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ABSTRACT

Background: Autophagy, a highly conserved cellular catabolic process by which the eukaryotic cells deliver
autophagosomes engulfing cellular proteins and organelles to lysosomes for degradation, is critical for
maintaining cellular homeostasis in response to various signals and nutrient stresses. The dysregulation of
autophagy has been noted in the pathogenesis of cancers. Our study aims to investigate the prognosis-predicting
value of autophagy-related genes (ARG) in hepatocellular carcinoma (HCC).

Results: The signature was constructed based on eight ARGs, which stratified HCC patients into high- and low-risk
groups in terms of overall survival (OS) (Hazard Ratio, HR=4.641, 95% Confidential Interval, Cl, 3.365-5.917, P=0.000).
The ARG signature is an independent prognostic indicator for HCC patients (HR = 1.286, 95% Cl, 1.194-1.385; P <
0.001). The area under the receiver operating characteristic (ROC) curve (AUC) for 5-year survival is 0.765.
Conclusion: This study provides a potential prognostic signature for predicting the prognosis of HCC patients and
molecular insights into the significance of autophagy in HCC.

Methods: Sixty-two differentially expressed ARGs and the clinical characteristics and basic information of the 369
enrolled HCC patients were retrieved from The Cancer Genome Atlas (TCGA) database. the Cox proportional
hazard regression analysis was adopted to identify survival-related ARGs, based on which a prognosis predicting
signature was constructed.

INTRODUCTION attributable factors of which are chronic hepatitis B or C
virus infection and the abuse of alcohol [2].

Hepatocellular carcinoma (HCC), the fourth leading

cause of all cancer-related deaths worldwide, accounts Current antiviral drugs and surgical interventions, along

for 90% of all primary liver malignancies [1], the major with immunotherapeutic agents and targeted therapy,
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are improving HCC patients’ survival outcomes in an
inspiring way, which, however, practically are often
challenged by the tumor heterogeneity [3] and the
development of drug resistance [4, 5].

Also, the lack of a robust model predicting the prognosis
and the occurrence of resistance during courses of
therapies contributes to poor survival outcomes.

Recent advancements in the next-generation sequencing
technology have characterized the genetic landscape of
various types of cancer, including HCC, not only
revealing the driver mutations in hotspot genes like
TP53, CTNNB1, TERT promoter but identifying the
dysregulated expression of genes related to diverse
pathways in multiple biological processes such as the
metabolic pathways, VHL/HIF oxygen-sensing pathway,
the DDR pathway, and the autophagy.

Autophagy, executed by autophagy-related genes
(ARG), having roles in various cellular functions in
cancer, both protecting against and contributing to the
proliferation of cancer cells, is a highly conserved
cellular catabolic process by which the eukaryotic cells
deliver autophagosomes engulfing cellular proteins and
organelles to lysosomes for degradation, which is
critical for maintaining cellular homeostasis in response
to wvarious signals and cellular stresses. The
dysregulation of autophagy has been noted in the
pathogenesis of diverse diseases, including cancers.

The conception of harnessing this pathway to improve
clinical outcomes of cancer patients has been the
attention of researchers seeking to redirect the
upregulation of autophagy flux enabling tumor cell
survival and growth since the terminological introduction
of autophagy in 1963 by Christian de Duve [6].

Studies surged in the past a few decades laying
groundwork for the idea that enhancing autophagy might
help prevent progression of early-stage cancers [7], and
that both enhancers and retarders of autophagy can bring
therapeutic benefits to advanced cancers [8-11].

Increasing pre-clinical evidence from animal models and
in vitro studies using genetically engineered mouse
models and patient-derived xenografts mouse models has
suggested an anti-tumor effect of inhibiting autophagy,
either pharmacologically or genetically [8, 9, 12, 13].

ARGs, originally identified as the mediator of the
formation of double-membrane structures delivering
contents from the intra-cytoplasm to the lysosome for
self-degradation, have diverse physiologically important
roles in other membrane trafficking and signaling
pathways [14].

The autophagy and ARGs have been reported in
HCC not only as maintaining liver homeostasis,
contributing to the preservation of genome stability
in the liver cell, but saving normal liver cells
from being transformed into cancer cells by helping
clearing detrimental mitochondria and the transformed
cells [15].

Adding to the evidence that autophagy plays a tumor-
suppressing role in HCC was the fact that knockout of
the key autophagy gene Beclinl, the only dual function
molecule acting as both tumor suppressor and
autophagy modulator [16], in mice model [17], led to
reduced autophagy activity and increased HCC
initiating ability [17], which was evidenced by more
studies showing that Beclinl was associated with HCC
progression and thus could be a potential prognostic
biomarker for HCC patients [18].

