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Accumulating evidence has proved that autophagy serves as a tumor promoter in
formed malignancies, and the autophagy-related prognostic signatures have been
constructed as clinical tools to predict prognosis in many high-mortality cancers.
Autophagy-related genes have participated in the development and metastasis of
hepatocellular carcinoma (HCC), but the understanding of their prognostic value is
limited. Thereafter, LIMMA and survival analysis were conducted in both ICGC and
TCGA databases and a total of 10 hub autophagy-related genes, namely, NPC1,
CDKN2A, RPTOR, SPHK1, HGS, BIRC5, SPNS1, BAK1, ATIC, and MAPK3, were
collected. Then, GO, KEGG, correlation, consensus, and PCA analyses were utilized
to reveal their potential targeted role in HCC treatment. Single-cell RNA-seq of cancer
stem cells also indicated that there was a positive correlation between these genes
and stemness. In parallel, we applied univariate, LASSO, and multivariate regression
analyses to study the autophagy-related genes and finally proposed that ATIC and
BIRC5 were the valuable prognostic indicators of HCC. The signature based on ATIC
and BIRC5 exhibited moderate power for predicting the survival of HCC in the ICGC
cohort, and its efficacy was further validated in the TCGA cohort. Taken together, we
suggested that 10 aforementioned hub genes are promising therapeutic targets of
HCC and the ATIC/BIRC5 prognostic signature is a practical prognostic indicator for
HCC patients.

Keywords: autophagy, stemness, ATIC, BIRC5, prognosis

Abbreviations: DEGs, differentially expressed genes; BP, biological process; MFE, molecular function; CC, cellular
component; GO, gene ontology; HADb, Human Autophagy Database; HCC, hepatocellular carcinoma; KEGG, Kyoto
Encyclopedia of Genes; OS, overall survival; RNA-seq, RNA sequencing; TCGA, The Cancer Genome Atlas; ICGC,
International Cancer Genome Consortium; PCA, principal component analysis; CDE, cumulative distribution function;
ROC, receiver operating characteristic curve; LASSO, the least absolute shrinkage and selection operator Cox regression
algorithm; DCA, decision curve analysis; UMAP, Uniform Manifold Approximation and Projection.
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Autophagy-Related Signature Predicts HCC Prognosis

INTRODUCTION

As one of the most generally diagnosed and the predominant
cause of cancer-associated death, hepatocellular carcinoma
(HCC) still remains challenging to cure and demanding to
better predict its prognosis (Siegel et al, 2017; Bray et al,
2018). Upon more and more diagnosis approaches, therapies
of HCC also increase rapidly, including surgical resection,
chemotherapy, hepatic artery embolization, and immunotherapy
(Prieto et al, 2015). Nevertheless, the clinical outcome is
unfavorable owing to the complexities and heterogeneity
of intra- and inter-cancer cells. Therefore, it is imperative
to develop individualized therapeutics. Moreover, discovery
of applicable prognostic signature may aid in personalized
treatment development.

Autophagy is the biological system that participates in
the degradation of disable proteins, organelles, and cellular
constituents, thereby managing cell homeostasis and energy
balance (Liu B. et al., 2013). Previous studies have reported
that dysregulation of autophagy is accountable for extensive
pathological diseases, containing cancers (Ke et al, 2016),
cardiovascular disorders (Zhang C. et al, 2017), diabetes
(Fetterman et al., 2016), neurodegeneration (Xilouri et al,
2016), and aging (Redmann et al., 2016). Apart from taking
important part in different cell disorders, autophagy also
has a relatively bidirectional function in malignant cells.
During the initiation of cancer, autophagy could resist tumor
proliferation by eliminating aberrant cytosolic components
like altered proteins and organelles. Thus, autophagy protects
normal cells and tissues from DNA vulnerability and genomic
alteration at the early stage of tumors (Jin and White, 2007).
However, once the cancer has established and developed,
autophagy, functioned as a cell death controller in mature
cancer cells (Mathew et al., 2007; Bhutia et al., 2013), is
capable of supporting tumor growth via preserving neoplasms
from stressful conditions, involving necrosis and inflammation,
hypoxia, and nutrient deficiency (Degenhardt et al., 2006; Lorin
et al., 2013). Sui et al. (2013) demonstrated that autophagy is
a potential target for anticancer therapy and the formation of
autophagy relating to therapeutics can be identified as drug
resistance and disease progression. Over the recent years, the
autophagy-related gene signature has been constructed to predict
prognosis in multiple tumors, including resected pancreatic
cancer (Ko et al, 2013), glioma (Zhang H. et al, 2017),
and breast tumor (Gu et al, 2016). However, the specific
relationship between autophagy and HCC has not yet been fully
elucidated by far.

