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Abstract

Aim: This study aimed to investigate the prognostic and diagnostic value of autophagy-related genes (ATGs) in
hepatocellular carcinoma (HCC).

Methods: The expression profiles of differentially expressed ATGs (DEAs) were extracted from The Cancer
Genome Atlas (TCGA), Human Protein Atlas (HPA), International Cancer Genome Consortium (ICGC), and
TIMER databases. The biological functions and enrichment pathways related to the DEAs were determined. In the
TCGA training cohort, univariate Cox regression was used to define HCC subtypes, and prognostic ATGs were
submitted to LASSO Cox analyses to generate overall survival (OS), progression-free survival (PFS), disease-free
survival (DFS), and disease-specific survival (DSS)-related models. The ICGC validation cohort [the Liver Cancer-
RIKEN JP (LIRI-JP)] was used to examine the predictive models. The Kaplan Meier, nomogram, and receiver
operating characteristic (ROC) analyses were used to confirm the accuracy of the prediction. The relationship
between prognostic signature and clinicopathologic parameters, genetic alterations, tumor microenvironment, and
subcellular location annotation was also examined by multiple databases.

Results: A total of 50 DEAs were identified and enriched in autophagosome membrane, programmed cell death,
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and PI3K-Akt signaling pathways. BIRC5, GAPDH, FKBP1A, and RACT were significantly correlated with poor
prognosis and were identified to be independent predictors for HCC OS and DSS (HR > 1.8, P < 0.05). The risk
score of prognostic models has confirmed that BIRC5 was an independent prognostic factor. The calibration curve
has validated the accuracy and reliability of the nomogram for survival years, as well as ICGC validation using the
same risk models. BIRC5 may influence the mortality of hepatitis B and C patients. Immunohistochemistry showed
that BIRCS protein was moderately expressed in HCC and may influence tumor detection and genetic mutations.
High amplification of BIRC5 may inhibit the immune infiltrates as CD4 T cells, macrophages, and neutrophils.

Conclusion: BIRC5 is overexpressed in HCC tissues, indicating a poor prognosis that could be a new prognostic
biomarker, treatment target, and diagnostic signature for HCC.

Keywords: Hepatocellular carcinoma, autophagy, BIRC5, prognosis, biomarker

INTRODUCTION

The international Agency for Research on Cancer (IARC) reported that more than 19.3 million novel tumor
cases and 10 million cancer-related deaths occurred all around the world in 2020". Hepatocellular
carcinoma (HCC) is the third leading cause of cancer-related deaths and the sixth in terms of incidence
among malignancies'”, accounting for 90% of all primary liver cancers™. Its pathological changes are
determined by epigenetic and genetic alterations, including genomic insertions, mutations, and
deletions™. Globally, HCC has become a serious public health issue, with rising morbidity and mortality.
As reported, the 5-year survival rate of HCC patients only reached 18% in the United States”. Every year,
more than 850,000 new instances of liver cancer are diagnosed globally, with 782,000 fatalities'”. It is
estimated that by 2030, globally, HCC-associated mortality will reach 1 million cases annually"’. Hepatitis B
virus (HBV), Hepatitis C virus (HCV), and alcoholism are all substantial risk factors for HCC development,
and they are all linked to a poor prognosis and high aggressivity"*"". Tumors are heterogeneous and drug-
resistant, and despite the advances in therapy, such as anti-viral drugs, surgical interventions,
immunotherapeutic agents, and targeted therapies, HCC remains a formidable threat and a great public
health challenge"”. Therefore, it is crucial to identify suitable prognostic and diagnostic biomarkers for early
HCC stages to guide effective treatment.

Autophagy is a highly conserved intracellular degradation mechanism, which is required for cellular
homeostasis, protein quality management, and pathogen defense as well"”. Autophagy plays various roles in
the maintenance of liver homeostasis by eliminating damaged mitochondria and promoting cellular
processes that preserve genomic stability, prevent malignant transformation, and mitigate chronic cell
damage'*'"”, especially in the early stages of tumorigenesis"®. Under the regulation of autophagy-related
genes (ATGs), the autophagy degradation process delivers basic nutrients and energy to liver cells">'*, all of
which are commonly interrupted during carcinogenesis and cancer treatment"”. Currently, preclinical
findings have offered circumstantial evidence of a link between autophagy-related activities and HCC
prognostic outcomes"”. For instance, Fang et al. reported that autophagy suppression reduces HCV
replication in human hematoma cells"®. In hepatoma cells, autophagy-related 5 (ATG 5) siRNA inhibits
autophagy while increasing norcantharidin-induced apoptosis"™. Suppressed autophagy elevates the levels
of the autophagy protein p62, which stimulates the production of the Nrf2, which promotes liver fibrosis
and liver cancer progression™ while also lessening HCC cell sensitivity to sorafenib®!. Over recent years,
the ATG signature has been developed to predict prognosis in diverse types of tumors, such as resected
breast tumors *”/, pancreatic cancer”, and glioma”. AFP, VEGF, and ANG-2 were indicated as prognostic
biomarkers for HCC by the European Association for the Study of the Liver (EASL), whereas Keratin-19
and EpCAM were presented as prognostic options for their link with poor prognosis outcomes for HCC
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patients”*”. Nevertheless, the predictive efficacy and diagnostic significance of ATG signature have not
been examined for HCC.