We explored in our study the correlation of the
ARGs with clinical outcomes of 377 HCC patients
from the TCGA database with a prognosis-predicting
model constructed as an independent indicator of
overall survival based on a signature consisting
of 8 ARGs selected from the multivariate Cox
regression analysis, allowing the improvement in the
prognosis-predicting efficiency and accuracy for HCC
patients.

RESULTS
Identification of differentially expressed ARGs

RNA-seq and clinical data from 23126 HCC tissue
samples and 3038 non-tumor samples were downloaded
from TCGA. 369 patients in total with primary HCC
who were followed for more than 1 month were
included in the study. The expression values of 232
ARGs were extracted. Considering the criteria for FDR
<0.05 and [log2 (fold change)]> 1, we finally obtained
62 up-regulated ARGs (Figure 1A, 1B). A box plot was
generated showing the expression pattern of 62
differentially expressed ARGs between HCC and non-
tumor tissue (Figure 1C). Scatter plot showing
expression patterns of 62 up-regulated genes.

Functional enrichment of the differentially
expressed ARGs

Functional enrichment analysis of 62 differentially
expressed ARGs provides a biological understanding of
these genes. Top 30 of GO enrichment and top 30 of
pathway enrichment are summarized in Figure 2. GO
and KEGG analyses revealed that the ARGs were
mainly involved in autophagy, apoptotic signaling
pathway, regulation of protein serine/threonine kinase
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activity, PI3K-Akt signaling pathway, and p53 signaling
pathway (Figure 2A-2D).

Identification of prognostic ARGs

To analyze ARGs’ involvement in HCC progression, we
screened for ARGs that were significantly associated
with prognosis. The univariate Cox regression analysis
indicates that 32 ARGs that are correlated with the
overall survival are all risk factors (Table 1). A total of 8
genes (RHEB, HSP90AB1, ATIC, HDAC1, MLSTS,
SQSTM1, SPNS1, and HSPB8) were observed to be
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significantly associated with the OS by multivariate cox
regression analysis (Table 2), based on which we
constructed autophagy prognostic signature to better
predict the clinical outcomes (OS) for HCC patients.
Figure 3 showed the distribution of the ARG signature in
the TCGA dataset (Figure 3A), survival status of
patients in different groups (Figure 3B) and heatmap of
the expression profile of the included ARGs (Figure 3C).
To determine the performance of the signature in
predicting OS in HCC patients, K-M survival curves
were plotted to analyze different survival times between
high-risk and low-risk groups, showing that the survival
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Figure 1. Differentially expressed autophagy-related genes (ARGs) between liver cancer (HCC) and normal liver tissues.
Heatmap (A) and volcano map (B) were constructed showing the 62 differentially expressed autophagy-related genes in HCC tissues
compared with normal tissue, with red dots representing significantly up-regulated genes, green dots representing significantly down-
regulated genes, and black dots representing genes with no significant differences. (C) Expression of 62 ARGs that are differentially expressed
in HCC tissues (each red dot represents a distinct tumor sample) as compared with the normal tissues (green dots). The upregulation of a
distinct gene was marked as red bars, and the downregulation as green bars.
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rate of patients in the high-risk group was significantly
lower than that in the low-risk group (Figure 3D). Also,
after adjusting for clinicopathological features such as
age, tumor differentiation grade, tumor stage, tumor size,
lymph node metastasis, and distal metastasis, the
signature remained an independent prognostic indicator
for HCC patients in univariate analysis (HR=1.302, 95%
Cl, 1.219-1.390; P<0.001; Figure 4A) and multivariate
analysis (HR = 1.286, 95% CI, 1.194-1.385; P < 0.001;
Figure 4B). The AUC of the ROC curve for 5-year
survival is 0.765, which is much higher than that of ROC
of age (0.512), gender (0.504), tumor differentiation
grade (0.478), the Tumor, Nodes, and Metastases (TNM)
stage (0.703), tumor size (0.709), metastatic status
(0.508), and lymph node status (0.508).

This indicated that the prognostic index based on

ARGs has a certain potential in survival prediction
(Figure 4C).
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Prognostic significance of the ARG signature

The clinical significance of the signhature was assessed
by analyzing its correlation with the clinical parameters,
which suggested significantly increased risk score in
patients who were older than 65 (Figure 5A), in Grade
I1/1V tumor differentiation (Figure 5B), in TNM stage
II/1V (Figure 5C), or males (Figure 5D).

DISCUSSION

Despite the numerousness of studies reporting that
autophagy is not only involved in the initiation but the
progression and drug resistance of HCC, the specific
functions of ARGs and their clinical significance in
HCC has not been exploited and clarified well yet [14,
19-22]. The exploration of autophagy and ARGs has
been tapping into the developing effective biomarkers
for HCC prognosis-predicting and therapy monitoring,
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Figure 2. Gene functional enrichment analysis for the ARGs. (A, B) Show, by the GO analysis, the biological process and molecular
functions that the ARGs are involved in; (C, D) Show the KEGG analysis for potential pathways by which these ARGs exert their effects on

tumor cells.
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Table 1. Univariate cox regression analysis identified 32 ARGs related to the HCC risks.