In view of available and online extensive RNA-seq data, we
sought to investigate whether the gene expression pattern of
autophagy-related genes would be able to predict prognosis
for HCC patients. In the current research, we firstly collected
232 autophagy-related genes from HADb (Human Autophagy
Database'). Then, we used two well-known databases—
ICGC (The International Cancer Genome Consortium?)

Uhttp://www.autophagy.lu
Zhttps://icgc.org

and TCGA (The Cancer Genome Atlas®)—to extract the
autophagy-associated mRNA expression for further study.
Additionally, we analyzed various differentially expressed
and autophagic genes for HCC patients. To highlight the
significance of these potential hub genes, correlation, GO,
KEGG, consensus, PCA, and survival analyses were all
conducted to comprehensively illuminate the molecular
properties and undeveloped roles of these genes in HCC.
Furthermore, single-cell RNA-seq (scRNA-seq) data were
also utilized to further understand their oncogenic roles. On
the other hand, we particularly focused on the predictive
value of autophagy-associated hub genes and assembled an
accurate prognosis signature based on the ICGC dataset,
and the power of the model was re-confirmed by the TCGA
dataset. Finally, we surmised a nomogram to better estimate
the overall survival for HCC patients. Overall, our data
revealed that autophagy-related genes act essentially in liver
cancer progression and are the potential prognostic indicators
for HCC patients.

MATERIALS AND METHODS

Data Processing

The International Cancer Genome Consortium (ICGC, see
text footnote 2), established in 2007, solved many data
governance, ethical, and logistical problems, thereby sharing
the international community with inclusive genomic data for
many cancer types. “ICGC-LIRI-JP” one of the HCC RNA-
seq data from RIKEN, Japan, was obtained from ICGC in the
present study. Another set of sequence-based mRNA expression
data of HCC was acquired from The Cancer Genome Atlas
(TCGA, see text footnote 3). In our present work, ICGC
was regarded as the discovery cohort (normal tissues = 202;
tumor tissues = 243) while TCGA was set as the validation
cohort (normal sample = 50; tumor sample = 374). Moreover,
clinicopathological characteristics of 260 HCC patients from
ICGC and 376 HCC patients from TCGA were also obtained for
further investigation.

On the other hand, the scRNA-seq (GSE103866) of
HCC cancer stem cells (CSC), sequenced by Smart-seq2
methods, was obtained from Gene Expression Omnibus (GEO*)
(Zheng et al., 2018).

Human Autophagy Database (HADD, see text footnote
1), the first Human Autophagy-dedicated Database,
delivers a comprehensive and latest repository of human
genes and proteins contained directly or indirectly in
autophagy as depicted in literature (Moussay et al,
2011).  Therefore, 232 autophagy-related genes were
collected from HADDb. Based on these 232 genes, we
extracted the corresponding gene expression matrix
from the aforementioned ICGC and TCGA data for
further analysis.

*https://cancergenome.nih.gov/
“https://www.ncbi.nlm.nih.gov/geo/
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FIGURE 1 | A workflow of our current work. “ICGC-LIRI-JP” denotes that the liver cancer data of the ICGC database were obtained from RIKEN, Japan.
“TCGA-LIHC” means that data of liver hepatocellular carcinoma were from TCGA database.

Identification of Autophagy-Related
Differentially Expressed Genes in

Hepatocellular Carcinoma

The autophagy-related gene expression datasets were employed
to identify the differentially expressed genes. The specific
flowchart of this research is shown in Figure 1. Firstly, we used
LIMMA analysis to get the DEGs by comparing tumor specimens
with non-tumor specimens in ICGC and TCGA, respectively.
According to the filtering criteria (adjusted p < 0.05 and fold
change > 2), 25 DEGs in ICGC and 54 DEGs in TCGA were
identified. The detailed analytic information of the autophagy-
related genes is presented in Supplementary Tables 1, 2.

Discovery of the Prognosis-Related and
Autophagy-Related Differentially
Expressed Genes in Hepatocellular

Carcinoma

Among 25 autophagy-related DEGs in ICGC and 54 autophagy-
related DEGs in TCGA, Kaplan-Meier survival analysis was
performed to figure out the potential prognostic DEGs.

p-value < 0.05 was regarded as significance. To obtain more
precise results, a Venn plot was utilized to identify the shared
prognostic DEGs in both ICGC and TCGA. As a result, 10 shared
hub genes were obtained for deeper study.

Correlation and Functional Analyses of
10 Hub Genes

To further confirm the underlying function of potential targets,
the data were analyzed by functional enrichment. In the
present work, we employed the R ClusterProfiler package (R
version: 3.12.0) to analyze the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) function of 10
hub genes. Furthermore, adjusted p < 0.05 was used to filter the
functional results.