In this study, we constructed signatures of ATGs through RNA expression levels of differentially expressed
autophagy-related genes (DEAs) related to HCC, which were obtained from The Cancer Genome Atlas
(TCGA) cohort and the Human Autophagy Database (HADD). Notably, the autophagy-related prognostic
signature related to HCC survival prediction was also determined using clinical prognosis prediction
models according to the risk score cutoff value. Following that, the International Cancer Genome
Consortium (ICGC) dataset [the Liver Cancer-RIKEN JP (LIRI-JP)] was used to verify the HCC prognostic
signature. Notably, the models exhibit promising prognostic ability and might be used to help HCC patients
make healthcare decisions.

METHODS

Data source and processing

Transcription profiling RNA-seq data, along with the corresponding clinical data for 374 HCC samples and
50 adjacent normal tissues, were acquired from the “TCGA-LIHC” dataset in the TCGA public resource
portal (https://tcga-data.nci.nih.gov/tcga/)®".

Meanwhile, the samples extracted from the TCGA cohort were used as the training group, and those from
the ICGC (http://dcc.icgc.org/releases/current/Projects) portals served as the validation cohort, which
provided 202 normal tissues and 243 HCC tissues.

The HADD (https://autophagy.lu/vi/clustering/), a specific database for conserving genes related to human
autophagy, yielded a total of 232 ATGs"".

Notably, raw data were filtered to remove duplicated and missing findings. First, raw data were normalized
by log,(TPM +1) transformation using “RMA” (version 4.1.3) in R. Then, 19,654 protein-coding genes were
annotated. The “affy” package was used to perform robust multi-array average normalization and quantile
normalization on the microarray data.

Identification and functional enrichment analysis of DEGs in HCC
The R package “DESeq2” was used to identify the differentially expressed genes (DEGs) related to HCC,
[log,FC| >1, and false discovery rate (FDR) < 0.05 were deemed significant, and the P value adjusted by FDR.

GO and KEGG analyses performed functional and enrichment pathways related to DEGs. KEGG is a
massive database that contains information about chemical, genetic, and system activities, while GO
functional annotation is a database for characterizing and defining input genes as well as protein activities in
numerous species”.

Identification of differentially expressed ARGs

The expression profile of DEAs between HCC cases and normal controls was extracted from the HADb
database and the TCGA transcription profiling data. The Wilcoxon test was applied to evaluate the
significance of the variation in gene expression, with a significant threshold of |log,FC| >1 and FDR < 0.05.
The Kruskal-Wallis test was utilized to compare gene expression significances in various tissues.

To predict protein functions, the STRING (version 11.5, https://string-db.org/) database was used, with a
combined score > 0.6 as the criterion. Cytoscape (version 3.8.0, https://cytoscape.org/) was applied to
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display the protein-protein interaction (PPI) network™. GO and KEGG analyses were completed using
“GOplot” and “ClusterProfiler” packages in R to execute the enriched ontologies, biological features, and
disease pathways.

Prognostic significance of DEAs in HCC

Overall survival (OS), disease-free survival (DFS), progression-free survival (PFS), and disease-specific
survival (DSS) for 374 HCC samples from the TCGA-LIHC dataset were analyzed to assess whether DEAs
were associated with prognostic significance in HCC patients. Using Kaplan-Meier survival curves based on
the median risk score, as well as hazard ratio (HR) values with a 95% Confidence Interval (95%CI) and
log-rank P < 0.05, the HCC patients were categorized into high-risk (n = 185) and low-risk (# = 185) groups.