Genes HR 95% CI p value
IKBKE 1.35 1.10-1.66 0.004
RHEB 1.91 1.36-2.70 0.000
CAPN10 2.59 1.66-4.04 0.000
GAPDH 1.49 1.20-1.86 0.000
HSP90AB1 1.39 1.09-1.78 0.007
ATG10 2.05 1.24-3.39 0.005
CDKN2A 1.24 1.07-1.44 0.004
NPC1 1.78 1.36-2.34 0.000
PEA15 1.37 1.10-1.72 0.006
FKBP1A 1.65 1.27-2.14 0.000
ATIC 1.9 1.45-2.48 0.000
HDAC1 1.93 1.45-2.56 0.000
RAB24 1.73 1.24-2.42 0.001
BIRC5 1.34 1.17-1.54 0.000
MLST8 1.41 1.02-1.95 0.036
SQSTM1 1.38 1.17-1.62 0.000
CASP8 1.61 1.15-2.27 0.006
MAPK3 1.56 1.17-2.09 0.003
CANX 1.36 1.05-1.78 0.022
RGS19 1.39 1.10-1.77 0.007
FOXO01 0.74 0.58-0.94 0.016
BAK1 1.38 1.13-1.69 0.002
ATG4B 1.56 1.09-2.22 0.015
TSC1 1.45 1.00-2.08 0.048
SPNS1 2.61 1.54-4.43 0.000
HSPB8 1.15 1.04-1.28 0.008
TMEM74 1.54 1.11-2.15 0.011
WDR45B 151 1.14-2.00 0.004
RUBCN 2.31 1.48-3.61 0.000
HGS 1.33 1.05-1.68 0.018
PRKCD 1.55 1.25-1.91 0.000
DRAM1 1.28 1.04-1.59 0.022

Abbreviations: HR, Hazardous Ratio; Cl, Credential Interval.

Table 2. Multivariate cox regression analysis identified 8 ARGs that are independent factors for HCC risks.

Genes Co-efficient HR 95% CI p value
RHEB 0.53 1.70 1.15-2.51 0.01
HSP90AB1 -0.29 0.75 0.56-0.99 0.05
ATG10 0.40 1.49 0.87-2.55 0.15
ATIC 0.66 1.94 1.31-2.88 0.00
HDAC1 0.47 1.59 1.10-2.30 0.01
BIRC5 0.18 1.20 0.99-1.47 0.07
MLSTS8 -0.76 0.47 0.30-0.74 0.00
SQSTM1 0.23 1.26 1.03-1.54 0.03
CASP8 -0.47 0.63 0.38-1.03 0.07
RGS19 -0.26 0.77 0.56-1.07 0.12
FOXO01 -0.26 0.77 0.57-1.06 0.11
SPNS1 1.62 5.05 2.09-12.17 0.00
HSPB8 0.15 1.17 1.02-1.33 0.02
HGS -0.36 0.70 0.48-1.03 0.07

Abbreviations: HR, Hazardous Ratio; Cl, Credential Interval.
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single ARG at a time. The limitation of a single
autophagy gene in predicting the survival outcomes
warrants an expansion of the ARG list that are
potentially applicable for predicting the prognosis of
HCC patients. We finally identified 8 prognostic ARGs
from screening from a total number of 237 ARGs from
the ATCG datasets for establishing a prognostic
model that might be used for prognosis prediction
in HCC patients, which offers a new perspective into
the scheming of developing individualized therapy
options based on a prognostic stratification via this
model.

The model we constructed consists of a group ARGs
that are correlated with the survival outcomes of HCC
patients confirmed by the univariate and then the
multivariate cox regression analysis.

Most of the genes incorporated for the construction of
the signature were explored in previous studies as a
progression promoter and a prognosis indicator for
patients with HCC or other malignancies. The
knockdown of RHEB, a key regulator in mTOR
signaling pathway [23], was related with an inhibited
effect on the growth of SMMC-7721 cells, and the
upregulated expression of RHEB in human HCC tissues
was correlated poorer prognosis as compared with those
who had lower expression level of RHB [24-29].
HSP90ABI, also referred to as HSP90P, was reported to
promote the angiogenesis [30-33] by activating
VEGFRs transcription in an epithelial cell-dependent
way or by interacting with Twistl, increasing nuclear
translocation, and activating VVE-cadherin transcription
to induce EMT in HCC, suggesting that HSP90p might
be a novel target for antitumor therapy. ATIC, likewise,
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which, however, has only taken into consideration a was
identified as an oncogenic gene promoting cell survival,
proliferation, and migration by targeting the AMPK-
MTOR-S6 K1 pathway [34], the aberrantly upregulated
expression of which was correlated with poor survival of
HCC patients. Transient knockdown of ATIC by siRNA
partially impaired DNA double-strand break repair,
shortening cellular survival following radiation, which
implied that targeting ATIC may be an effective
chemoradiotherapy sensitizer [35]. Also, the rest of the
genes in the signature, including HDAC1, MLSTS,
SQSTM1, CASP8, RGS19, FOXO1, SPNS1, and
HSPBS, were all reported to promote tumor progression
either via targeting the mTOR pathway [36], the
metabolism pathway [37], the cCAMP/PKA/CREB [38]
or Akt pathway [39-41] in various types of
malignancies, including HCC. Based on the extensive
literature evidencing the notion that the ARGs are
clinically relevant to the prognostic outcomes of HCC
patients and could be potentially used as biomarkers for
both monitoring treatments and predicting prognosis.