Single-Cell RNA-Sequencing Data

Analysis

Smart-seq2 data of different types of HCC cancer stem cells
were downloaded, including three CSC samples: Huh-1 cell line,
Huh-7 cell line, and patient-derived CSCs. After aggregation of
the three samples, R package Seurat (v4.0.4) was used for cell
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filtration, PCA, top-2,000 highly variable gene finding, clustering
analysis, and dimensional reduction. Cells with a percentage
of mitochondrial sequencing count > 30%, “min.cells < 3,
and “min.features < 300” were excluded. The Seurat functions,
involving DotPlot, VInplot, FeatureScatter, and FeaturePlot, were
employed to visualize the autophagy-related genes, EPCAM,
CD24, and CD133 expressions, respectively. To remain the
heterogeneity as more as possible, the data transformation
was not further conducted (Zheng et al., 2018). Finally, the
analyzed data in the present work contained 130 single or pooled
cells, which included 55 HuH-1 cells, 63 HuH-7 cells, and 12
patient HCC cells.

Consensus Cluster Analysis and PCA
Analysis

To investigate the function of 10 hub genes in HCC, we
clustered the HCC into various subgroups with an R package,
“ConsensusClusterPlus” (Version 1.48.0°). Then, PCA in R (R
version: 3.5.1) was conducted to investigate the gene expression
patterns in the appropriate stratified subgroups. Finally, survival
analysis and clinical information were used to validate the
importance of the cluster results of 10 hub genes in the ICGC
and TCGA databases.

Construction and Validation of a
Prognostic Model

To determine the prognostic value of autophagy-related genes,
we performed univariate Cox regression analysis of 10 hub genes
in ICGC, the discovery cohort in our study. Then, those with
p-value < 0.01 were imported to run the least absolute shrinkage
and selection operator (LASSO) Cox regression algorithm,
thereby making the least and best risk factors to construct a
prognostic model. By performing the multivariate Cox regression
analysis, we further confirm the significant role of ATIC and
BIRC5 in HCC. Moreover, survival curves, ROC curves, and risk
score distributions of HCC patients were plotted in both ICGC
and TCGA data for validation of the signature.

Development of an Applicable

Nomogram for Individualized Treatment
After confirming the prognostic value of an ATIC/BIRCS5
signature, the nomogram algorithm (see text footnote 5)
in R software was conducted for HCC patients based on
the combination of this prognostic signature and relevant
clinical traits.

RESULTS

Identification of Differentially Expressed
Genes Related to Autophagy in

Hepatocellular Carcinoma
The overall procedure of our present work is shown in Figure 1.
By virtue of the vital role of autophagy in malignancies, we firstly

>http://www.bioconductor.org/

found out the expression data of HCC in ICGC and TCGA
based on 232 autophagy-related genes collected from HADDb (see
text footnote 1). After data normalization, LIMMA analysis in
R was performed to explore DEGs in HCC patients in ICGC
and TCGA, respectively. We figured out a total of 25 autophagic
DEGs in ICGC, including two downregulated genes and 23
upregulated genes (Figures 2A,B), and a total of 54 DEGs in
TCGA (Figures 2C,D), containing four downregulated genes and
50 upregulated genes (fold change > 2, adjusted p < 0.05).

Survival Analysis of Autophagic
Differentially Expressed Genes in ICGC
and TCGA

To investigate the relationship between autophagic DEGs and
prognosis of HCC patients, we adopted the overall survival (OS)
analysis in 25 autophagic DEGs in ICGC and 54 autophagic
DEGs in TCGA. As a result, 14 out of 25 DEGs and 23
out of 54 DEGs were considered significant in ICGC and
TCGA, respectively (p-value < 0.05). After identifying the
intersected genes in both ICGC and TCGA, only 10 hub
genes were left for further analysis (Figure 3A). As shown
in Figures 4A,B, the OS analysis of 10 hub genes, including
NPCI, CDKN2A, RPTOR, SPHK1, HGS, BIRC5, SPNS1, BAK1,
ATIC, and MAPKS3, is presented. Moreover, we found that the
high expression of these 10 hub genes predicts poor diagnosis
for HCC patients in the ICGC and TCGA datasets, consistent
with the tumor-promoting role of autophagy-related genes in
the development of established malignancies (White, 2012;
Amaravadi et al., 2016).