Construction of the risk signature for survival prediction of HCC patients

The prognostic risk signature was produced using a LASSO Cox regression model and the R packages,
“glmnet” and “survival”, to avoid false-positive outcomes and overfitting of the prognostic signature. Then,
the prognostic relevance of OS-, DES-, PFS-, and DSS-related prognostic signatures of HCC was determined
using univariate and LASSO Cox regression analyses (FDR < 0.05). Running cross-validation 1,000 times
yielded the best value for the penalization coefficient lambda (1) computed in multivariate Cox regression,
with the risk score = Xi; Coefi x Exprei. Following that, using the Kaplan-Meier survival method, survival
curves were generated to represent the clinical outcomes of high-risk (n = 185) and low-risk (n = 185)
patients in HCC. The prognostic performance of the four risk models (OS-, DFS-, PES-, and DSS-related
HCC risk models) was evaluated using time-dependent receiver operating characteristic (ROC) analyses at
1-year, 3-year, and 5-year follow-up, which could examine the specificity and sensitivity of DEAs in
outcome prediction.

Establishment of the prognostic signature

Hence, four DAE signatures were optimized based on the coincidence of two prognostic models, OS and
DSS. Then, to determine whether four DEA signatures, age, gender, pathological grade, and tumor types
were independent prognostic factors for HCC tumorigenesis, all factors were included in the parameters of
univariate and multivariate Cox regression. HR and 95%CI were used for the calculation of prognostic
signature, and P < 0.05 was deemed significant. The “rms” in the R package was applied to develop a
nomogram that was utilized to validate the patients’ OS, PFS, DSS, and DES probability as well as the
prognostic value. The C-index was generated through “survcomp” to assess the accuracy of the Cox
regression models in predicting the prognostic outcomes of HCC patients (normal: 0.50-0.70, medium
accuracy: 0.71-0.90; high accuracy: > 0.90). Notably, the calibration curve, which presents the areas under
the curve (AUC) values of HCC patients at 1-, 2-, 3-, and 5-years, was constructed and utilized to test the
accuracy and reliability of the nomogram.

Validation of the prognostic signature

To validate the efficiency of prognostic signatures, LASSO-Cox regression analysis has been established to
calculate the optimal score of prognostic signatures. The clinical trait data, LIRI-JP, related to prognostic
signature were retrieved from the ICGC cohort for HCC. The risk score was generated using the same
algorithm used in the TCGA training cohort, and the mRNA expression levels of the prognostic signature
were standardized using the “scale” function. Using the optimal cutoff value of Kaplan-Meier analysis
obtained from the ICGC cohort, a total of 243 HCC patients were separated into two groups: high-risk and
low-risk. Then, a log-rank test was performed to compare survival curves between the two groups.
Additionally, the specificity and sensitivity of the prognostic signature in predicting outcomes at 1, 3, and 4
years were demonstrated using ROC curve analysis.
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Crosstalk between BIRC5 expression and hepatitis B and C

Hepatitis B and C are major pathogenic factors in HCC. Clinical data from 372 HCC patients in the TCGA
cohort were analyzed to better understand the influence of the interaction between prognostic signature
expression and hepatitis B and C on survival outcomes in HCC. Patients were divided into infected (1 = 60)
and uninfected (n = 312) groups. The individuals were also classified as HCV infected (n = 19) and
uninfected (n = 353). Based on the median signature score, patients with hepatitis B or C ere further
categorized into high-and low-risk groups, as were the uninfected patients. The effect of high and low
expression of a signature on survival and prognosis were also evaluated using the Log-rank test with
hepatitis C data. Kaplan-Meier curves were constructed using the “survminer” package in R, and survival
predictions were made using the “survival” R package.

Expression of prognostic signature

To compare the levels of signature expression in normal tissues and malignancies, the GEPIA (http://gepia.
cancer-pku.cn/) database, which integrates TCGA normal and GTEx data, was used to investigate the
mRNA expression of the prognostic signature, setting the threshold as [log,FC| > 1 and P < 0.05. The
“PATHOLOGY” and “TISSUE” modules of the Human Protein Atlas (HPA, https://www.proteinatlas.org/)
were employed to examine protein spatial distribution at the cellular and subcellular levels in normal tissues
compared to HCC tissues"™.

