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Purpose: The aldo-keto reductase (AKR) superfamily members have been proposed with 
multiple roles in various tumors. Here, a comprehensive analysis on the integral role of AKR 
genes was conducted to evaluate the expression profile, regulation network, and prognostic 
significance in hepatocellular carcinoma (HCC).
Materials and Methods: Transcriptome datasets of HCC were obtained from the Cancer 
Genome Atlas (TCGA) and Gene Expression Omnibus. Univariate and multivariate Cox 
regression analyses were used to build a novel risk score model, and then were further used 
to identify independent prognostic factors for overall survival (OS) of HCC. A prognostic 
nomogram was developed and validated. The expression of these critical AKR members was 
also evaluated by quantitative real-time polymerase chain reaction and immunohistochem-
istry in HCC specimens.
Results: Eight differentially expressed AKR genes were identified in HCC. The dysregula-
tion of most AKR genes was negatively correlated with DNA methylation, and a regulation 
network with transcription factors (TFs) was also established. Then, three critical AKR genes 
(AKR1B10, AKR1D1, and AKR7A3) were screened out to build a novel risk score model. 
Worse OS was observed in high-risk patients. Besides, a prognostic nomogram based on the 
model was further established and validated in both the TCGA and GSE14520 cohorts, 
which showed superior performance in predicting the OS of HCC patients. Notably, close 
correlations were identified between the risk score and tumor immune microenvironment, 
somatic mutation profiles, and drug susceptibilities of HCC. Finally, the upregulated 
AKR1B10 and downregulated AKR1D1 and AKR7A3 were further verified in HCC tumor 
and adjacent tissues from our institution.
Conclusion: The dysregulated AKR genes could be mediated by DNA methylation and TFs 
in HCC. The risk model established with superior prognostic performance further suggested 
the significant role of AKR genes involved in the progression of HCC.
Keywords: hepatocellular carcinoma, aldo-keto reductase, AKR, risk score model, 
nomogram, prognosis

Introduction
The latest epidemiological data reveal that liver cancer is still one of the most 
common malignancies in the world, with more than 800,000 new cases annually.1 

Due to its high aggressiveness, liver cancer also occupies one of the leading causes 
of cancer-related death.1 As the major form of liver cancer, hepatocellular carci-
noma (HCC) accounts for almost 90% of total cases.1,2 Viral infection, including 
hepatitis B and C, is an important risk factor for HCC, and cirrhosis induced by 
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various etiologies provides a supportive background for 
the development and progression of hepatoma.3 Diet- 
related factors, including alcohol consumption and 

aflatoxins, are also important risk factors for HCC.3 

Standardized surveillance for the high-risk population 
would contribute to early detection of HCC and thus 
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improve the chances of getting a radical treatment, such as 
surgical resection, liver transplantation, and local 
ablation.2,4 However, there are still a large proportion of 
patients who have lost the curative chance at the time of 
diagnosis and receive other treatment options with locor-
egional and/or systematic therapies.5 Although the 
improvement in prognosis was limited, targeted therapy 
with sorafenib opened a new era for advanced HCC.5,6 

Recently, immunotherapy with immune checkpoint inhibi-
tors (ICIs) provides new hope for HCC patients, and the 
emergence of novel combination strategies further 
improved the prognosis.7 Therefore, it is extraordinarily 
important to enhance the understanding of the pathogen-
esis of HCC and explore the critical factors affecting the 
prognosis of patients, which will help to create new oppor-
tunities for the current treatment predicament.

The aldo-keto reductase (AKR) is a superfamily con-
sisting of more than 190 members, which mainly belong to 
monomeric oxidoreductases involved in the preliminary 
oxidation-reduction reactions of carbonyl substrates.8,9 

The enzymatic activity of AKR is dependent on nicotina-
mide adenine dinucleotide phosphate (NADPH) and has 
several catalytic and structural features. To date, the super-
family has been clustered into 16 families (AKR1-16) and 
multiple subfamilies based on their homologous sequences 
and functions.8,10 In human sapiens, a total of 15 AKR 
enzymes, belonging to the AKR1A (AKR1A1), AKR1B 
(AKR1B1, AKR1B10, and AKR1B15), AKR1C 
(AKR1C1-4), AKR1D (AKR1D1), AKR1E (AKR1E2), 
AKR6A (AKR6A3, AKR6A5, and AKR6A9), and 
AKR7A (AKR7A2 and AKR7A3) subfamily, have been 
recognized with critical roles in the synthetic and meta-
bolic processes of steroids.11

