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Abstract: Hepatocellular carcinoma (HCC) is one of the leading cancer death and is the primary malignancy of the 
liver. Tumor hypoxia is the stressor that is involved in tumorigenesis and significantly increased the aggressiveness 
of HCC. Here, we systematically analyzed the expression profiles and prognostic values of 84 hypoxia associated 
genes in HCC. mRNA expression of 84 hypoxia associated genes and clinical parameters of HCC patients were 
downloaded from TCGA, GSE14520, GSE109211 and ICGC. Consensus clustering analysis was performed for unsu-
pervised classes on the basis of 84 hypoxia associated genes. Univariate and LASSO analysis were used to develop 
the risk signature. A risk signature was developed, including the expression of APEX1, ATR, CTSA, DNAJC5, ENO1, 
EPO, HMOX1, LDHA, NDRG1, and PER1, and found to be significantly related with OS and DFS of HCC patients. 
We stratified HCC patients into the high-risk group and low-risk group by means of the risk signature. Patients of 
high-risk group had shorter OS and DFS, while that of the low-risk group had longer OS and DFS. The risk signature 
showed better predictive efficiency than the TNM staging in predicting OS and DFS. Also, macrophage M0 cells, 
regulatory T cells, and neutrophils were found to be significantly enriched in patients of high-risk group. Next, we 
validated the discrimination and prognostic value of the risk signature in GSE14520 and the ICGC HCC cohort. 
Finally, significantly lower risk scores were found in sorafenib treatment responders of GSE109211 cohort, and 
the AUC for predicting sorafenib treatment response was 0.881. In conclusion, a risk signature developed with the 
expression of 10 hypoxia associated genes improved the prognosis prediction of HCC and correlated with sorafenib 
treatment response.
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Introduction

Hepatocellular carcinoma (HCC) is one of the 
leading cancer death and is the primary malig-
nancy of the liver. During 2018, nearly 841,000 
patients developed HCC and 782,000 patients 
died of HCC [1]. Moreover, in areas with low his-
torical rates, including Oceania, and Western 
Europe, the incidence of HCC is increasing rap-
idly [2]. Despite there being many options for 
the treatment of HCC, such as hepatectomy, 
liver transplantation, thermal or chemical abla-
tion, trans-arterial chemoembolization, radia-
tion and chemotherapy [3, 4], none of them are 
amenable curative therapies, as HCC behaves 
highly refractory to most of them. For example, 

more than 50% of patients will relapse after 
resection, which renders the 5-year survival 
rate < 30% [5]. Therefore, exploring new effi-
cient methods for early diagnosis and progno-
sis may be another important way to improve 
the prognosis of HCC.

Tumor hypoxia is increasingly considered as a 
major unfavorable factor in cancer treatment, 
as it could compromise anti-cancer treatment 
and drive malignant progression. HCC is one of 
the most hypoxic tumors, because the rapid 
proliferation of tumor cells consumes much 
oxygen, resulting in a hypoxic microenvironment 
[6]. Accumulating studies indicate that hypoxia 
signaling pathway is involved extensively in the 
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tumorigenesis and aggressiveness of HCC [7]. 
Hypoxia could promote proliferation; stimulate 
angiogenesis; inhibit differentiation and apop-
tosis; and accelerate migration, invasion and 
metastasis of HCC [8-10]. Moreover, hypoxia 
could also enhance the chemoresistance, ra- 
dioresistance and resistance of trans-arterial 
embolization with or without chemotherapy [9, 
11, 12].

Hypoxia induced factor-1 (HIF-1) is the main 
component of the hypoxia signaling pathway 
that have been studied. However, little data are 
available on the role of the entire subset of 
hypoxia signaling pathway related genes in HCC 
carcinogenesis. In this study, we systematically 
analyzed the expression pattern of 84 hypoxia 
associated genes and their associations with 
prognosis in 365 HCC patients downloaded 
from The Cancer Genome Atlas (TCGA). In addi-
tion, we also performed consensus clustering 
for unsupervised clusters of HCC patients bas-
ing on 84 hypoxia associated genes. Moreover, 
we developed and validated a risk signature 
with 10 selected genes and analyzed its prog-
nostic value in TCGA HCC cohort, GSE14520 
cohort and LIRI-JP HCC cohort of the Inter- 
national Cancer Genome Consortium (ICGC). 
Finally, the prediction values of the risk signa-
ture in sorafenib treatment response were also 
evaluated in the GSE109211 cohort.