Association between signature, genetic alterations, and immunotherapy biomarkers

The c-Bioportal (https://www.cbioportal.org/) database presently contains multidimensional cancer
genomics data for approximately 5,000 samples across 20 cancer types”'. The c-Bioportal database
discovered gene mutations, copy number variations (CNV), and mRNA expressions among the genetic
alterations for prognostic signature. The “OncoPrint” tab presented a trademark summary of genetic
changes discovered in each HCC sample. Tumor mutational burden (TMB) is a new cancer characteristic
that measures the number of somatic mutations per 1 million bases in a tumor®”. Surprisingly, neoantigens
produced by elevated TMB trigger spontaneous antitumor immune responses and potentially predict
responses to cancer immunotherapies”**. In a variety of malignancies, microsatellite instability (MSI) is an
efficient prognostic biomarker and immunotherapeutic response predictor™. The SangerBox database
(http://sangerbox.com/) was then used to explore associations between signature levels and TMB, MSI, and
neoantigens in malignancies, with statistical significance, determined as a P < 0.05.

Tumor immune microenvironment and subcellular location annotation

Six types of immunological infiltrates - B cells, CD4 T cells, CD8 T cells, macrophages, neutrophils, and
dendritic cells - were examined using the “SCNA” module in the TIMER database (http://timer.cistrome.
org/)™. Box plots were utilized to illustrate the distribution of each immune cell type across different
mutation states in HCC, and the Wilcoxon rank test (P < 0.05) was applied to assess differences in
infiltration levels in each category. The HPA database was utilized to evaluate the signature expression of
proteins in all cell lines (n = 69). Based on available gene characterization data from the HPA, each
subcellular location was immunofluorescently annotated, and immunohistochemistry (IHC)-stained tissues
were graded according to the reliability of the analyzed protein expression.

Statistical analysis

The statistical analysis was performed using the R software (v4.1.3) and GraphPad Prism (v9.2). To predict
and validate the prognostic significance of the autophagy-related risk signature, the “survival ROC” and
“rms” R packages were employed. For each of the biomarkers and particular combinations, the diagnostic
performance was examined and compared using ROC analysis. Qualitative data were given as a percentage,
whereas quantitative data were expressed as mean + standard deviation (X % s). Differences between groups
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were evaluated using the Student’s ¢-test. Using the “survival” in R, the Kaplan-Meier curve and log-rank
test were performed to characterize the connection between survival time and survival probability for the
high-risk and low-risk groups. P < 0.05 denoted significance.

RESULTS

Identification and functional annotations of DEGs in HCC

A total of 2,915 DEGs were screened from HCC tissues and normal controls [Figure 1A and B]. Of these,
2,371 upregulated DEGs (81.34%) were considerably enriched in phagosomes, non-alcoholic fatty liver
disease (NAFLD), mRNA catabolic processes, and pathways involved in oxidative phosphorylation, and
bacterial invasion of epithelial cells. In contrast, 544 downregulated DEGs (18.66%) were significantly
enriched in cellular amino acid metabolism, chemical carcinogenesis, small molecule catabolic processes,
pathways related to epoxygenase P450, and the PPAR signaling pathway [Figure 1C].

Identification of differentially expressed ARGs

A total of 50 DEAs were identified, consisting of 42 upregulated and 8 downregulated genes [Figure 2A].

The largest fold differences were observed in BIRC5 (Log,FC = 2.7) and SPNS1 (Log,FC = -2.5). Most of
these DEAs showed significant associations with the MAPK3 and TP53 proteins in the PPI network
[Figure 2B], which were also primarily enriched in the lysosome, autophagosome membrane, and
endoplasmic reticulum, where they were mainly involved in processes such as autophagy, programmed cell
death, and the regulation of phosphate metabolism [Figure 2C]. Additionally, they played roles as structural
constituents in catalytic activities, enzyme regulator activities, and protein domain-specific binding.
Meanwhile, KEGG analysis revealed that these DEAs were predominantly enriched in pathways related to
apoptosis, HCC, autophagy in animals, and signaling pathways like cancer, PI3K-Akt, and NOD-like
receptor [Figure 2D].

Prognostic significance of DEAs in HCC

A total of 26 DEAs were linked to a poor HCC OS [Figure 3A], whereas 15 DEAs were substantially related
to a poor HCC DSS [Figure 3B]. Then, BIRC5, FKBP1A, GAPDH, and RAC1 (HR > 1.8) were identified as
potential independent risk factors for OS and DSS models that were substantially associated with poor
prognosis for HCC [Figures 4 and 5].

Risk signature for survival prediction of HCC patients

The LASSO Cox models revealed that 18 potential prognostic ATGs were correlated with HCC OS when
the minimum A value was 0.0195 [P < 0.05, Figure 6A-C]. The K-M method showed that the high BIRC5
expression group had worse OS [Figure 6D], implying that a high risk score is an adverse prognostic factor
(P < 0.05). Based on the combined risk score constructed from the OS-related LASSO Cox models, BIRC5
emerged as the best candidate for a risk-related prognostic signature. The AUC values for the four models,
predicting 1-, 3-, and 5-year survival outcomes, demonstrated strong predictive performance [Figure 6E].

