbi.nlm.nih.gov/pubmed/10359762
https://doi.org/10.1126/science.1157425
https://www.ncbi.nlm.nih.gov/pubmed/18566290
https://doi.org/10.1016/j.cellsig.2010.01.013
https://www.ncbi.nlm.nih.gov/pubmed/20100570
https://doi.org/10.1515/acph-2015-0034
https://www.ncbi.nlm.nih.gov/pubmed/26677902
https://doi.org/10.1038/nrd4504
https://www.ncbi.nlm.nih.gov/pubmed/25633797
https://doi.org/10.1093/nar/gkw027
https://www.ncbi.nlm.nih.gov/pubmed/26861625

28.

29.

30.

31

32.

33.

34.

35.

36.

https://doi.org/10.1073/pnas.1711477115
PMID:29339491

Verstraeten N, Fauvart M, Versées W, Michiels J. The
universally conserved prokaryotic GTPases. Microbiol
Mol Biol Rev. 2011; 75:507-42.
https://doi.org/10.1128/MMBR.00009-11
PMID:21885683

Couri T, Pillai A. Goals and targets for personalized
therapy for HCC. Hepatol Int. 2019; 13:125-37.
https://doi.org/10.1007/s12072-018-9919-1
PMID:30600478

Koller-Eichhorn R, Marquardt T, Gail R, Wittinghofer
A, Kostrewa D, Kutay U, Kambach C. Human OLA1
defines an ATPase subfamily in the Obg family of GTP-
binding proteins. J Biol Chem. 2007; 282:19928-37.
https://doi.org/10.1074/jbc.M700541200
PMID:17430889

Mao RF, Rubio V, Chen H, Bai L, Mansour OC, Shi ZZ.
OLA1 protects cells in heat shock by stabilizing HSP70.
Cell Death Dis. 2013; 4:e491.
https://doi.org/10.1038/cddis.2013.23
PMID:23412384

Zhang J, Rubio V, Lieberman MW, Shi ZZ. OLA1, an
Obg-like ATPase, suppresses antioxidant response via
nontranscriptional mechanisms. Proc Natl Acad Sci
USA. 2009; 106:15356—61.
https://doi.org/10.1073/pnas.0907213106
PMID:19706404

Sun H, Luo X, Montalbano J, Jin W, Shi J, Sheikh MS,
Huang Y. DOC45, a novel DNA damage-regulated
nucleocytoplasmic ATPase that is overexpressed in
multiple human malignancies. Mol Cancer Res. 2010;
8:57-66.
https://doi.org/10.1158/1541-7786.MCR-09-0278
PMID:20053727

Bai L, Yu Z, Zhang J, Yuan S, Liao C, Jeyabal PV, Rubio
V, Chen H, Li Y, Shi ZZ. OLA1 contributes to epithelial-
mesenchymal transition in lung cancer by modulating
the GSK3pB/snail/E-cadherin signaling. Oncotarget.
2016; 7:10402-13.
https://doi.org/10.18632/oncotarget.7224
PMID:26863455

Yoshino Y, Qi H, Kanazawa R, Sugamata M, Suzuki K,
Kobayashi A, Shindo K, Matsuzawa A, Shibata S, Endo
S, Miyanishi Y, Shimaoka T, Ishioka C, et al. RACK1
regulates centriole duplication by controlling
localization of BRCA1 to the centrosome in mammary
tissue-derived cells. Oncogene. 2019; 38:3077-92.
https://doi.org/10.1038/s41388-018-0647-8
PMID:30617304

Ding Z, Liu Y, Rubio V, He J, Minze U, Shi ZZ. OLA1, a

37.

38.

39.

40.

41.

42.

43.

44,

translational regulator of P21, maintains optimal cell
proliferation necessary for developmental
progression. Mol Cell Biol. 2016; 36:2568-82.
https://doi.org/10.1128/MCB.00137-16
PMID:27481995

Ferguson RL, Maller JL. Centrosomal localization of
cyclin E-Cdk2 is required for initiation of DNA
synthesis. Curr Biol. 2010; 20:856-60.
https://doi.org/10.1016/j.cub.2010.03.028
PMID:20399658

Chae HD, Kim J, Shin DY. NF-Y binds to both G1- and
G2-specific cyclin promoters; a possible role in linking
CDK2/Cyclin A to CDK1/Cyclin B. BMB Rep. 2011;
44:553-57.
https://doi.org/10.5483/BMBRep.2011.44.8.553
PMID:21871181

Chohan TA, Qayyum A, Rehman K, Tarig M, Akash
MS. An insight into the emerging role of cyclin-
dependent kinase inhibitors as potential therapeutic
agents for the treatment of advanced cancers.
Biomed Pharmacother. 2018; 107:1326-41.
https://doi.org/10.1016/j.biopha.2018.08.116
PMID:30257348

Georgakilas AG, Martin OA, Bonner WM. P21: a two-
faced genome guardian. Trends Mol Med. 2017;
23:310-19.
https://doi.org/10.1016/j.molmed.2017.02.001
PMID:28279624