Limitations of this study are:1) Data in our study were
collected retrospectively, leaving some internal bias
inevitable; 2) The prognostic signature established in our
study needs further validation from more independent
studies to make the signature more convincing; 3)
Experimental  explorations into the  molecular
mechanism underlying the functions of these genes.

In summary, we first demonstrated the clinical
significance of an ARG signature in predicting the
overall survival of HCC patients. The ARGs were
identified to be involved in HCC growth and progression
through different pathways mentioned above. Adding to
the reliability of the ARG signature is the consistency of
our findings with previous studies showing that some of
the ARGs are capable of forecasting the survival
outcomes and monitoring tumor progression and
treatment responses. Therefore, presumably the ARGs
identified either in our study or elsewhere might hold
promise as a novel biomarker for human HCC therapy,
making the development and test of the effect of ARG
inhibitors clinically desirable. It’s also of great interest to
unravel the underlying molecular mechanism of these
genes and their roles in other types of malignancies.

CONCLUSIONS

In conclusion, our study demonstrates for the first time
the potential prognostic role of an ARG signature in
HCC, although more in-depth mechanisms and
prognostic roles for this signature in HCC need to be
confirmed in the future, our findings provide a
preliminary basis to explore ARGs as a potential
molecular target for the development of HCC therapies.

MATERIALS AND METHODS
Data retrieval

To identify the ARGs that could predict the prognosis
of HCC patients, we retrieved the mRNA expression
data of 377 HCC patients from the Cancer Genome
Atlas (TCGA) datasets. RNA-seq data of 221 ARGs
and the clinical features of the patients were obtained
for further analysis.

Identification of differentially expressed ARGs by
enrichment analysis

Differentially expressed ARGs were identified from a
list of total 632 ARGs in HCC from the TCGA datasets
by using the EdgeR package in R statistical software.
ARGs were only considered as differentially expressed
ARGs when at least 2-fold change, evidenced by a
p-value less than 0.05, in the expression level was
observed. Gene functional enrichment analyses, using
gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG), was conducted based
on the differentially expressed ARGs to find the
major functional and molecular attributes of these
genes.

Construction of an individualized prognostic index
based on ARGs

The prognosis-predicting model based on ARGs was
constructed using the multivariate cox regression
analysis. A scoring formula for each HCC patient was
established and weighted by its expected regression
coefficients in a multivariate cox regression analysis
after including the expression values for every single
gene and was then employed to determine the use of the
median risk score as the cut-off point characterize
patients into a high-risk group and low-risk group. The
Kaplan-Meier estimator and the multivariate cox
regression analysis were adopted to assess the
differences in survival in these two groups, and the role
of risk scores in predicting survival outcomes for HCC
patients, respectively. ROC curves were used to study
the accuracy of the prediction model.

Statistical analysis

Statistical analyses were performed mostly based on the
R 3.5.1(https://www.r-project.org/). The univariate
Cox regression analysis was used to evaluate the
association between gene expression profiles and
overall survival.

Differences between survival curves generated by the
Kaplan-Meier method was defined by log-rank tests.
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The Multivariate Cox regression model was employed
to construct the model based on the factor correlated
with survival.

The package of “survival ROC” built-in R was utilized to
generate the receiver operating characteristic (ROC) curve
and calculate the area under the ROC curve (AUC) for
each dataset to measure the prognostic role of the model.

All statistical tests were only considered significant
when p <0.05 was achieved.

AUTHOR CONTRIBUTIONS

YZ, QC, and RW were responsible for the design and data
processing of this study. YZ, WC, and QC were all
contributing to the writing of the manuscript. JZ offered
theoretical guidance and inspiring insights into the clinical
significance of the ARG signature. We’d like to thank
Chelsy Yang for polishing the language of this manuscript.

CONFLICTS OF INTEREST

All the authors declared no conflicts of interest and
gave full approval to the submission of this manuscript.