Materials and methods

Ethics statement 

All the data used for analysis were obtained 
from dataset of TCGA, Gene Expression Om- 
nibus (GEO) dataset or ICGC. Informed con-

Data acquirement of TCGA, GEO and ICGC

RNA sequencing data (UNC IlluminaHiSeq_
RNASeqV2; Level 3) of 374 HCC patients and 
50 healthy controls were attained from TCGA 
(https://cancergenome.nih.gov/). Meanwhile, 
corresponding clinical-pathological data, inclu- 
ding gender, age, histologic grade, surgical mar-
gin status, pathologic T, N and M stage, TNM 
stage, vascular invasion, overall survival (OS) 
and disease-free survival (DFS). 9 out of 374 
patients were removed due to lack of informa-
tion of OS (or the OS time was zero), therefore, 
mRNA expression of 365 HCC and their clinical-
pathologic data were used for analysis. We 
used following method to deal with the missing 
values. The R impute package was used to 
impute the missing data [13]. The basic clinical 
characteristics of the 365 patients were pre-
sented in Table 1.

Gene expression profiles of GSE14520 and 
GSE109211 were attained from GEO database 
(https://www.ncbi.nlm.nih.gov/geo/). In GSE14- 
520, the OS and DFS information of 220 HCC 
patients were available [14]. In GSE109211, 
there were 21 sorafenib treatment responders 
and 46 nonresponders. Moreover, a total of 
230 HCC patients with available OS informa-
tion and mRNA expression profile were also 
attained from LIRI-JP HCC cohort of ICGC portal 
(https://dcc.icgc.org) [15]. 

Consensus clustering analysis 

Consensus clustering is often used for unsu-
pervised class discovery in genomic studies. 
We performed consensus clustering analysis 
for unsupervised classes of HCC patients 

Table 1. Basic clinical information of 365 HCC pa-
tients from TCGA

Variables HCC patients  
(N = 365)

Gender (Male/female) 246/119
Age (years, ≤60/>60) 173/192
histologic grade (G1/G2/G3/G4) 55/180/118/12
surgical margin status (R0/R1+RX) 327/38
pathologic T stage (T1/T2/T3/T4) 180/94/78/13
pathologic N stage (N0/N1+NX) 248/117
pathologic M stage (M0/M1+MX) 263/102
pathologic stage (Stage I/II/III/IV) 107/108/83/4
vascular invasion (Macro/Micro/None) 16/144/205

sents were given to the patient and were 
later obtained before the study. 

Hypoxia signaling pathway related genes

In the present study, we carefully selected 
84 hypoxia associated genes based on a 
thorough literature review, which has shown 
to have close pathway correlation mainly 
involved in the response to hypoxia and oxi-
dative stress. The physiological processes 
induced by hypoxia associated genes were 
screened referring to ExProfileTM Human 
Hypoxia Signaling Related Gene, which was 
used to profile human genes related to 
hypoxia signaling (Supplementary Materials). 
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based on expression similarity of hypoxia as- 
sociated genes with ConsensusClusterPlus 
packages. 

Development and validation of risk signature

First, univariate Cox analysis was used to iden-
tify prognosis-related hypoxia associated ge- 
nes. Next, we used least absolute shrinkage 
and selection operator (LASSO) analysis to fur-
ther select those most significant prognosis-
related genes [16]. Moreover, GSE14520 
cohort and LIRI-JP cohort were used to inde-
pendently test the applicability of the risk 
signature.

Gene set enrichment analysis (GSEA)

To explore the mechanism exploited by Cluster 
status or risk signature in hepato-carcinogene-
sis, GSEA was performed to find the different 
KEGG pathways between HCC patients with dif-
ferent Cluster status or HCC patients of differ-
ent risk groups [17]. We referenced the anno-
tated gene set (msigdb.v6.2.symbols.gmt) in 
our analysis. 

Cibersort

We calculated the proportion of 22 kinds of 
tumor-infiltrating immune cells basing on tran-
scriptomic data of HCC patients through 
Cibersort (https://cibersort.stanford.edu) [18]. 
Linear support vector regression was used to 
deconvolve the relative fractions of immune 
cells from the transcriptional profiles of a sam-
ple on the basis of a referenced signature 
matrix. 

Statistical analysis 

We used R software (R version 3.5.1) for perfor-
mance of statistical analysis. The Wilcox test 
was performed to compare the difference of 
tumor-infiltrating immune cells between pa- 
tients with different risk score or distinct Cluster 
status or the expression difference of 84 
hypoxia associated genes between HCC pa- 
tients and healthy controls. The association of 
clinical-pathologic parameters with the Cluster 
status was analyzed by chi-square test. The 
prognostic value of Cluster status or the risk 
signature was assessed by univariate and mul-
tivariate Cox analysis, and Kaplan-Meier analy-
sis was conducted to analyze the difference of 

OS or DFS. Time-dependent ROC was per-
formed to analyze the predictive accuracy and 
sensitivity of risk signature, and the area under 
the ROC curve (AUC) was also calculated. 
Additional statistical analyses were conducted 
with STAMP [19]. We defined P < 0.05 as statis-
tically significant. 