Construction of the prognostic signature

Univariate and multivariate Cox models were constructed for the screened significant signatures. The forest
plots determined by Univariate Cox showed that VEGFA, SQSTM1, FKBP1A, and BIRCs5 are potential
prognostic signatures related to HCC OS [Figure 7A]. However, multivariate Cox analyses showed that only
BIRC5 was filtered as an independent prognostic signature for the HCC OS [Figure 7B]. Increased risk
scores in patients were associated with shorter survival times and higher mortality. The nomograms were
used to calculate the total scores predicting 1-, 2-, 3-, and 5-year survival probabilities by aggregating the
scores for each HCC patient. The C-index for OS [Figure 7C] was calculated as 0.682, 0.631, 0.686, and
0.634, respectively. Notably, the prediction accuracy improves as the calibration curve approaches the
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downregulated DEGs. DEGs: Differentially expressed genes; HCC: hepatocellular carcinoma.
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Figure 2. The biological function and enrichment analysis of DEAs in HCC. (A) Volcano plot; (B) PPI network; (C) GO functional
analysis; (D) KEGG enrichment analysis. DEAs: Differentially expressed autophagy-related genes; HCC: hepatocellular carcinoma; PPI:
protein-protein interaction.

diagonal. The result demonstrated good consistencies between the predicted survival outcomes of the
monogram and the observed actual survival outcomes [Figure 7D].

Validation of the prognostic signature BIRC5

The prognostic value and clinical relevance of the signature were subsequently validated in the ICGC
external validation cohort. Based on the minimum criteria, a risk model consisting of TP53, ARSA, ATIC,
GAPDH, BIRC5, and CDKN2A was established [Figure 8A-C]. A total of 240 HCC patients were divided
into two groups: high BIRC5 expression (n = 120) and low BIRC5 expression (n = 120). Analysis showed
that the low BIRC5 expression group tended to have a higher mortality rate and worse clinical outcomes
compared to the high BIRC5 expression group [HR = 5.605, Figure 8D]. Furthermore, ROC analysis
indicated that the validated model exhibited excellent predictive performance at 1 year (AUC = 0.779), 3
years (AUC = 0.83), and 4 years [AUC = 0.872, Figure 8E]. The results from the ICGC cohort validation
were consistent with those observed in the TCGA cohort, suggesting the stability of the validation.

Crosstalk of BIRC5 expression with hepatitis B and C

To investigate the impact of BIRC5 expression on the OS of patients with hepatitis B and C, six predictive
models were developed. The results revealed that patients with hepatitis B [HR = 1.78, Figure 9A] exhibited
poorer prognostic outcomes compared to healthy individuals. Based on median BIRC5 expression levels,
patients with HCC were classified into high and low BIRC5 expression groups. High BIRC5 expression was
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Figure 3. The forestplot determined by the OS-related risk model (A) and DSS-related risk model (B). OS: Overall survival; DSS: disease-
specific survival.

O] DSS

BIRCS5, FKBP1A, GAPDH, and RAC1

Figure 4. (A) The Venn diagram for the screening of HCC OS- and DSS-related signature genes, including BIRCS, FKBP1A, GAPDH, and
RACT; (B) The identification of prognostic signature for OS-, DSS-, DFS-, and PFS-related risk models. HCC: Hepatocellular carcinoma;
OS: overall survival; DSS: disease-specific survival; DFS: disease-free survival; PFS: progression-free survival.

associated with reduced survival in hepatitis B patients [HR = 2.63, Figure 9B] and shortened survival in
non-infected individuals [HR = 1.47, Figure 9C]. Additionally, patients with hepatitis C [HR = 2.35,
Figure 9D] also demonstrated poorer prognostic outcomes compared to healthy individuals. Moreover,
elevated BIRC5 expression was linked to a poor prognosis in both HCV-infected [HR = 2.31, Figure 9E] and
non-HCV-infected patients [HR = 1.78, Figure 9F]. These findings suggest that high BIRC5 expression was
a bad prognostic signature, contributing to increased mortality in patients with hepatitis B and hepatitis C.
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Figure 5. (A) The K-M curves of potential signatures for HCC OS (HR > 1.8); (B) The K-M curves of potential signatures for HCC DSS
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hazard ratio.