The Correlation Among 10 Hub Targets
Were Close and Functional Analysis
Revealed They Participated in Various

Cancers

With the purpose of better understanding the expression pattern
and underlying function of 10 hub genes, correlation analysis
was conducted. As shown in Figure 3B, with strict criteria (p-
value < 0.001), 10 hub genes still exhibited strong relativity
with each other in both ICGC and TCGA. On the other
hand, we found out that the expressions of these 10 hub
genes in HCC specimens were all significantly higher than
those of non-tumor specimens in both ICGC and TCGA
(Figure 3C), indicating the potential carcinogenesis function
of the 10 autophagy-related genes in HCC. Based on GO
annotations, Figure 3D shows that the ME CC, and BP
of 10 hub genes were all pointed to the specific activity
and process of autophagy, confirming the close relationship
between 10 hub genes and autophagy. Regarding KEGG
analysis, various KEGG pathways were enriched like “Non-small
cell lung cancer, “Melanoma;” “Pancreatic cancer, “Glioma,”
“Colorectal cancer; “Apoptosis, “Hepatocellular carcinoma,”
and “Viral carcinogenesis” (Figure 3E). Therefore, we draw a
conclusion that 10 hub genes took an important position in
several cancers involving HCC and might be promising targets
for HCC therapies.
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FIGURE 2 | Autophagy-related DEGs of HCC in ICGC and TCGA. (A,C) Heat maps of DEGs in ICGC and TCGA. The number of normal tissues was 202, and the
number of tumor tissues was 243, all retrieved from ICGC. As for TCGA, the number of normal samples was 50 and that of tumor samples was 374. (B,D) Volcano
plots of DEGs in the ICGC and TCGA databases. Ten hub genes studied in our research were labeled in the corresponding position. The detailed analytic information
of the autophagy-related genes is presented in Supplementary Tables 1, 2.

Most 10 Autophagy- and
Prognosis-Related Genes Were
Positively Correlated With EPCAM,
CD24, and PROM1

Now that the KEGG analyses of these 10 genes were enriched
in various cancers, it triggered us to consider their oncogenic
roles in HCC more than only regulating autophagy. CSCs are
specific cell clusters that are believed to take responsibility
for cancer recurrence, metastasis, and chemoresistance, thereby
resulting in poorer prognosis. Moreover, studies suggest that CSC
maintenance and differentiation also depend upon autophagy
(Suetsugu et al., 2006; Camuzard et al., 2020; Yao et al., 2020;
Wang et al., 2021). Therefore, we collected a dataset (GSE103866)
which contains various kinds of hepatic CSCs from two HCC
cell lines and patient-derived CSCs. After normalization, 130
single or pooled cells, involving 100 single-cell and 20 pooled
cell samples, were distributed mainly by their sources and HuH7
cells were more similar to patient cells rather than HuH1 cells
(Figure 5B and Supplementary Figures 1A,D). Meanwhile,
20 pooled cell samples were composed of eight 10-pooled-cell

samples and 12 100-pooled-cell samples, which mean that eight
samples had 10 cells per pooled sample while 12 samples had 100
cells per pooled sample (Supplementary Figures 2B,C).
Additionally, the sequencing depth of pooled-cell samples
was higher than that of single-cell samples (Figure 5A and
Supplementary Figures 1B,E). The detected gene numbers
and the sequencing depth were positively correlated (Pearson’s
r = 0.87) (Supplementary Figures 1C,F). Then, three markers
of CSCs were all expressed in these three sources, respectively
(Figures 5B-D). Furthermore, the expression levels of EPCAM,
CD24, and PROM1 were consistent with their sorting from
EPCAM, CD24, and CD133 using fluorescence-activated cell
sorting (FACS), respectively (Figure 5E). The variance analysis
showed the top 5,000 variably expressed genes across all cell
samples (Supplementary Figure 2D). Furthermore, principal
component analysis (PCA), the linear dimensionality reduction
method, was conducted and the significantly components
were screened (Supplementary Figures 2E,F). The top 15
components were calculated and selected for subsequent
analysis. Then, the Uniform Manifold Approximation and
Projection (UMAP) algorithm, a non-linear dimensionality

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2021 | Volume 9 | Article 743910


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shen et al. Autophagy-Related Signature Predicts HCC Prognosis

A 5 : .25 ,85;38,%8 5 58 dg g
N 8 = - =
SPHK1... 028 0.@.' 028 08 NPC1.‘. 034 026 o021 ‘.@ -
BAK1 ..w ...... 7 SPNS1 0z P 0z ‘. o6
MAPKs.o.a; . @ @ .. oss 0a a8 | 016 | 08 | 63 @4 A
CDKN2A... 04 . 0% s o5 628 | 016 | 031 | 035 64 0e
" @0eees| v 00000
BIRCS.. O ) 5 CDKNZA. o | 63 03 | 68 oz

ICGC @eé : « TCGA sw@@®®e|

SPNS1 .. % ATIC . . . oH
P<0.001 s @Of .. P<0.001 w @O

wor @ wero @l
= -1

p<0.001

p<0.001

!

p<0.001

o ()]
g
'éi
o=,
B o _J
g
o
_—__n I
©oO—
— §
Gene expression in TCGA (log)
(&)}

Gene expression in ICGC (log)