Results

Expression of hypoxia associated genes in 
HCC patients 

mRNA expression of 84 hypoxia associated 
genes of 365 HCC patients and 50 healthy con-
trols were download from TCGA. As is shown in 
Figure 1, 51 out of 84 genes, including HNF4A, 
NCOA1, TPI1, P4HB, USF2, MET, EIF4EBP1, 
ENO1, PFKL, VDAC1, TP53, PGK1, ARNT, ODC1, 
APEX1, GPI, DDIT4, EGLN1, ERO1A, VEGFA, 
MIF, RUVBL2, RBPJ, ALDOA, CTSA, MAP3K1, 
LGALS3, NDRG1, COPS5, GYS1, ANXA2, 
DNAJC5, JMJD6, CCNG2, CA9, EGLN2, TFRC, 
PDK1, ATR, PKM, HIF1AN, SLC2A1, ADORA2B, 
PFKP, PLAU, PGF, SLC16A3, MMP9, LOX, 
PFKFB4 and BLM, were found to be overex-
pressed in HCC patients, while significantly 
higher expression of 17 genes, including FOS, 
EPO, EGR1, SERPINE1, IGFBP3, F3, NAMPT, 
HMOX1, ADM, PFKFB3, ANKRD37, SLC2A3, 
BHLHE40, PER1, ANGPTL4, TXNIP and LDHA, 
were found in normal healthy controls (all P < 
0.05). 

Two clusters of HCC patients identified by con-
sensus clustering basing on hypoxia associ-
ated genes expression 

Consensus clustering analysis was performed 
for discovery of unsupervised classes of HCC 
patients basing on hypoxia associated genes 
expression. 365 HCC patients were classified 
to two distinct clusters with different clinical 
parameters and prognosis (Figure 2A). As is 
shown in Table 2, we also explored the associa-
tions between Cluster status and clinical char-
acteristics. Statistically significant differences 
in histologic grade, surgical margin status, 
pathologic T stage, pathologic stage and vascu-
lar invasion were found between Cluster 1 (n = 
245) and Cluster 2 (n = 120). There were signifi-
cantly more patients with advanced histologic 
grade, pathologic T stage and pathologic stage 
or patients with positive margin status and vas-
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Figure 1. Heatmap of log2 expression of 84 hypoxia signaling pathway related genes between HCC patients and normal controls in the TCGA HCC cohort, and there 
were 51 over-expressed genes and 17 down-regulated genes in HCC. N: normal, T: tumor; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. Two clusters of HCC patients identified by consensus clustering of 84 hypoxia associated genes in the TCGA cohort. A. Heatmap of the association of 
clinical-pathologic parameters with Cluster status, there were significantly more patients with advanced histologic grade, pathologic T stage and pathologic stage or 
patients with positive margin status and vascular invasion in Cluster 2. B, C. Kaplan-Meier analysis of OS and DFS of patients from the two clusters, and patients of 
Cluster 1 had longer OS and DFS. D-G. Univariate and multivariate analysis of Cluster status, the cluster status was independently associated with prognosis of OS 
and DFS. OS: overall survival; DFS: disease-free survival.
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cular invasion in Cluster 2 (all P < 0.05). In addi-
tion, patients in Cluster 1 had longer OS (medi-
an OS time: 83.18 vs 33.02 months, HR = 0.4, 
95% CI: 0.27-0.59, P < 0.001) and longer DFS 
(median DFS time: 25.3 vs 12.68 months, HR = 
0.58, 95% CI: 0.37-0.75, P < 0.001) compared 
to patients in Cluster 2 (Figure 2B, 2C). 
Moreover, Cluster status was significantly relat-
ed with OS and DFS, and it was also an inde-
pendent prognostic factor for OS and DFS in 
HCC patients suggesting by univariate and mul-
tivariate Cox analysis (all P < 0.001, Figure 
2D-G).

Potential mechanism by which Cluster status 
influenced prognosis and the landscape of 
tumor-infiltrating immune cells in patients with 
different Cluster status

We performed GSEA of 365 HCC patients with 
different Cluster status to explore the underly-
ing biological mechanism by which Cluster sta-
tus influenced prognosis. As is shown at Figure 
3A, KEGG pathways, such as “Cell cycle”, 
“Pathways in cancer”, “P53 signaling pathway”, 
“TGF-β signaling pathway”, “WNT signaling 
pathway” and “MAPK signaling pathway” were 
significantly enriched in patients of Cluster 2 
compared to patients of Cluster 1, suggesting 
that the aforementioned biological process 
played an important role in Cluster status influ-
encing prognosis. 

Moreover, differences in the proportions of dif-
ferent tumor-infiltrating immune cells between 
patients with different Cluster status are also 
analyzed. As is shown at Figure 3B, in general, 
patients in Cluster 1 seemed to have higher 

immune cells in patients with different Cluster 
status may contribute to their different 
prognosis. 