BIRCS5 expression in normal tissues and HCC tissues

A total of 529 samples were gathered from TCGA and GTEx databases, including 369 HCC cases and 160
normal samples. The results indicated that BIRC5 protein expression was significantly higher in the HCC
group compared to the control group [P < 0.05, Figure 10A]. The “Tissue Atlas” from the HPA database
illustrated the distribution of proteins across diverse malignant and normal tissues, while the “Pathology
Atlas” employed THC to assess the impact of protein expression on the survival probability of tumor
patients. Notably, IHC analysis revealed that BIRC5 protein expression was moderately elevated in HCC
compared to normal tissues, based on cytoplasmic immunoreactivity [P < 0.05, Figure 10B].

Association between BIRCS5, genetic alterations, and immunotherapy biomarkers

As a prognostic signature biomarker in HCC patients, BIRC5 was implicated with genetic pathology
parameters. A total of 1,617 HCC samples from the c-Bioportal database were analyzed, revealing that
genomic alterations in BIRC5 occurred in 4.07% of 369 cases, including 3.79% amplification and 0.27% deep
deletion [Figure 11A]. Genetic alterations in BIRC5 occurred in 2.7% of cases (P < 0.05), with the mutation
spectrum, cancer type details, and somatic status observed in nearly 100% of the HCC samples
[Figure 11B]. Furthermore, the relationship between BIRC5 and TMB, MSI, and immune neoantigens
scores was analyzed. The results revealed that BIRC5 expression had minimal impact on TMB and
neoantigen scores, but it was positively related to MSI in the HCC microenvironment (P = 0.005, R = 0.15),
suggesting that while BIRC5 may influence tumor detection and genetic mutations, it is not likely to be
applicable as a biomarker for immunotherapy [Figure 11C-E].

Tumor immune microenvironment and subcellular location annotation

The underlying relationship between BIRC5 and immune infiltration levels in the HCC microenvironment
was assessed using the TIMER online tool. The results showed a strong positive correlation between BIRC5
and various immune cell types, including B cells (R = 0.31, P = 1.72 x 10°), CD4 T cells (R = 0.13, P = 0.01),
CDs8 T cells (R = 0.20, P = 0), neutrophil cells (R = 0.18, P = 0), macrophages (R = 0.27, P = 0.72 x 10*), and
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Figure 6. Establishment of the DEAs prognostic classifier according to the OS of HCC based on the TCGA database. (A and B) LASSO
Cox regression analysis of ATGs that can significantly affect the HCC OS; (C) The expression of 18 prognosis-related risk genes and the
distribution of risk scores and survival status; (D) The overall survival in the high-risk and low-risk groups was analyzed using the K-M
method; (E) ROC curves revealed the BIRC5's prediction effectiveness for HCC. DEAs: Differentially expressed autophagy-related genes;
OS: overall survival; HCC: hepatocellular carcinoma; TCGA: The Cancer Genome Atlas; ATGs: autophagy-related genes; ROC: receiver
operating characteristic.

dendritic cells (R = 0.27, P = 1.75 x 107) [Figure 12A]. High BIRC5 amplification was commonly associated
with immune infiltrates, such as CD4 T cells, macrophages, and neutrophils [Figure 12B].

For the cell lines summarized, the RNA expression of Hep-G2 in the liver was derived from the “RNA
EXPRESSION” module of the HPA database, which reported an expression level of 123.1 nTPM, suggesting
low cell line specificity [Figure 13A].

In the “HUMAN CELLS” module analysis, subcellular localization of BIRC5 was determined using the
antibody CAB004270, revealing its presence in the cytokinetic bridge at multiple levels, with expression
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at1,2,3and 5 years. OS: Overall survival; HCC: hepatocellular carcinoma.

values of 139.1 nTPM, 152.6 n'TPM, and 150.4 nTPM [Figure 13B-E]. Furthermore, the “SINGLE CELL
VARIATION” analysis demonstrated that variations in BIRC5 transcript expression were closely correlated
with the cell cycle, particularly peaking in the G1 phase [Figure 13F and G]. The “SINGLE CELL TYPE”
analysis identified BIRC5 expression across 16 single-cell types in the liver, with particularly high expression
in T cells (n = 103, 487.9 n'TPM), erythroid cells (n = 91, 261.9 n'TPM), and B cells types (n = 520, 174.4
nTPM) [Figure 14A-C]J.