0 -
-5
-5
-104
§3\0 Qx@ %\Q oo@'ly \2\06 @\g‘iﬁb ézo" Qg&oq‘ %QQ;{:\ ‘bqeco" ?‘S\O QVP Q\Qd)oo @fﬁ“ Q\('go-’ ®§@ %Qd\ Q‘R&OQ ézsb‘p 9;2‘\6\
D macroautophagy [ | E

- S Platinum drug resistance
sphingosine-1-phosphate signaling pathway

sphingolipid mediated signaling pathway

regulation of macroautophagy

autophagy

process utilizing autophagic mechanism

positive regulation of peptidyl-threonine phosphorylation
regulation of peptidyl-threonine phosphorylation
peptidyl-serine phosphorylation

cellular response to external stimulus

MicroRNAs in cancer

Non-small cell lung cancer

dd

Melanoma

Pancreatic cancer Count

® 20
@
. 3.0
Q-
Q-

Glioma

late endosome Chronic myeloid leukemia

lysosomal membrane

lytic vacuole membrane
vacuolar membrane

late endosome membrane

Colorectal cancer+

Apoptosis 1

multivesicular body membrane 8 Hepatocellular carcinoma
TOR complex Viral carcinogenesis 1 p.adjust
pseudopodium
pore complex Human cytomegalovirus infection 001
mgmbiang it Apoptosis — multiple species{®
protein serine/threonine kinase inhibitor activity 3 0e
gt s Thyroid cancer @
enzyme inhibitor activity 0.03
protein kinase inhibitor activity Bladder cancer1 @
" chaperone binding
P-adiost kinase inhibitor activity =z Endometrial cancer{®
021 lipid transporter activity T VEGF signaling pathway 1 @
0.02 phosphatase binding
o protein kinase regulator activity Fc gamma R-mediated phagocytosis 1@
rDNA binding . .
004 Kinase regulator activity Endocrine resistance {@
0 1 2 3 4 0.25 0.30 0.35 0.40 0.45
Gene Count GeneRatio
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FIGURE 4 | Survival analysis of all autophagy-related DEGs in the ICGC and TCGA databases. “p < 0.05” was considered significant, and only 10 overlapped genes
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reduction method, was adopted for further precisely clustering
the potential cell populations (Supplementary Figure 2A).
Interestingly, only two clusters were obtained and they were
not grouped by CSC markers. More precisely, the clusters were
aggregated according to their sources, indicating the distinct
heterogeneity of HuH-1 and HuH-7 cell lines (Supplementary
Figures 2A,C).

Provided that the scRNA-seq data of CSCs were normalized
and reliable, we tended to investigate the relationship between
these 10 autophagy-related genes and cancer cell stemness.
As shown in Figure 5F, we found that most autophagic
genes were highly expressed in triple-positive CSCs than in

triple-negative CSCs, indicating that the high expression of
the autophagic genes might enhance the stemness of cancer
cells and thereafter result in poorer prognosis. To validate
the scRNA-seq results, we further explored the correlation
between 10 hub genes and three CSC markers. Concordantly,
almost 10 hub genes were significantly and positively correlated
with EPCAM, CD24, and PROMI1 (CD133), respectively,
whether in ICGC patients (Figure 5H and Supplementary
Figure 3) or TCGA patients (Figure 5I and Supplementary
Figure 4). Malta et al. (2018) reported the well-calculated
stemness scores for TCGA HCC patients. Therefore, we also
analyzed the correlation between stemness scores and the 10
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hub genes in our work. In line with aforementioned results,
three of 10 hub genes, ATIC, BIRC5, and CDKN2A, also
had a significant and positive correlation with stemness scores
of HCC patients (Figure 5G) while others had a positive
correlation but not significant (data not shown). These results
indicated that 10 autophagy-related genes might also affect the
stemness of HCC.

Consensus Analysis and PCA Analysis
Disclosed That 10 Hub Genes Could Be
an Applicable Criterion to Stratify
Hepatocellular Carcinoma Patients Into
Different Subgroups