AKR1 is the largest family of AKR superfamily and 
includes more than half of the human AKR members. 
AKR1C enzymes are mainly responsible for regulating 
the oxidoreduction reactions of 3-keto-, 17-keto-, and 20- 
ketosteroids.12 The dysregulation of AKR1C subfamily 
has been proposed with significant roles in various can-
cers, as well as with potentials for antitumor drug 
development.13,14 As for AKR1B subfamily, AKR1B1 
has been identified with participation in multiple patho-
physiological processes including glycometabolism, 
inflammatory response, and prostaglandin synthesis, 
while AKR1B10 has been implicated in regulating the 
metabolic processes of cytotoxic carbonyls, synthesis of 
retinol and fatty acid, and lipid metabolism. Both members 
have been proposed with dysregulation in many 

tumors.15,16 AKR1D1 acts as the only human steroid 5β- 
reductase and plays a role in the synthesis of bile acid.17,18 

Besides, AKR7A members have been mainly regarded as 
reductases involved in the detoxification of aflatoxin alde-
hydes, and its reduction may play an important role in 
aflatoxin-induced liver cancer.19,20 Therefore, the AKR 
members perform critical functions in various pathophy-
siological processes, including cancers. However, the com-
prehensive analysis on the integral role of AKR 
superfamily in HCC is still insufficient.

In the present study, we conducted an extensive analy-
sis on the overall profiles (expression, correlation, func-
tion, and regulation network) of the human AKR 
superfamily in HCC using the transcriptome data from 
the Cancer Genome Atlas (TCGA) and Gene Expression 
Omnibus (GEO). Besides, we also comprehensively ana-
lyzed the AKR members involved in the occurrence, pro-
gression, and prognosis of HCC with the clinical 
information. A novel risk score model based on the AKR 
genes and a prognostic nomogram for HCC was estab-
lished and validated with superior performance, respec-
tively. Notably, the critical AKR gene signature was 
found with a significant correlation with the tumor 
immune microenvironment, somatic mutation profile, 
ICIs treatment response, and drug sensitivity of HCC. 
Finally, the RNA and protein expression of these AKR 
members were further validated in HCC specimens from 
our institution. These results provided a more instructive 
overview of the AKR superfamily and potential targets for 
the diagnosis and treatment of HCC.

Materials and Methods
Data Collection
The transcriptome data of HCC was downloaded from 
TCGA with gene expression matrix from 374 liver tumors 
and 50 normal controls (TCGA-LIHC, https://portal.gdc. 
cancer.gov/). Another independent HCC microarray data-
set of GSE14520 with 225 tumor samples and 220 normal 
controls was retrieved from the GEO (https://www.ncbi. 
nlm.nih.gov/geo/). Besides, the corresponding clinico-
pathologic data of HCC patients in the above datasets 
were also obtained. Besides, the prognostic data with dis-
ease-specific survival (DSS), disease-free interval (DFI), 
progression-free interval (PFI), and progression-free survi-
val (PFS) for the TCGA cohort was retrieved from 
a previous report.21 All analyses involving only gene 
expression profiles were performed using data from all 
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samples, while analyses related to clinical outcomes 
included only patients with complete clinicopathologic 
information. Finally, 370 and 221 HCC patients from 
TCGA and GSE14520 were enrolled in the correlation 
and prognostic analyses. The clinical characteristics of 
HCC patients from these two cohorts were shown in 
Table S1.

The TCGA and GEO databases are open to the public 
and the data from all cases have been consented to use for 
analyses and obtained ethical approval. This study was 
based on open-source data, and strictly followed the pub-
lication guidelines and access policies of the database, so 
the study protocol was exempted from additional ethical 
approval.

In addition, paired tumor and adjacent samples from 56 
HCC patients receiving surgical resection in the Third 
Affiliated Hospital of Sun Yat-Sen University were col-
lected as the local validation cohort (January to 
December 2019). Written informed consent was obtained 
from each patient. The study was also approved by the 
Ethics Committee of the Third Affiliated Hospital of Sun 
Yat-Sen University and conducted in accordance with the 
Declaration of Helsinki.

Differentially Expressed AKR Superfamily 
Genes and Functional Enrichment in 
HCC
The AKR superfamily genes in humans were acquired 
from the AKR Superfamily database (https://hosting.med. 
upenn.edu/akr/). A total of 15 human AKR members were 
obtained and listed in Table S2. Then, the expression 
profiles of these AKR genes were extracted from TCGA 
and GSE14520 gene matrixes. By cross-comparison, only 
10 AKR genes (AKR1A1, AKR1B1/10, AKR1C1/2/3/4, 
AKR1D1, AKR7A2/3) were present in both TCGA and 
GSE14520 datasets. Differentially expressed AKR genes 
between HCC tumors and normal controls were identified 
by Wilcoxon test using R package “limma” with the cri-
teria of false discovery rate (FDR) < 0.05.