DISCUSSION

Despite significant advancements in HCC therapy, more than half of Chinese patients remain at high risk of
recurrence and metastasis””. The effective implementation of precision medicine continues to be a
challenge worldwide. Autophagy plays a crucial role in the occurrence and progression of HCC"**),
maintaining a dynamic equilibrium among genome integrity, cellular metabolism, and homeostasis'*".
Several pathways contribute to HCC metastasis and proliferation, including Wnt/-catenin-mediated
|, and the activation of autophagy via

the JNK1/Bcl-2 signaling pathway “**. However, the prognostic significance of aberrantly expressed ATGs

41,43

autophagy'*"*”, the stimulation of epithelial-mesenchymal transition!
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Figure 8. (A and B) The LASSO Cox regression model was built using the six predictive genes discovered in the ICGC training cohort; (C)
The expression of six prognosis-related risk genes and the distribution of risk scores and survival status; (D) The overall survival in the
high-risk and low-risk groups was analyzed using the K-M method; (E) Based on ICGC cohorts, ROC curves revealed the BIRC5's
prediction effectiveness for HCC. ICGC: International Cancer Genome Consortium; ROC: receiver operating characteristic; HCC:
hepatocellular carcinoma.

in HCC has not been fully investigated"”. Therefore, this study aimed to determine an autophagy-related
prognostic signature as a potential biomarker for HCC patients.

In this study, high-throughput transcriptomic data and corresponding clinical statistics of HCC patients
from the “TCGA-LIHC” dataset were analyzed to identify potential prognostic ATGs. A total of 2,915 DEGs
were found to be mainly correlated with autophagy, autophagosome membrane formation, programmed
cell death, protein domain-specific binding, and enzyme regulator activities. Additionally, 50 potential
ATGs were predominantly linked to several key signaling pathways, including apoptosis, necroptosis,
hepatitis B, autophagy (animal), PI3K-Akt, IL-17, Toll-like receptor, and NOD-like receptor pathways.
Regarding their prognostic significance in HCC, 26 potential ATGs were strongly associated with poor OS
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Figure 10. (A) The BIRC5 mRNA expression in normal tissues compared to HCC tissues from TCGA and GTEx databases; (B) The BIRC5
protein expression in HCC and normal liver tissue using immunohistochemistry. TCGA: The Cancer Genome Atlas; HCC: hepatocellular
carcinoma.

of HCC, while 15 ATGs were linked to poor DSS. However, only four ATGs (BIRC5, FKBP1A, GAPDH, and
RAC1) were consistently expressed in both OS and DSS analyses. Among them, BIRC5 was the most
upregulated ATG, while SPNS1 was the most downregulated. Notably, BIRC5 was found to be highly
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influenced by the activation of the PI3K/AKT signaling pathway, which inhibits autophagic cell death
during HCC progression"**"”. Additionally, BIRC5 was induced by IGF-1 signaling, promoting epithelial-
mesenchymal transition***. The prognostic relevance of OS-, DFS-, PFS-, and DSS-related prognostic
signatures in HCC was further evaluated using univariate Cox regression and LASSO Cox regression
analyses. Based on the coefficient scores, BIRC5 emerged as a potential prognostic signature. Further
screening through univariate and multivariate Cox analyses confirmed BIRC5 as an independent risk factor
when combined with predictive signatures and clinical parameters. Subsequently, nomograms were
constructed to predict OS, DES, PFES, and DSS in HCC patients, demonstrating good concordance between
the predicted and actual survival outcomes. Furthermore, validation using external ICGC cohorts, based on
the same risk score model derived from the TCGA training cohort, revealed that TP53, ARSA, ATIC,
GAPDH, BIRCs, and CDKN2A were strongly associated with poor HCC prognosis. Kaplan-Meier survival
analysis with the log-rank test indicated that patients with high BIRC5 expression had significantly worse
clinical outcomes compared to those with low BIRC5 expression. Additionally, ROC analysis demonstrated
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excellent predictive performance across multiple survival time points. In conclusion, through training and
validation models, BIRC5 was identified as an independent prognostic signature for HCC.