Given the potential crucial role of these 10 hub genes, we tried
to figure out whether they could be utilized to identify the
molecular subtypes of HCC patients. Based upon the expression
similarity of 10 hub genes (Figures 6A,E), we selected “k = 2” as
a criterion, which was generally able to cluster HCC patients into
two subgroups appropriately in ICGC and TCGA, respectively.
Moreover, other k results were not shown because the consistency
between the two datasets was not superior to “k = 2” (data
not shown). Moreover, we performed PCA analysis to better
visualize the subgroups, containing ICGC-1, ICGC-2, TCGA-
1, and TCGA-2. As revealed in Figures 6B,F, we demonstrated
that not only in ICGC but also in TCGA, the whole gene
expression patterns of HCC patients could separate into two
clusters properly based on only 10 hub autophagic DEGs.
Furthermore, ICGC-1 and ICGC-2, based upon this 10-hub-
gene classification, had a significantly different prognosis of
HCC patients (Figure 6C). Likewise, we could also draw a
similar conclusion that TCGA-1 has a different prognosis of
HCC patients compared with TCGA-2 (Figure 6G). Thus, we
further compared the clinicopathological traits of these two
subgroups in ICGC and TCGA. The ICGC-2 subgroup was
significantly correlated with higher 10-hub-gene expression,
higher stage (p-value < 0.001), and worse survival status (p-
value < 0.001) (Figure 6D). On the other hand, TCGA-1 was
not only characterized by higher 10-hub-gene expression, higher
stage (p-value < 0.05), and worse survival status, but closely
relative to higher tumor stage (p-value < 0.01), higher grade
(p-value < 0.001), and older age (p-value < 0.05) (Figure 6H).

A Prognostic Signature Was Built in the
ICGC Cohort and Validated in the TCGA
Cohort

Considering the strong relation between 10 hug genes and
prognosis of HCC, we next sought to investigate the prognostic
value of these 10 autophagic DEGs in HCC. We performed
a univariate analysis on the expression levels in ICGC, the
discovery cohort (Figure 7A). The results indicated that six
out of 10 candidate genes are significantly correlated with
clinical outcomes (p-value < 0.01). The six genes, comprising
ATIC, BIRC5, CDKN2A, NPCI1, RPTOR, and SPNSI, were all
oncogenes with hazard ratio > 1. To better predict the clinical
outcomes of HCC, we utilized the least absolute shrinkage and

selection operator algorithm (LASSO) to the six prognosis-
related genes in the ICGC cohort (Figure 7B). As a result, only
two hub genes were chosen to construct the prognostic model
according to the minimum criteria. Moreover, the multivariate
Cox analysis was applied to further validate the results and obtain
the associated coefficients. Furthermore, the detailed formula was
as follows: RiskScore = 0.04 x ATIC + 0.03 x BIRC5 (Figure 7C).
According to this risk score model, we calculated the risk score
for both the discovery cohort (ICGC) and the validation cohort
(TCGA). To explore the predictive value of the autophagy-
associated signature, we divided HCC patients in the ICGC and
TCGA cohorts into low- and high-risk subgroups developed on
the median risk score of ICGC, the discovery cohort. Also, the
OS curves and ROC curves were plotted. As shown in Figure 7D,
the high-risk group predicted worse prognosis for HCC patients
in ICGC and TCGA (p-value < 0.01). Then, the area under the
ROC curve (AUC) was 0.737 in the discovery cohort and 0.717 in
the validation cohort, indicating the preferable prognostic value
of this signature (Figure 7E). Finally, the distribution of risk
scores in individual HCC patients and related survival status are
exhibited in Figure 7F. We could conclude that the higher the
risk score, the worse the survival status was.

A Novel Nomogram Was Established for

Hepatocellular Carcinoma Patients

Given that a comprehensive analysis of HCC patients could
better predict the clinical outcomes, we further adopted uni-
and multivariate Cox regression algorithms to analyze the
correlation between the clinical information and HCC patients.
It presented that gender, stage, relapse, and RiskScore were
the essential risk factors of HCC patients (p-value < 0.05)
(Figures 8A,B). Moreover, the decision curve analysis (DCA) in
both ICGC and TCGA showed that the RiskScore model might
be comparable with pathologic stage (Figures 8C,D). Aiming at
providing clinicians with a quantitative method to predict the
OS of HCC patients, we made a nomogram that combined the
RiskScore signature with different clinicopathologic risk factors.
As shown in Figure 8E, the novel nomogram was able to evaluate
the 1-, 2-, and 3-year survival probabilities. Moreover, it also
indicated that the risk score was the most vital factor among the
variables involved.

DISCUSSION

Hepatocellular carcinoma, the fourth major cause of
cancer mortality worldwide is responsible for 80-90%
cases of liver-related malignancies (Bray et al, 2018). By
virtue of asymptomatic characteristics at the early stage
of HCC, most HCC patients are diagnosed at advanced
stages, resulting in poor prognosis. Therefore, along with
the progress in surgical treatment and related adjuvant
remedies, the efficiently diagnostic approach for identifying
heterogeneous HCC patients is another invaluable way to
improve the HCC prognosis.