Development of a risk signature with 10 hypox-
ia associated genes and its prognostic value 

To better explore the prognostic value of hypox-
ia associated genes, we developed a risk signa-
ture. First, we performed univariate analysis to 
identify OS-related genes. As is shown in Table 
3, there were 41 hypoxia associated genes to 
be significantly related to OS. Next, LASSO 
analysis was performed to further select the 
most significant OS-related genes. A total of 10 
genes, including APEX1, ATR, CTSA, DNAJC5, 
ENO1, EPO, HMOX1, LDHA, NDRG1 and PER1, 
were identified according to the minimum crite-
ria (Figure 4A, 4B). A risk signature was built 
based on the coefficients weighted by LAS- 
SO analysis and calculated as follows: risk 
score = (0.005*APEX1 expression) + (0.0002* 
ATR expression) + (0.003*CTSA expression) + 
(0.001*DNAJC5 expression) + (0.0002*ENO1 
expression) + (0.003*EPO expression) + 
(0.001*HMOX1 expression) + (0.004* LDHA 
expression) + (0.004*NDRG1 expression) - 
(0.006*PER1 expression). We calculated risk 
score for each patient, and 365 patients were 
divided into a high risk subgroup and a low risk 
subgroup based on the median risk score. We 
noticed that patients in the high risk subgroup 
had poorer OS (median OS time: 37.29 vs 102.7 
months, HR = 2.57, 95% CI: 1.81-3.65, P < 
0.001, Figure 4C) and shorter DFS (median 
DFS: 13.63 vs 35.58 months, HR = 1.90, 95% 
CI: 1.40-2.58, P < 0.001, Figure 4D) compared 
to patients in the low risk subgroup. Moreover, 

Table 2. Demographic and clinical characteristics of HCC pa-
tients of different clusters
Variables Cluster 1 Cluster 2 p-value
Number of patients 245 120
Gender (Male/female) 172/73 74/46 0.13
Age (years, ≤60/>60) 114/131 59/61 0.72
histologic grade (G1+G2/G3+G4) 168/77 67/53 0.02
surgical margin status (R0/R1+RX) 227/18 100/20 0.01
pathologic T stage (T1/T2/T3/T4) 196/49 78/42 0.003
pathologic N stage (N0/N1+NX) 166/79 78/42 0.99
pathologic M stage (M0/M1+MX) 174/71 89/31 0.61
pathologic stage (Stage I+II/Stage III+IV) 199/46 79/41 0.002
vascular invasion (Yes/None) 97/148 53/57 0.03

immune infiltration of T and B 
cells. Significantly higher pro-
portions of resting mast cells, 
resting NK cells, monocytes, 
resting CD4 memory cells, naive 
B cells and naive CD4 T cells 
were found in patients of Cluster 
1 (all P < 0.05), while signifi-
cantly higher proportions of 
macrophage M0 cells, activated 
CD4 memory cells, neutrophils, 
plasma cells and memory B 
cells were found in patients of 
Cluster 2 (all P < 0.05). The- 
se results suggested that differ-
ent kinds of tumor-infiltrating 
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Figure 3. Potential mechanism by which Cluster status influenced prognosis and the landscape of tumor-infiltrating immune cells in patients with different Cluster 
status. A. Gene set enrichment analysis of in patients with different Cluster status in the TCGA HCC cohort, KEGG pathways, such as “P53 signaling pathway”, “TGF-β 
signaling pathway”, “WNT signaling pathway” were significantly enriched in patients of Cluster 2; B. Landscape of tumor-infiltrating immune cells in patients with 
different Cluster status in the TCGA cohort, patients in Cluster 1 had higher immune infiltration than that in Cluster 2.
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the risk signature was also significantly related 
to OS and DFS, and it was an independent prog-

nostic factor for OS and DFS in HCC patients 
(all P < 0.001) (Figure 4E-H). 

Then, we performed time-dependent ROC 
curve analysis to explore the predictive value of 
the risk signature. As is shown at Figure 5, the 
AUC of the risk signature for predicting 1-, 3- 
and 5-OS were 0.76, 0.71 and 0.70, respective-
ly (Figure 5A), showing better predictive effi-
ciency compared to pathologic TNM stage, 
pathologic T stage and pathologic M stage 
(Figure 5B), which were all independently asso-
ciated with prognosis of HCC (Figure 4F). 
Similarly, the AUC of the risk signature for pre-
dicting 1-year, 3-year and 5-year DFS were 
0.68, 0.64 and 0.58, respectively (Figure 5C), 
still showing better predictive accuracy than 
pathologic TNM stage and vascular invasion 
(Figure 5D), which were also independent prog-
nostic factors for DFS (Figure 4H). 

Potential biological KEGG pathways of the risk 
signature and landscape of tumor-infiltrating 
immune cells in different risk groups

GSEA was also used to analyze the potential 
biological KEGG pathways revealed by the risk 
signature. As is presented in Figure 6A, KEGG 
pathways, such as “Cell cycle”, “Pyrimidine 
metabolism” and “Purine metabolism” were 
significantly enriched in patients of the high 
risk group compared to that in the low risk 
group. Besides, the differences of tumor-infil-
trating immune cells between patients with dif-
ferent risk scores were also analyze. As is sum-
marized in Figure 6B, macrophage M0 cells, 
regulatory T cells, and neutrophils were found 
to be enriched in patients with high-risk score 
(all P < 0.05), while resting mast cells, resting 
CD4 memory cells, macrophage M1 cells and 
monocytes were found to be enriched in 
patients with low risk score (all P < 0.05).