Kreis NN, Louwen F, Yuan J. The multifaceted P21
(Cip1/Waf1/CDKN1A) in cell differentiation, migration
and cancer therapy. Cancers (Basel). 2019; 11:1220.
https://doi.org/10.3390/cancers11091220
PMID:31438587

Parveen A, Akash MS, Rehman K, Kyunn WW. Dual
role of P21 in the progression of cancer and its
treatment. Crit Rev Eukaryot Gene Expr. 2016; 26:49—
62.
https://doi.org/10.1615/CritRevEukaryotGeneExpr.v2
6.i1.60 PMID:27278885

Huang S, Zhong W, Shi Z, Wang K, Jin H, Zhang Z,
Wang H, Wei Y, Chen S, Zhou Q, He X. Overexpression
of signal sequence receptor y predicts poor survival in
patients with hepatocellular carcinoma. Hum Pathol.
2018; 81:47-54.
https://doi.org/10.1016/j.humpath.2018.06.014
PMID:29940286

Huang S, Li J, Tam NL, Sun C, Hou Y, Hughes B, Wang Z,
Zhou Q, He X, Wu L. Uridine-cytidine kinase 2
upregulation predicts poor prognosis of hepatocellular
carcinoma and is associated with  cancer
aggressiveness. Mol Carcinog. 2019; 58:603—15.
https://doi.org/10.1002/mc.22954 PMID:30556610

WWwWw.aging-us.com

3038

AGING


https://doi.org/10.1073/pnas.1711477115
https://www.ncbi.nlm.nih.gov/pubmed/29339491
https://doi.org/10.1128/MMBR.00009-11
https://www.ncbi.nlm.nih.gov/pubmed/21885683
https://doi.org/10.1007/s12072-018-9919-1
https://www.ncbi.nlm.nih.gov/pubmed/30600478
https://doi.org/10.1074/jbc.M700541200
https://www.ncbi.nlm.nih.gov/pubmed/17430889
https://doi.org/10.1038/cddis.2013.23
https://www.ncbi.nlm.nih.gov/pubmed/23412384
https://doi.org/10.1073/pnas.0907213106
https://www.ncbi.nlm.nih.gov/pubmed/19706404
https://doi.org/10.1158/1541-7786.MCR-09-0278
https://www.ncbi.nlm.nih.gov/pubmed/20053727
https://doi.org/10.18632/oncotarget.7224
https://www.ncbi.nlm.nih.gov/pubmed/26863455
https://doi.org/10.1038/s41388-018-0647-8
https://www.ncbi.nlm.nih.gov/pubmed/30617304
https://doi.org/10.1128/MCB.00137-16
https://www.ncbi.nlm.nih.gov/pubmed/27481995
https://doi.org/10.1016/j.cub.2010.03.028
https://www.ncbi.nlm.nih.gov/pubmed/20399658
https://doi.org/10.5483/BMBRep.2011.44.8.553
https://www.ncbi.nlm.nih.gov/pubmed/21871181
https://doi.org/10.1016/j.biopha.2018.08.116
https://www.ncbi.nlm.nih.gov/pubmed/30257348
https://doi.org/10.1016/j.molmed.2017.02.001
https://www.ncbi.nlm.nih.gov/pubmed/28279624
https://doi.org/10.3390/cancers11091220
https://www.ncbi.nlm.nih.gov/pubmed/31438587
https://doi.org/10.1615/CritRevEukaryotGeneExpr.v26.i1.60
https://doi.org/10.1615/CritRevEukaryotGeneExpr.v26.i1.60
https://www.ncbi.nlm.nih.gov/pubmed/27278885
https://doi.org/10.1016/j.humpath.2018.06.014
https://www.ncbi.nlm.nih.gov/pubmed/29940286
https://doi.org/10.1002/mc.22954
https://www.ncbi.nlm.nih.gov/pubmed/30556610

SUPPLEMENTARY MATERIALS

Supplementary Figure

Hep3b
B LV1-OLA1

LV1-OLA1  LV2-OLA1

CAPDH| s — —

LV1-OLA1

E  Hepad F LV1-OLA1 G
300 = Q2:2 "o Q21 Q22
bt 9.72% = {162% 457% ;{100
° ° >
° °
e ® c
200 E-]
2 2 % H
5 ~ 2 - &
2 S =
8 h) e [
100 . e %
° e 3 2
“ Q24 o Jo2a M Qz4 E
: 10.65% 2 1s061% /47 320%| 2
E e - S5
NC LV1-OLA1 103 10* 10° 10°% 107 10® 10°? 10° 10* 10° 10° 107 10® 10%? Normal Apoptosis
FITCA® FITCA"
_ CTR(1)/E1/E2 : Hep3b
S 2 <50
> G G2 i Ll «
Watson § I = NC
RMS: 4.26 Watson °
s
8 :nq(?xu‘u g raghny O %40 = LV1-OLA1
= " FreqS 79
;:52 1236 P G2 2418 =
Mean GY 918447
i s | 5 S P g%
LR G2G1: 1.88 Vo1 S0 320
et e : T 2
Froq SuperG2 338
= Freq Sub-G1: 5.19 g 10
Freq Super-G2: 1.70 8 \ \ 8
R » 4
™
+ L b L - \ 2o
0 04 08 12 14 ° 08 18 24 3 GO0/G1 S G2/m