FUNDING

This work was supported by the National Key
R&D Program of China (N0.2019YFC1315800,
2019YFC1315802),  National ~ Natural  Science
Foundation of China (N0.81830102, 81772578), Joint
Tackling Project of Emerging Frontier Technologies in
Shanghai Hospitals in 2017(SHDC12017122), and the
Shanghai Municipal Key Clinical Specialty.

REFERENCES

1. Villanueva A. Hepatocellular Carcinoma. N Engl J Med.
2019; 380:1450-1462.
https://doi.org/10.1056/NEJMral1713263
PMID:30970190

2. Kulik L, EI-Serag HB. Epidemiology and management of
hepatocellular carcinoma. Gastroenterology. 2019;
156:477-91.el.
https://doi.org/10.1053/j.gastro.2018.08.065
PMID:30367835

3. Gao Q, Wang XY, Zhou J, Fan J. Multiple carcinogenesis
contributes to the heterogeneity of HCC. Nat Rev
Gastroenterol Hepatol. 2015; 12:13.
https://doi.org/10.1038/nrgastro.2014.6-c1
PMID:25421581

4. Parikh ND, Singal AG, Hutton DW. Cost effectiveness of
regorafenib as second-line therapy for patients with

10.

11.

12.

advanced hepatocellular carcinoma. Cancer. 2017,
123:3725-31.

https://doi.org/10.1002/cncr.30863

PMID:28662266

Nakagawa S, Wei L, Song WM, Higashi T, Ghoshal S,
Kim RS, Bian CB, Yamada S, Sun X, Venkatesh A,
Goossens N, Bain G, Lauwers GY, et al, and Precision
Liver Cancer Prevention Consortium. Molecular liver
cancer prevention in cirrhosis by organ transcriptome
analysis and lysophosphatidic acid pathway inhibition.
Cancer Cell. 2016; 30:879-90.
https://doi.org/10.1016/j.ccell.2016.11.004
PMID:27960085

Klionsky DJ. Autophagy: from phenomenology to
molecular understanding in less than a decade. Nat
Rev Mol Cell Biol. 2007; 8:931-37.
https://doi.org/10.1038/nrm2245

PMID:17712358

Galluzzi L, Pietrocola F, Bravo-San Pedro M,
Amaravadi RK, Baehrecke EH, Cecconi F, Codogno P,
Debnath J, Gewirtz DA, Karantza V, Kimmelman A,
Kumar S, Levine B, et al. Autophagy in Malignant
transformation and cancer progression. EMBO J. 2015;
34:856-80.
https://doi.org/10.15252/embj.201490784
PMID:25712477

Amaravadi R, Kimmelman AC, White E. Recent insights
into the function of autophagy in cancer. Genes Dev.
2016; 30:1913-30.
https://doi.org/10.1101/gad.287524.116
PMID:27664235

Levy JM, Thorburn A. Targeting autophagy during
cancer therapy to improve clinical outcomes.
Pharmacol Ther. 2011; 131:130-41.
https://doi.org/10.1016/j.pharmthera.2011.03.009
PMID:21440002

Rubinsztein DC, Bento CF, Deretic V. Therapeutic
targeting of autophagy in neurodegenerative and
infectious diseases. J Exp Med. 2015; 212:979-90.
https://doi.org/10.1084/jem.20150956
PMID:26101267

Towers CG, Thorburn A. Therapeutic Targeting of
Autophagy. EBioMedicine. 2016; 14:15-23.
https://doi.org/10.1016/j.ebiom.2016.10.034
PMID:28029600

Amaravadi RK, Yu D, Lum JJ, Bui T, Christophorou MA,
Evan GI, Thomas-Tikhonenko A, Thompson CB.
Autophagy inhibition enhances therapy-induced
apoptosis in a myc-induced model of lymphoma. J Clin
Invest. 2007; 117:326-36.
https://doi.org/10.1172/JCI128833

PMID:17235397

WWW.aging-us.com

14590

AGING


https://doi.org/10.1056/NEJMra1713263
https://pubmed.ncbi.nlm.nih.gov/30970190
https://doi.org/10.1053/j.gastro.2018.08.065
https://pubmed.ncbi.nlm.nih.gov/30367835
https://doi.org/10.1038/nrgastro.2014.6-c1
https://pubmed.ncbi.nlm.nih.gov/25421581
https://doi.org/10.1002/cncr.30863
https://pubmed.ncbi.nlm.nih.gov/28662266
https://doi.org/10.1016/j.ccell.2016.11.004
https://pubmed.ncbi.nlm.nih.gov/27960085
https://doi.org/10.1038/nrm2245
https://pubmed.ncbi.nlm.nih.gov/17712358
https://doi.org/10.15252/embj.201490784
https://pubmed.ncbi.nlm.nih.gov/25712477
https://doi.org/10.1101/gad.287524.116
https://pubmed.ncbi.nlm.nih.gov/27664235
https://doi.org/10.1016/j.pharmthera.2011.03.009
https://pubmed.ncbi.nlm.nih.gov/21440002
https://doi.org/10.1084/jem.20150956
https://pubmed.ncbi.nlm.nih.gov/26101267
https://doi.org/10.1016/j.ebiom.2016.10.034
https://pubmed.ncbi.nlm.nih.gov/28029600
https://doi.org/10.1172/JCI28833
https://pubmed.ncbi.nlm.nih.gov/17235397