RNA-seq biological technologies are being commonly applied
to study HCC recurrence and metastasis by identifying altered
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genes (Roessler et al., 2010; Yuan et al., 2017). However, most
predictive models were based on unexplored genes, which make
it difficult for clinicians to explain the specific function of the
members in prognostic signatures and might fail to figure out
the potential targets obtained from signature for personalized

therapy development. Therefore, developing a function-specific
signature may better explain the innate function of related
genes and further confirm the potential therapeutic molecules.
In our present study, we focused on analyzing, constructing,
and validating the autophagy-related and stemness-correlated
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FIGURE 7 | Construction and validation of the autophagy-related gene signature. (A) The univariate analysis of 10 hub genes for HCC patients in ICGC, which was
classified as a training set in our study. The genes in red color were recognized as significance (p < 0.01). (B) The selection of risk factors by LASSO analysis.

(C) Multivariate Cox analysis of ATIC and BIRC5 in ICGC and the prognostic signature were constructed. The formula was as follows:

RiskScore = 0.04 x ATIC + 0.03 x BIRC5. The Concordance Index was 0.76. (D) The survival curves of HCC patients based on the RiskScore signature in the
training set (ICGC) and the testing set (TCGA). (E) The ROC curves calculated by the RiskScore signature in ICGC and TCGA. (F) The thermal maps and
distributions of the two gene expression profiles in the high- and low-risk subgroups in the training set and the testing set, respectively. The red circle represents
“Dead” while the green circle represents “Alive.” The green curve denotes “low-risk,” and the red curve means “high-risk.” The risk scores of HCC patients in TCGA
were calculated by the RiskScore signature and divided into two subgroups according to the medium score of the training set.

gene signature and nomogram in HCC, thereby thoroughly

understanding the relation between autophagy and HCC.
Previous studies have reported that autophagy-related

signatures could exert effectively in many tumors. For example,

Luan et al. (2019) demonstrated that a 10-autophagy-related
IncRNA signature has prognostic potential for glioma based on
CGGA (the Chinese Glioma Genome Atlas microarray) and
TCGA. Likewise, Zhang H. et al. (2017) suggested that glioma

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2021 | Volume 9 | Article 743910


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Shen et al.

Autophagy-Related Signature Predicts HCC Prognosis

A B Hazard ratio
P-value Hazardratio conder 422 (0,8% 67 = ; o000+
Gender  0.039 0.519(0.278-0.966) L] !
Age  (N=232)  (598%% o) [ | 0.688
Age  0.899 1.002(0.972-1.033) [ ] !
|= 2.00 ..
Stage <0.001 2.155(1.493-3.110) l R R e - oot
Relapsed ~ 0.179 1.751(0.773-3.965) | Relpsed (N2 (1 27550 - o
RiskScore <0.001 1.203(1.126-1.285) m |
r T T T J (N=232) (1,1{17'191.29) | . SOl
025 050 10 20 40 |
Hazard ratio # Events: 43; Global p-value (Log Rank): 1.0655e-07
AIC: 392.56; Concordance Index: 0.78 !
0.1 0.2 0.5 1 2 5
C E Nomogram
Points
0.10 ICGC 0 20 40 60 80 100
Age
— Risk
= _ 90 | 30
%5 0.05 Age
5 — Gender Relapsed o
m Relapsed o
o) — Stage Yes
z
0.00 — Al
= Néiie Gender* Iﬁl
Female
0.00 0.05 0.10 0.15 0.20 risk o
Risk Threshold
igl
Stage** | 11}
D ., TCGA [] E v
: 1]
Total points
£ T ik J\ /\/\
T 0.1 — age /\1/7\
= 160 120 140 160 180 200 220 240 260
8 — Gender
o} Stage Pr( futime < 1825 0225
2 — Al ( futime <1625, 55 0.05 0 02 04 06 0B85 0975 0998
0.0 — None
Pr( futime < 1095 ) 00697
0.005 0.015 0.03 0.06 0.15 03 0'5 07 09 0b8
0.0293
00 01 02 03 04 Pr( futime < 365 )
Risk Threshold 0.d03 0.607 0.015 0.03 0.06 0.15 03 05 07
FIGURE 8 | The corresponding nomogram developed from the RiskScore signature and clinical characteristics of HCC patients in ICGC. (A) Univariate Cox analysis
of clinical information. (B) Multivariate Cox analysis of clinical information. (C) DCA results of RiskScore signature and clinical characteristics in the ICGC database.
(D) DCA results of RiskScore signature and clinical characteristics in the TCGA database. (E) A nomogram based on RiskScore signature and related clinical
information.