Validation of the risk signature in the 
GSE14520 cohort and LIRI-JP cohort

Further, we also independently examined the 
robustness of the risk signature in the 
GSE14520 cohort and LIRI-JP cohort, which 
included 220 HCC patients and 232 HCC 
patients, respectively. We calculated risk score 
for all HCC patients. Similarly, HCC patients 
were also assigned into two distinct subgroups wi- 
th the cut-off value of median risk score. In 
GSE14520 cohort, patients with high risk score 

Table 3. Prognosis associated hypoxia sig-
naling pathway related genes identified by 
univariate Cox analysis

Gene HR 95% CI 
(low)

95% CI 
(high) P value

ENO1 1.002 1.001 1.003 1.99E-08
LDHA 1.009 1.006 1.012 1.48E-07
NDRG1 1.007 1.005 1.010 2.70E-07
PFKFB4 1.263 1.151 1.386 8.83E-07
SLC2A1 1.062 1.035 1.089 4.55E-06
CTSA 1.011 1.006 1.016 3.04E-05
EPO 1.033 1.017 1.049 5.87E-05
SLC16A3 1.049 1.024 1.074 9.13E-05
APEX1 1.013 1.006 1.020 0.0001
DNAJC5 1.049 1.023 1.076 0.0002
JMJD6 1.116 1.050 1.186 0.0004
ANXA2 1.007 1.003 1.011 0.0005
HMOX1 1.003 1.001 1.004 0.0005
HK2 1.054 1.023 1.086 0.001
LOX 1.066 1.026 1.108 0.001
PGK1 1.005 1.002 1.008 0.001
RUVBL2 1.025 1.010 1.040 0.001
VDAC1 1.009 1.003 1.015 0.002
HIF1A 1.013 1.004 1.021 0.003
BLM 1.510 1.155 1.975 0.003
ALDOA 1.003 1.001 1.004 0.003
VEGFA 1.027 1.009 1.045 0.004
TPI1 1.003 1.001 1.004 0.004
PER1 0.953 0.921 0.985 0.005
BNIP3L 1.033 1.010 1.057 0.005
ATR 1.435 1.111 1.854 0.006
LGALS3 1.007 1.002 1.011 0.006
HIF1AN 1.238 1.061 1.445 0.007
ADORA2B 1.178 1.043 1.329 0.008
PFKFB3 1.010 1.002 1.018 0.010
COPS5 1.064 1.014 1.116 0.012
RBPJ 1.121 1.025 1.227 0.013
MAP3K1 1.079 1.011 1.152 0.022
PKM 1.003 1.000 1.006 0.023
SERPINE1 1.002 1.000 1.004 0.024
TFRC 1.019 1.002 1.037 0.031
PFKP 1.009 1.001 1.017 0.034
TXNIP 0.997 0.994 1.000 0.040
MMP9 1.004 1.000 1.008 0.046
CCNG2 1.129 1.001 1.272 0.047
NCOA1 1.083 1.000 1.172 0.049
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had poorer OS (HR = 2.66, 95% CI: 1.73-4.11, 
P < 0.001, Figure 7A) and shorter DFS (HR = 
1.63, 95% CI: 1.14-2.34, P < 0.001, Figure 7B) 
than patients with low risk score. The 1-, 3- and 
5-year OS predicted by the risk signature were 
0.66, 0.68 and 0.69, respectively (Figure 7C), 
and 1-, 3- and 5-year DFS predicted by the risk 
signature were 0.65, 0.63 and 0.62, respec-
tively (Figure 7E). In LIRI-JP cohort, the signa-
ture could also effectively stratify HCC patients 
into high risk subgroup with poorer OS and low 
risk subgroup with better OS (HR=3.86, 95% CI: 
2.04-6.82, P < 0.001, Figure 7D). The 1-, 3- 
and 5-year OS predicted by the risk signature 
were 0.80, 0.75 and 0.76, respectively (Figure 
7F). Taken together, these results convincingly 
demonstrated the robust performance of our 
signature in different distinct cohorts. 

Risk signature as treatment response indica-
tor in HCC patients with sorafenib treatment 

To explore the relationship of risk signature 
with the sorafenib treatment response, we also 
calculated risk score for 67 HCC patients with 
sorafenib treatment downloaded from GSE- 
109211, which included 21 sorafenib treat-
ment responders and 46 nonresponders. Our 

results showed that significantly higher risk 
scores were found in sorafenib treatment non-
responders compared to responders (P < 
0.001, Figure 8A). In addition, the AUC for pre-
dicting sorafenib treatment response was 
0.881 (Figure 8B). Taken together, the risk sig-
nature may be used as a treatment response 
indicator for HCC patients treated with sora- 
fenib.