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Thorburn A, Thamm DH, Gustafson DL. Autophagy and
cancer therapy. Mol Pharmacol. 2014; 85:830-8.
https://doi.org/10.1124/mol.114.091850
PMID:24574520

Levine B, Kroemer G. Biological functions of autophagy
genes: a disease perspective. Cell. 2019; 176:11-42.
https://doi.org/10.1016/j.cell.2018.09.048
PMID:30633901

Takamura A, Komatsu M, Hara T, Sakamoto A, Kishi C,
Waguri S, Eishi Y, Hino O, Tanaka K, Mizushima N.
Autophagy-deficient mice develop multiple liver
tumors. Genes Dev. 2011; 25:795-800.
https://doi.org/10.1101/gad.2016211

PMID:21498569

Liang XH, Yu J, Brown K, Levine B. Beclin 1 contains a
leucine-rich nuclear export signal that is required for its
autophagy and tumor suppressor function. Cancer Res.
2001; 61:3443-49.

PMID:11309306

Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H, Troxel A,
Rosen J, Eskelinen EL, Mizushima N, Ohsumi Y,
Cattoretti G, Levine B. Promotion of tumorigenesis by
heterozygous disruption of the beclin 1 autophagy
gene. J Clin Invest. 2003; 112:1809-20.
https://doi.org/10.1172/JCI120039 PMID:14638851

Qiu DM, Wang GL, Chen L, Xu YY, He S, Cao XL, Qin J,
Zhou JM, Zhang YX, E Q. The expression of beclin-1, an
autophagic gene, in hepatocellular carcinoma
associated with clinical pathological and prognostic
significance. BMC Cancer. 2014; 14:327.
https://doi.org/10.1186/1471-2407-14-327
PMID:24885292

Levine B, Klionsky DJ. Autophagy wins the 2016 nobel
prize in physiology or medicine: breakthroughs in
baker’s yeast fuel advances in biomedical research.
Proc Natl Acad Sci USA. 2017; 114:201-05.
https://doi.org/10.1073/pnas.1619876114
PMID:28039434

Amaravadi RK, Lippincott-Schwartz J, Yin XM, Weiss
WA, Takebe N, Timmer W, DiPaola RS, Lotze MT, White
E. Principles and current strategies for targeting
autophagy for cancer treatment. Clin Cancer Res. 2011;
17:654—66.
https://doi.org/10.1158/1078-0432.CCR-10-2634
PMID:21325294

Amaravadi R, Debnath J. Mouse models address key
concerns regarding autophagy inhibition in cancer
therapy. Cancer Discov. 2014; 4:873-75.
https://doi.org/10.1158/2159-8290.CD-14-0618
PMID:25092744

Guo XL, Li D, Hu F, Song IR, Zhang SS, Deng WJ, Sun K,
Zhao QD, Xie XQ, Song YJ, Wu MC, Wei LX. Targeting

23.

24,

25.

26.

27.

28.

29.

30.

autophagy potentiates chemotherapy-induced
apoptosis and proliferation inhibition in
hepatocarcinoma cells. Cancer Lett. 2012; 320:171-79.
https://doi.org/10.1016/j.canlet.2012.03.002
PMID:22406827

Huang XY, Huang ZL, Zhang PB, Huang XY, Huang J,
Wang HC, Xu B, Zhou J, Tang ZY. CircRNA-100338 is
associated with mTOR signaling pathway and poor
prognosis in hepatocellular carcinoma. Front Oncol.
2019; 9:392.

https://doi.org/10.3389/fonc.2019.00392
PMID:31157168

Xu G, Zhang M, Zhu H, Xu J. A 15-gene signature for
prediction of colon cancer recurrence and prognosis
based on SVM. Gene. 2017; 604:33-40.
https://doi.org/10.1016/j.gene.2016.12.016
PMID:27998790

LinY, Liang R, Ye J, Li Q, Liu Z, Gao X, Piao X, Mai R, Zou
D, Ge L. A twenty gene-based gene set variation score
reflects the pathological progression from cirrhosis to
hepatocellular carcinoma. Aging (Albany NY). 2019;
11:11157-69.