s
PE-A (105) oo

Supplementary Figure 1. Overexpression of OLA1 promotes HCC cell progression. (A) Overexpression of OLA1 was successfully
indicated in Hep3b by western blotting. (B) OLA1 upregulation promoted cell migration after transfection as shown by wound healing assay.
(C) OLA1 upregulation increased the proliferation of HCC cells as shown by colony formation assay. (D and E) The transwell Matrigel
penetration assay showed that OLA1 promoted the invasion of HCC cells. (F and G) OLA1 decreases apoptosis of HCC cells (p<0.01). (Hand 1)
OLA1 overexpression increased the percentage of GO/G1 phase.
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Supplementary Tables

Supplementary Table 1. Correlation between OLA1 expression with clinicopathological characteristics of HCC
patients.

- . . OLAZ1 expression
Clinicopathological variables n - P Value
Low (35) High (70)
Sex
Male 90 30 60
Female 15 5 10 0.61
Age, years
<50 52 19 33 0.54
>50 53 16 37
AFP, ng/L
<200 50 20 39 0.21
>200 55 15 40
HBsAg
Negative 42 18 24 0.10
Positive 63 17 46
Tumor size, cm
<5 54 29 25 <0.01
>5 51 6 45
Tumor number
Solitary 57 28 29 0.02
Multiple (>2) 43 11 32
PVTT
Absence 69 31 38 <0.01
Presence 36 4 32
TNM stage
Early (I & I1) 61 27 34
Late (11l & IV) 44 8 36 0.01
Differentiation grade
Well 68 32 36
Poor 37 3 34 <0.01

Abbreviation: AFP, alpha fetoprotein; HBsAg, hepatitis B surface antigen; PVTT, portal vein tumor thrombus.
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Supplementary Table 2. Univariate and multivariate Cox regression analysis of risk factors associated with overall
survival.

. Univariate analysis Multivariate analysis
Variables
HR 95% CI P Value HR 95% ClI P Value

OLAL1 expression (High vs. Low) 7.00 3.00-16.37 <0.01 5.42 2.12-13.89 <0.01
Sex (Male vs. Female) 2.05 0.93-4.53 0.05

Age (=50 vs. <50) 1.10 0.67-1.79 0.72

AFP (>200 ng/ml vs. <200ng/ml) 1.61 0.96-2.69 0.06

HBsAg (Positive vs. Negative) 1.34 0.79-2.26 0.27

Tumor size (>5 cm vs. <5 cm) 3.60 2.08-6.22 <0.01 2.39 1.24-4.64 0.01
Tumor number (Multiple vs. Single) 1.47 0.90-2.41 0.13

PVTT (Presence vs. Absence) 2.32 1.42-3.79 <0.01 1.17 0.56-2.42 0.68
TNM stage (Late vs. Early) 2.96 1.77-4.95 <0.01 1.47 0.71-3.02 0.30
Differentiation grade (Poor vs. Well) 2.18 1.33-3.56 <0.01 0.60 0.31-1.18 0.14

Abbreviation: AFP, alpha fetoprotein; HBsAg, hepatitis B surface antigen; PVTT, portal vein tumor thrombus.

Supplementary Table 3. Univariate and multivariate Cox regression analysis of risk factors associated with disease-
free survival.

Univariate analysis Multivariate analysis

Variables HR  95%CIl P Value HR  95%CIl P Value
OLAL expression (High vs. Low) 8.53 3.39-21.47 <0.01 6.15 2.26-16.74 <0.01
Sex (Male vs. Female) 1.88 0.85-4.16 0.09

Age (=50 vs. <50) 1.06 0.64-1.75 0.83

AFP (>200 ng/ml vs. <200ng/ml) 1.64 0.97-2.77 0.06

HBsAg (Positive vs. Negative) 1.38 0.81-2.36 0.23

Tumor size (>5 cm vs. <5 cm) 4.13 2.33-7.33 <0.01 2.94 1.49-5.79 <0.01
Tumor number (Multiple vs. Single) 1.58 0.96-2.62 0.08

PVTT (Presence vs. Absence) 2.30 1.39-3.79 <0.01 0.93 0.44-1.97 0.85
TNM stage (Late vs. Early) 3.30 1.94-5.62 <0.01 1.82 0.86-3.85 0.12
Differentiation grade (Poor vs. Well) 2.31 1.38-3.87 <0.01 1.79 0.90-3.57 0.10

Abbreviation: AFP, alpha fetoprotein; HBsAg, hepatitis B surface antigen; PVTT, portal vein tumor thrombus.
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