Discussion 

Tumor hypoxia is considered a major unfavor-
able factor in cancer treatment [7]. HCC is one 
of the most hypoxic tumors, and the hypoxia 
signaling pathway seems to be functionally rel-
evant and therapeutically targetable in HCC. 
The pathway has been shown to be involved 
extensively in the growth and transformation of 
HCC and compromises anti-cancer treatment 
by regulation of proliferation, angiogenesis, dif-
ferentiation, apoptosis and metastasis [7-10]. 
Despite the relationship between some hypo- 
xia associated genes and HCC having been 
explored in previous studies [20-22], in-depth 
analysis of all hypoxia associated genes in HCC 
has not been performed. Moreover, the prog-
nostic value of the total hypoxia associated 

Figure 4. Development of risk signature with 10 hypoxia signaling pathway related genes and its association with 
prognosis of HCC patients in the TCGA cohort. A, B. A total of 10 hypoxia associated genes were identifed to be 
signifcantly related to OS by LASSO analysis. C, D. Kaplan-Meier analysis of OS and DFS of patients with different 
risk scores, and patients in the high risk subgroup had poorer OS and shorter DFS. E-H. Univariate and multivariate 
analysis of risk signature for OS and DFS, the risk signature was independently associated with prognosis of OS 
and DFS. 
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genes in HCC patients is rarely systematically 
analyzed.

In the present study, we identified key hypoxia 
associated genes that were differentially ex- 
pressed and relevant for prognosis predictions 
and therapeutic targets in HCC patients by ana-
lyzing high-throughput RNA-seq data download-
ed from TCGA database. A total of 68 out of 84 
genes were differentially expressed in HCC 
patients, which included 51 upregulated and 
17 downregulated genes. Then, we identified 
two clusters of HCC patients with distinct clini-

cal parameters and prognosis by applying con-
sensus clustering of hypoxia associated genes. 
Next, 10 genes associated with OS were identi-
fied and a risk signature developed with these 
genes was found to effectively stratify patients 
into two distinct subgroups with different OS 
and DFS. The risk signature also showed better 
predictive efficiency than TNM stage in predict-
ing the OS and DFS. In addition, we also tried to 
explore the potential mechanism by which 
Cluster status and the risk signature influenced 
prognosis and the landscape of tumor-infiltrat-
ing immune cells in patients with different 

Figure 5. Predictive value of risk signature for OS and DFS of HCC patients in TCGA HCC cohort. A, C. The AUC of the 
risk signature for predicting 1-, 3- and 5-year OS and DFS were 0.76, 0.71, 0.70, 0.68, 0.64 and 0.58, respectively. 
B. Comparison of risk signature with pathologic stage, pathologic T stage and pathologic M stage in predicting 1-, 
3- and 5-year OS of HCC patients, and the risk signature showed better predictive efficiency than others; D. Compari-
son of risk signature with pathologic stage and vascular invasion in predicting 1-, 3- and 5-year DFS of HCC patients, 
and the risk signature also showed better predictive efficiency than others.
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Figure 6. Potential mechanism by which the risk signature influenced prognosis and the landscape of tumor-infiltrating immune cells in patients with risk score. A. 
Gene set enrichment analysis of in patients with risk score in the TCGA HCC cohort, and KEGG pathways, “Cell cycle”, “Pyrimidine metabolism” and “Purine metabo-
lism” were significantly enriched in patients with high risk score; B. Landscape of tumor-infiltrating immune cells in patients with different risk score in the TCGA HCC 
cohort, and patients with high risk score exhibited an immune-inhibited phenotype.
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Cluster status or risk score. Furthermore, the 
good discrimination and prognostic value of  
the risk signature was also validated in the 
GSE14520 cohort and LIRI-JP cohort. Finally, 
the prediction values of the risk signature in 
sorafenib treatment response were also evalu-
ated in the GSE109211 cohort.

Previously, 3 TCGA HCC clusters were identified 
by the TCGA Research Network by integrating 
multiple genomic data types. Unfortunately, no 
significant difference in OS was found among 
these three TCGA HCC clusters; the reason may 
possibly be due to the relatively short follow-up 
times in this dataset, with a median follow-up 
of 18 months [23]. However, as was also point-
ed out by Bévant K et al. on the common for the 
study by the TCGA Research Network, the 
absence of significant differences in term of 
survival between these 3 TCGA HCC clusters 
may challenge the validity of integrating all 
genomic data types simultaneously for cluster. 
Bévant K et al. thought that it would be interest-

ing to explore whether some specific data types 
(such as quantitative mRNA levels) were more 
efficient than others in patient stratification 
[24]. In line with the view of Bévant K et al., in 
our study, we identified two clusters of HCC 
patients with distinct clinical parameters and 
prognosis by applying consensus clustering of 
84 hypoxia associated genes. There were sig-
nificantly more patients with advanced histo-
logic grade, pathologic T stage and pathologic 
stage or patients with positive margin status 
and vascular invasion in Cluster 2. Consistent 
with these findings, patients in Cluster 2 had 
shorter OS and DFS compared to patients in 
Cluster 1. The Cluster status was significantly 
related to OS and DFS and it was also an inde-
pendent prognostic factor for OS and DFS of 
HCC patients, suggesting that expression of 
these 84 hypoxia associated genes may be 
used to stratify HCC patients. 