https://doi.org/10.18632/aging.102518
PMID:31811111

Chiang YJ, Liao WT, Ho KC, Wang SH, Chen YG, Ho CL,
Huang SF, Shih LY, Yang-Yen HF, Yen JJ. CBAP
modulates Akt-dependent TSC2 phosphorylation to
promote rheb-mTORC1 signaling and growth of t-cell
acute lymphoblastic leukemia. Oncogene. 2019;
38:1432-47.
https://doi.org/10.1038/s41388-018-0507-6
PMID:30266989

Yang H, Jiang X, Li B, Yang HJ, Miller M, Yang A, Dhar A,
Pavletich NP. Mechanisms of mTORC1 activation by
RHEB and inhibition by PRAS40. Nature. 2017;
552:368-73.

https://doi.org/10.1038/nature25023

PMID:29236692

Liu F, Pan Z, Zhang J, Ni J, Wang C, Wang Z, Gu F, Dong
W, Zhou W, Liu H. Overexpression of RHEB is associated
with metastasis and poor prognosis in hepatocellular
carcinoma. Oncol Lett. 2018; 15:3838-45.
https://doi.org/10.3892/0l.2018.7759

PMID:29467900

Campos T, Ziehe J, Palma M, Escobar D, Tapia JC,
Pincheira R, Castro AF. Rheb promotes cancer cell
survival through p27Kipl-dependent activation of
autophagy. Mol Carcinog. 2016; 55:220-29.
https://doi.org/10.1002/mc.22272

PMID:25594310

Meng J, Liu Y, Han J, Tan Q, Chen S, Qiao K, Zhou H, Sun
T, Yang C. Hsp90B promoted endothelial cell-

WWW.aging-us.com

14591

AGING


https://doi.org/10.1124/mol.114.091850
https://pubmed.ncbi.nlm.nih.gov/24574520
https://doi.org/10.1016/j.cell.2018.09.048
https://pubmed.ncbi.nlm.nih.gov/30633901
https://doi.org/10.1101/gad.2016211
https://pubmed.ncbi.nlm.nih.gov/21498569
https://pubmed.ncbi.nlm.nih.gov/11309306
https://doi.org/10.1172/JCI20039
https://pubmed.ncbi.nlm.nih.gov/14638851
https://doi.org/10.1186/1471-2407-14-327
https://pubmed.ncbi.nlm.nih.gov/24885292
https://doi.org/10.1073/pnas.1619876114
https://pubmed.ncbi.nlm.nih.gov/28039434
https://doi.org/10.1158/1078-0432.CCR-10-2634
https://pubmed.ncbi.nlm.nih.gov/21325294
https://doi.org/10.1158/2159-8290.CD-14-0618
https://pubmed.ncbi.nlm.nih.gov/25092744
https://doi.org/10.1016/j.canlet.2012.03.002
https://pubmed.ncbi.nlm.nih.gov/22406827
https://doi.org/10.3389/fonc.2019.00392
https://pubmed.ncbi.nlm.nih.gov/31157168
https://doi.org/10.1016/j.gene.2016.12.016
https://pubmed.ncbi.nlm.nih.gov/27998790
https://doi.org/10.18632/aging.102518
https://pubmed.ncbi.nlm.nih.gov/31811111
https://doi.org/10.1038/s41388-018-0507-6
https://pubmed.ncbi.nlm.nih.gov/30266989
https://doi.org/10.1038/nature25023
https://pubmed.ncbi.nlm.nih.gov/29236692
https://doi.org/10.3892/ol.2018.7759
https://pubmed.ncbi.nlm.nih.gov/29467900
https://doi.org/10.1002/mc.22272
https://pubmed.ncbi.nlm.nih.gov/25594310

31

32.

33.

34,

35.

36.

dependent tumor angiogenesis
carcinoma. Mol Cancer. 2017; 16:72.
https://doi.org/10.1186/s12943-017-0640-9
PMID:28359326

Meng J, Chen S, Lei YY, Han JX, Zhong W IL, Wang XR,
Liu YR, Gao WF, Zhang Q, Tan Q, Liu HJ, Zhou HG, Sun
T, Yang C. Hsp90B promotes aggressive vasculogenic
mimicry via epithelial-mesenchymal transition in
hepatocellular carcinoma. Oncogene. 2019; 38:228-
43,

http://doi.org/10.1038/s41388-018-0428-4
PMID:30087438

Wang H, Deng G, Ai M, Xu Z, Mou T, Yu J, Liu H, Wang
S, Li G. Hsp90ab1 stabilizes LRP5 to promote epithelial-
mesenchymal transition via activating of AKT and
Wnt/B-catenin signaling pathways in gastric cancer
progression. Oncogene. 2019; 38:1489-507.
https://doi.org/10.1038/s41388-018-0532-5
PMID:30305727

Boysen M, Kityk R, Mayer MP. Hsp70- and Hsp90-
mediated regulation of the conformation of p53 DNA
binding domain and p53 cancer variants. Mol Cell.
2019; 74:831-43.e4.
https://doi.org/10.1016/j.molcel.2019.03.032
PMID:31027880