BIRCs is a crucial member of the apoptosis-inhibiting gene family, playing a key role in encoding regulatory
molecules that suppress cell apoptosis™*. Based on the above analysis, six models were constructed to
investigate the impact of BIRC5 on the OS of patients infected with hepatitis B and C. Interestingly, low
BIRC5 expression was associated with better clinical outcomes, leading to a reduction in hepatitis B and C
patient mortality. In HCC tissues, BIRC5 expression was significantly higher than in healthy controls.
BIRCs not only promotes cell proliferation and invasion but also inhibits apoptosis and cycle arrest™. It
plays a critical role in regulating cancer cell autophagy, contributing to chemotherapy and radiotherapy
resistance, and accelerating metastasis and recurrence, all of which support cancer cell survival and tumor
maintenance”". Additionally, BIRC5 serves as a negative regulator of apoptosis>'”*?., Regarding tumor
angiogenesis, BIRC5 enhances the expression of VEGF, which, in turn, promotes angiogenesis in the tumor
stroma”™. Liu et al. reported that BIRC5 may play an essential part in the IGF-1 signaling pathway by
regulating epithelial-mesenchymal transition (EMT) in HCC"*. Notably, IHC analysis revealed that BIRC5
protein expression was moderately elevated in HCC compared to normal tissues, as indicated by
cytoplasmic immunoreactivity. The study identified significant survival differences among patients with
varying clinical characteristics. HCC cells acquire aggressive properties through a series of genomic
changes®™*. Among 369 HCC patients, 3.79% exhibited gene amplification, 0.27% had deep deletions, and
2.7% carried other genetic alterations. Surprisingly, the mutation spectrum, cancer type details, and somatic
status showed nearly 100% occurrence in HCC samples. BIRC5 appears to promote tumor growth in the
HCC microenvironment, given its positive correlation with TMB, MSI, and neoantigen presence. According
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to Xiao et al., a new predictive score incorporating BIRC5 as a key component identified various tumor-
infiltrating immune cells (TIICs) in HCC"". TIICs potentially contribute to tumor progression”” and are
predominantly enriched and clonally amplified in HCC **. Their accumulation is also linked to poor
prognosis® . BIRC5 was significantly associated with the abundance of six types of TIICs, suggesting its
potential as a diagnostic biomarker for HCC and its involvement in immune regulation. Furthermore, high
BIRCs amplification was frequently observed in immune infiltrates, such as CD4 T cells, macrophages, and
neutrophils. The “SINGLE CELL TYPE” analysis showed that BIRC5 is highly expressed in 16 different cell
types, particularly in T cells, erythroid cells, and B cells in the liver. BIRC5 expression levels were also
examined in Hep-Gz2 cells, indicating that BIRC5 immunostaining was mainly localized in the cytoplasm
and nuclei of cancer cells. Additionally, variations in BIRC5 transcript expression were strongly correlated
with the cell cycle, potentially influencing the progression of the HCC cell cycle.

The relationship between the BIRC5 and HCC diagnosis and clinical treatment has garnered significant
attention in recent research. BIRC5, also known as Survivin, is a member of the inhibitor of apoptosis
protein (IAP) family and plays a crucial role in regulating cell survival, proliferation, and apoptosis. Its
abnormal expression contributes to HCC tumorigenesis by promoting cancer cell proliferation and
inhibiting apoptosis'®>*.. In terms of diagnosis, BIRC5 has shown potential as a biomarker for HCC,
facilitating early detection and prognosis assessment. However, further validation in larger patient cohorts is
required. BIRC5 expression levels correlate with tumor size, metastasis, and patient survival, making it a
promising target for diagnostic applications. Clinically, BIRC5-targeted therapies, such as small molecule
inhibitors and immunotherapies, are being explored as potential treatments to inhibit tumor growth and
improve patient outcomes. The underlying mechanisms of BIRC5 in HCC involve its interaction with key
signaling pathways, including the PI3K/AKT and NF-«B pathways, which regulate apoptosis and cell cycle
progression. Understanding these mechanisms could provide valuable insights into novel therapeutic
strategies for HCC.

The study has several limitations as follows: Firstly, it employs a descriptive study design, which cannot
completely eliminate the influence of confounding factors; Secondly, the study may be limited by a small
sample size, especially for specific patient groups (e.g., those with HBV or HCV infections), which could
affect the generalizability of the conclusions; Thirdly, autophagy is a multifaceted and complex biological
process, and a single biomarker may not fully capture its role in HCC. Future studies should
comprehensively investigate the complex effects of autophagy on the prognosis of HBV/HCV-infected
patients.

In conclusion, this study systematically integrates publicly available sequencing data with clinically validated
datasets to establish risk prognostic models for identifying BIRC5 as a key prognostic signature. BIRC5
could effectively and independently predict the OS, PES, DFS, and DSS in HCC patients. Importantly, the
identification of BIRC5 as a prognostic factor provides a basis for the development of therapeutic
interventions for HCC via autophagy-related mechanisms.
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