In addition, we explored the potential mecha-
nism by which Cluster status influenced prog-

Figure 7. Validation of risk signature in GSE14520 cohort and LIRI-JP cohort. A, B. Kaplan-Meier analysis for OS and 
DFS of patients with different risk scores in the GSE14520 cohort, and patients in the high risk subgroup had poorer 
OS and shorter DFS. C. Kaplan-Meier analysis of OS of patients with different risk scores in the LIRI-JP cohort, and 
patients in the high risk subgroup had poorer OS. D, E. The AUC of the risk signature for predicting 1-, 3- and 5-year 
OS and DFS of HCC patients from GSE14520 cohort were 0.66, 0.68, 0.69, 0.65, 0.63 and 0.62, respectively. F. 
The AUC of the risk signature for predicting 1-, 3- and 5-year OS were 0.80, 0.75 and 0.76, respectively.

Figure 8. Relationship of risk signature with sorafenib treatment response. A. Difference of risk score between 
sorafenib treatment responders and nonresponders, and significantly higher risk scores were found at sorafenib 
treatment non-responders. B. The AUC of risk signature in predicting sorafenib treatment response was 0.881.
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nosis. Based on the GSEA between Cluster 2 
and Cluster 1, KEGG pathways, such as “Cell 
cycle”, “Pathways in cancer”, “P53 signaling 
pathway”, “TGF-β signaling pathway”, “WNT sig-
naling pathway” and “MAPK signaling pathway” 
were significantly enriched in patients of Cluster 
2 compared to that of Cluster 1. All aforemen-
tioned biological processes have been found to 
be involved in the formation of HCC [25-29], 
which may provide straight evidence for the 
rationality and molecular hypothesis of Cluster 
status in the stratification of HCC patients. 
Moreover, we also further analyzed the land-
scape of tumor-infiltrating immune cells in 
patients with different Cluster status and found 
that macrophage M0 cells, activated CD4 
memory cells, neutrophils, plasma cells and 
memory B cells were enriched in patients of 
Cluster 2. Previous studies have shown that 
macrophages/monocytes could be recruited to 
the hypoxic regions of tumor tissues and 
became pro-angiogenic cells by upregulation of 
TIE2 expression, as these TIE2-positive macro-
phages/monocytes were correlated significant-
ly with microvessel density in HCC. Increased 
TIE2-positive macrophages/monocytes were 
significantly associated with poorer OS and 
DFS and was also an independent prognostic 
factor for HCC patients [30, 31]. Zhou et al. al- 
so showed that tumor-associated neutrophils 
could recruit macrophages and T regulatory 
cells to promote the progression of HCC and 
resistance to sorafenib [32]. In addition, 
patients in Cluster 1 seemed to have higher 
immune infiltration of T and B cells, and the 
degree of tumor-infiltrating T and B cells corre-
lated with the improved survival of HCC patients 
[33]. Taken, together, different kinds of tumor-
infiltrating immune cells in patients with dis-
tinct Cluster status may contribute to their dif-
ferent prognosis. However, the potential mech-
anisms by which Cluster status contributed to 
hepato-carcinogenesis still remains largely 
understood, and further exploration of underly-
in mechanisms are still necessary.

Next, a hypoxia associated genes based prog-
nostic signature was developed with expres-
sion of 10 genes by univariate Cox regression 
and LASSO regression analyses using TCGA 
cohort. With the risk signature, HCC patients 
could be effectively stratified into two distinct 
subgroups with different OS and DFS. Besides, 
the risk signature was an independent prognos-
tic factor for OS and DFS when adjusted for 

other clinical characteristics. The risk signature 
also showed better predictive power than 
pathologic TNM stage, which is commonly rec-
ommended as a prognostic factor in predicting 
OS and DFS (especially in predicting OS). The 
robustness of the risk signature was also vali-
dated in the GSE14520 cohort and LIRI-JP 
cohort. With the help of the risk signature, more 
intensive follow-up and even active adjuvant 
treatment may be needed for high risk HCC 
patients to reduce their relapse and improve 
their prognosis. On the other hand, less active 
follow-up may be needed for HCC patients with 
low risk, and they may even avoid the unbear-
able adverse effects of adjuvant therapies. In 
addition, we also found that significantly lower 
risk scores were found in sorafenib treatment 
responders compared to nonresponders, and 
the AUC for predicting sorafenib treatment 
response was 0.881, indicating that the risk 
signature may also be used as indicator for pre-
diction of sorafenib treatment response and be 
used to identify HCC patients suitable for 
sorafenib treatment (as only approximately 
30% of patients can benefit from sorafenib 
treatment) [34]. Consequently, the risk signa-
ture may be useful in setting up personalized 
surveillance schedules and selection of treat-
ment strategies for HCC patients. 