Li M, Jin C, Xu M, Zhou L, Li D, Yin Y. Bifunctional
enzyme ATIC promotes propagation of hepatocellular
carcinoma by regulating AMPK-mTOR-S6 K1 signaling.
Cell Commun Signal. 2017; 15:52.
https://doi.org/10.1186/s12964-017-0208-8
PMID:29246230

in hepatocellular

Liu X, Paila UD, Teraoka SN, Wright JA, Huang X,
Quinlan AR, Gatti RA, Concannon P. Identification of
ATIC as a novel target for chemoradiosensitization. Int
J Radiat Oncol Biol Phys. 2018; 100:162—-73.
https://doi.org/10.1016/].ijrobp.2017.08.033
PMID:29029884

Zahid KR, Yao S, Khan AR, Raza U, Gou D.
MTOR/HDAC1 crosstalk mediated suppression of
ADH1A and ALDH2 links alcohol metabolism to

37.

38.

39.

40.

41.

hepatocellular carcinoma onset and progression in
silico. Front Oncol. 2019; 9:1000.
https://doi.org/10.3389/fonc.2019.01000
PMID:31637215

Huang J, Duran A, Reina-Campos M, Valencia T, Castilla
EA, Miiller TD, Tschép MH, Moscat J, Diaz-Meco MT.
Adipocyte p62/SQSTM1 Suppresses Tumorigenesis
through Opposite Regulations of Metabolism in
Adipose Tissue and Tumor. Cancer Cell. 2018; 33:770—
784.e6.

https://doi.org/10.1016/j.ccell.2018.03.001
PMID:29634950

Li Y, Song J, Tong Y, Chung SK, Wong YH. RGS19
upregulates Nm23-H1/2 metastasis suppressors by
transcriptional activation via the cAMP/PKA/CREB
pathway. Oncotarget. 2017; 8:69945—60.
https://doi.org/10.18632/oncotarget.19509
PMID:29050254

Tso PH, Yung LY, Wang Y, Wong YH. RGS19 stimulates
cell proliferation by deregulating cell cycle control
and enhancing Akt signaling. Cancer Lett. 2011;
309:199-208.
https://doi.org/10.1016/j.canlet.2011.06.002
PMID:21705135

Duan S, Huang W, Liu X, Liu X, Chen N, Xu Q, Hu Y, Song
W, Zhou J. IMPDH2 promotes colorectal cancer
progression through activation of the PI3K/AKT/mTOR
and PI3K/AKT/FOXO1 signaling pathways. J Exp Clin
Cancer Res. 2018; 37:304.
https://doi.org/10.1186/s13046-018-0980-3
PMID:30518405

Matsushima-Nishiwaki R, Toyoda H, Takamatsu R,
Yasuda E, Okuda S, Maeda A, Kaneoka Y, Yoshimi N,
Kumada T, Kozawa O. Heat shock protein 22 (HSPBS8)
reduces the migration of hepatocellular carcinoma
cells through the suppression of the phosphoinositide
3-kinase (PI3K)/AKT pathway. Biochim Biophys Acta
Mol Basis Dis. 2017; 1863:1629-39.
https://doi.org/10.1016/j.bbadis.2017.04.021
PMID:28456666

WWW.aging-us.com

14592

AGING


https://doi.org/10.1186/s12943-017-0640-9
https://pubmed.ncbi.nlm.nih.gov/28359326
http://doi.org/10.1038/s41388-018-0428-4
mailto:https://pubmed.ncbi.nlm.nih.gov/30087438
https://doi.org/10.1038/s41388-018-0532-5
https://pubmed.ncbi.nlm.nih.gov/30305727
https://doi.org/10.1016/j.molcel.2019.03.032
https://pubmed.ncbi.nlm.nih.gov/31027880
https://doi.org/10.1186/s12964-017-0208-8
https://pubmed.ncbi.nlm.nih.gov/29246230
https://doi.org/10.1016/j.ijrobp.2017.08.033
https://pubmed.ncbi.nlm.nih.gov/29029884
https://doi.org/10.3389/fonc.2019.01000
https://pubmed.ncbi.nlm.nih.gov/31637215
https://doi.org/10.1016/j.ccell.2018.03.001
https://pubmed.ncbi.nlm.nih.gov/29634950
https://doi.org/10.18632/oncotarget.19509
https://pubmed.ncbi.nlm.nih.gov/29050254
https://doi.org/10.1016/j.canlet.2011.06.002
https://pubmed.ncbi.nlm.nih.gov/21705135
https://doi.org/10.1186/s13046-018-0980-3
https://pubmed.ncbi.nlm.nih.gov/30518405
https://doi.org/10.1016/j.bbadis.2017.04.021
https://pubmed.ncbi.nlm.nih.gov/28456666