patients from the CGGA, GSE4412, and TCGA datasets can
be separated into high- and low-risk subclasses based upon
levels of MAPKSIP1 and SH3GLB1 expression. Gu et al. (2016)
showed that a set of eight autophagy genes (BCL2, BIRCS,
EIF4EBP1, EROI1L, FOS, GAPDH, ITPRI, and VEGFA) were
responsible for overall survival in breast cancer according
to TCGA, GSE3494, and GSE7390. Another study reported
that an eight autophagy-related gene signature serves as an
independent prognostic marker for serous ovarian cancer,
relying on TCGA data (An et al, 2018). Consistent with our
study, a recent study from Lin et al. (2018) has revealed that
three autophagy-related genes (BIRC5, FOXO1, and SQSTM1)
were closely associated with the clinical outcomes of HCC,

which was discovered in the TCGA dataset and validated in
GSE10143, GSE10186, and GSE17856. However, our study
focused on the integrative analysis of ICGC and TCGA datasets.
The autophagy-related DEG analysis and the corresponding
survival analysis of all potentials were conducted in ICGC,
and most were successfully validated in TCGA. scRNA-seq of
HCC CSCs was also adopted to confirm the positive correlation
between autophagy and stemness in HCC. Moreover, besides
the development of an autophagy-related signature and
nomogram, we also thoroughly revealed the predictive model of
autophagy genes for HCC built in ICGC and validated in TCGA
datasets, providing the promising autophagy-related targets
for HCC patients.
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In our study, we first obtained 10 intersected autophagy
DEGs in the ICGC and TCGA datasets. Serving as autophagy-
related genes, these 10 hub DEGs were all considered upregulated
in tumor tissues and to worsen the clinical outcomes of
HCC patients. Subsequent GO and KEGG enrichment analyses
indicated that the enriched terms were related to autophagy
and various cancers, including HCC, thereby confirming the
tumor-promoting role of these 10 dysregulated autophagy-
associated targets. CSCs might be a common factor among
most malignancies, and studies suggest that CACs also have an
autophagic phenotype; scRNA-seq of HCC CSCs was further
analyzed. Results highlighted the positive correlation among 10
hub genes and three CSC markers, EPCAM, CD24, and PROM1,
respectively. Furthermore, univariate, LASSO, and multivariate
Cox regression analyses enable us to select two major risk factors
(ATIC and BIRCS5) for building signature and nomogram. ATIC,
a 64-kDa bifunctional enzyme, contains AICAR transformylase
(AICART) and IMP cyclohydrolase, the final two activities
in de novo purine biosynthesis (Greasley et al, 2001; Vergis
et al., 2001). The team from Li et al. (2017) demonstrated that
ATIC can support HCC cell proliferation and propagation via
modulating the AMPK-mTOR-S6 K1-S6 pathway, coinciding
with the autophagic role in the HADb database and tumor
promoter role in our study. On the other hand, BIRC5, a part of
the anti-apoptosis family, is associated with the specific formation
process of autophagy and the cell survival of HCC (Chang et al.,
2014). Moreover, BIRC5 can suppress apoptosis (Zhang et al.,
2014), promote cell growth (Sun et al., 2013), induce angiogenesis
(Fernandez et al., 2014), and even cause radio- and chemotherapy
resistance (Liu W. et al., 2013). Based on ATIC and BIRCS5, the
built RiskScore signature in our study was capable of stratifying
HCC patients in ICGC and TCGA into two prognosis-related
subgroups. The RiskScore signature was further validated by
ROC, OS, DCA, univariate, and multivariate Cox analyses.

Overall, we investigated the RNA-seq data of autophagy-
related genes extracted from the ICGC and TCGA databases.
Moreover, we inferred a RiskScore signature and a prognostic
nomogram to effectively predict clinical outcomes of HCC
patients in either ICGC or TCGA. The aforementioned results
indicated that 10 hub genes are promising potential targets for
treatment strategy development and the ATIC/BIRC5 autophagic
signature is an applicable predictive indicator for HCC patients.
However, clinical studies and experimental studies are still
necessary to further confirm the clinical application and more
underlying functions of the signature.
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Supplementary Figure 1 | Quality control result of Smart-seq2 data related to
HCC CSCs. (A,B) Gene counts of single-cell and pooled-cell samples using
different classification. (C,F) Correlation analyses between gene counts and
sequencing depth. (D,E) Sequencing depth of single-cell and pooled-cell samples
using different classification.

Supplementary Figure 2 | Characterization of single-cell RNA sequencing from
130 cells. (A) UMAP plot of different clusters of single-cell and pooled-cell
samples. (B) UMAP plot of various pooled cell number of each sample. (C) UMAP
plot of detailed information of each sample. (D) Top 5,000 variable genes were
used for dimensional reduction analysis. (E) Elbow plot of 20 principal
components. (F) Estimated P-value for principal components.

Supplementary Figure 3 | Correlation analysis among 10 hub genes and three
CSC markers in ICGC database. Only significant ones were showed.

Supplementary Figure 4 | Correlation analysis among 10 hub genes and three
CSC markers in TCGA database. Only significant ones were showed.
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