The 10 genes used for developing the prognos-
tic signature corresponded to APEX1, ATR, 
CTSA, DNAJC5, ENO1, EPO, HMOX1, LDHA, 
NDRG1 and PER1. Of these, APEX1, ENO1, 
EPO, HMOX1, LDHA, NDRG1 and PER1 have 
been found to be related to HCC [35-41]. For 
example, Zhu et al. found that ENO1 was upreg-
ulated in HCC and related with worse OS and 
DFS. ENO1 expression was also independently 
associated with factor prognosis of HCC and 
may serve as a biomarker for diagnosis [36]. 
Yang et al. showed that EPO expression was 
correlated with vasculogenic mimicry forma-
tion. HCC patients with higher EPO expression 
exhibited poorer OS than patients with lower 
EPO expression. EPO expression was also an 
independent factor for prognosis of HCC [37]. 
Mechanistically, we also explored the biological 
process of the risk signature. Our results 
showed that the KEGG pathways of “Cell cycle”, 
“Pyrimidine metabolism”, and “Purine metabo-
lism” were significantly enriched in patients 
from the high risk group. In agreement with our 
findings, Yeh et al. reported that an aberrant 
pyrimidine pathway found in patients with poor-
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ly differentiated HCC could promote cancer 
stemness and serve as a potential therapeutic 
target for treatment of HCC tumor progression 
[42]. Moreover, macrophage M0 cells, regula-
tory T cells and neutrophils were enriched in 
patients from the high-risk group, which was 
similar to patients in Cluster 2, indicating that 
the risk signature may exploit a mechanism 
similar to Cluster status to influence the prog-
nosis of patients with a high risk score.

Although the risk signature showed good per-
formance in its discrimination and predictive 
ability for HCC patients, it still has some limita-
tions. Firstly, the risk signature was developed 
on the basis of retrospective study data. Future 
prospective studies and validation are still 
needed with a larger sample size. Second, we 
did not directly analyze the potential mecha-
nism of risk signature in HCC development and 
progression. In vitro studies are also needed to 
validate the potential mechanisms uncovered 
by bioinformatics. Finally, noninvasive ‘liquid 
biopsy’ is increasingly considered to have revo-
lutionized in the field of cancer treatment and 
diagnosis [43]. The presence of these 10 genes 
in the blood samples or the predicting value of 
signature is worthy of exploration.

Conclusion

Overall, we developed and validated a risk sig-
nature with the expression of 10 hypoxia asso-
ciated ted genes, which reinforce the prediction 
of both prognosis and sorafenib treatment 
response in HCC patients.
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84 hypoxia signaling pathway related genes

HIF1 & Co-Transcription Factors: ARNT, COPS5, HIF1A, HIF1AN, HIF3A, HNF4A, NCOA1, PER1.
Other HIF1 Interactors: APEX1, EGLN1, EGLN2, NFKB1, P4HA1, P4HB, TP53.

Responsive genes:
Angiogenesis: ADORA2B, ANGPTL4, ANXA2, BTG1, EGR1, EDN1, EPO, F3, GPI, HMOX1, JMJD6, LOX, 
MMP9, PGF, PLAU (uPA), SERPINE1 (PAI-1), VEGFA.
Coagulation: ALDOA, ANXA2, F10, F3, F3, PLAU (uPA), SERPINE1 (PAI-1), SLC16A3.
DNA Damage Signaling & Repair: ATR, MIF, NDRG1, RUVBL2.
Metabolism: ALDOA, DDIT4 (REDD1), ENO1, ERO1L, GBE1, GPI, GYS1, HK2, LDHA, PDK1, PFKFB3, 
PFKFB4, PFKL, PFKP, PGAM1, PGK1, PKM2, SLC2A1, SLC2A3, TPI1.
Regulation of Apoptosis: ADM, BNIP3, BNIP3L, BTG1, DDIT4 (REDD1), IER3, MIF, NOS3 (eNOS), PIM1.
Regulation of Cell Proliferation: ADM, BTG1, BLM, CCNG2, EGR1, IGFBP3, MET, MIF, MXI1, NAMPT, 
NOS3 (eNOS), ODC1, PGF, PIM1, TXNIP.
Transcription Factors: BHLHE40, FOS, RBPJ, USF2.
Transporters, Channels & Receptors: SLC2A1, SLC2A3, SLC16A3, TFRC, VDAC1.
Other Responsive Genes: ANKRD37, CA9, CTSA, DNAJC5, EIF4EBP1, LGALS3, MAP3KI.