The correlations between these differentially expressed 
AKR genes were calculated and showed using the 
R package “corrplot”. The protein–protein interaction ana-
lysis was conducted using the GeneMANIA plugin (http:// 
apps.cytoscape.org/apps/genemania, dataset updated on 
13 July 2017) in Cytoscape software (Version 3.8.0). 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analyses for 

AKR genes were performed using the R package 
“clusterProfiler”.

Methylation Analyses of AKR Superfamily 
Genes in HCC
The DNA methylation data with the platform of Illumina 
Human Methylation 450 for TCGA HCC patients were 
downloaded from the UCSC Xena (https://xenabrowser. 
net/datapages/). The CpG sites in the promoter regions 
(from the upstream 2 kb to the downstream 500 bp) of 
AKR genes and the corresponding methylation levels were 
extracted. Then, the correlation between gene expression 
and methylation was conducted by Pearson’s correlation 
analysis.

Transcriptional Regulation Network 
Analysis for AKR Genes in HCC
The cancer-related transcriptional factors (TFs) were 
retrieved from the Cancer Transcription Factor Targets in 
Cistrome Cancer (http://cistrome.org/CistromeCancer/ 
CancerTarget/). A total of 318 TFs were obtained. Then, 
the TF expression profile in HCC was extracted from the 
TCGA dataset and compared between tumor and normal 
samples. Differentially expressed TFs were screened based 
on |log2fold-change (log2FC)| > 1 and FDR < 0.05 (listed 
in Table S3). The correlations between TFs and AKR 
genes were evaluated using Pearson’s correlation analyses 
in the TCGA dataset. TFs with |correlation index| > 0.3 
and p < 0.001 were identified to build the transcriptional 
regulation network.

Establishment of the Prognostic AKR 
Gene Model for HCC Patients
First, differentially expressed AKR genes were screened 
by the univariate COX regression analyses using 
R package “survival”. Then, genes with p < 0.05 were 
selected for multivariate COX analysis to construct the 
prognostic gene model. A stepwise selection strategy 
with “both” direction was adopted to optimize the model, 
and variables left in the formula were used to establish the 
novel risk score model:

Risk score ¼ ∑n
i¼1Coefi � xiðCoefi ¼ coefficient;

xi ¼ gene expressionÞ

All HCC patients in the TCGA cohort obtained risk scores 
based on the above model and the median risk score was 
set as the cutoff point to classified patients into high- and 
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low-risk groups. The scoring model was also adopted to 
calculate the risk scores of HCC patients in the GSE14520 
cohort and divide them into two groups. Afterward, 
Kaplan–Meier analyses with the Log rank test were per-
formed for OS evaluation of HCC patients with different 
risk scores using the R package “survival”. The 1-, 3-, and 
5-year receiver operating characteristic (ROC) curves ana-
lyses using R package “timeROC” were adopted to eval-
uate the prognostic performance of the model by 
comparing the area under the ROC curves (AUCs). 
Besides, the potential value of this risk score model for 
application in predicting the DSS, DFI, PFI, PFS, and the 
recurrence-free survival (RFS) was also evaluated in the 
TCGA and GSE14520 cohorts.

Prognostic Nomogram Construction and 
Evaluation
Univariate and multivariate Cox regression analyses were 
conducted to evaluate the independent prognostic signifi-
cance of this risk model and other clinicopathological 
factors in the TCGA and GSE14520 cohorts. And the 
nomogram for OS prediction was established using the 
R package “rms”. The prediction performance was evalu-
ated by the concordance index (C index), calibration 
curves, and time-dependent ROCs. In addition, the effi-
ciency of the nomogram in predicting DSS, DFI, PFI, PFS, 
and RFS in HCC patients was also evaluated accordingly.

Correlations of the AKR Genes and Risk 
Score Model with the Clinicopathological 
Factors and Corresponding Subgroup 
Analyses
The expression of AKR genes in different subgroups clas-
sified by various clinical factors was evaluated by the 
Wilcoxon or Kruskal–Wallis test. The distribution of risk 
scores in different subgroups was also compared by the 
Wilcoxon or Kruskal–Wallis test. The subgroup survival 
analyses were conducted using the R package “survival” 
with Kaplan–Meier method for OS prediction.

Gene Set Enrichment Analysis (GSEA)
GSEA was conducted to evaluate the enriched pathways 
and hallmark gene signatures in different risk groups, 
which was conducted within the GSEA software (http:// 
www.gsea-msigdb.org/gsea/index.jsp) with the KEGG 
(C2.cp.kegg.v7.4.symbols.gmt) and the hallmark (h.all. 

v7.4.symbols.gmt) gene sets. An FDR q value < 0.05 
were considered statistically significant.

Correlations Between the Risk Score 
Model and Immune-Related Genes, Cells, 
and Immunotherapy Response
The immune-related genes with negative regulation functions 
were acquired from the Tracking Tumor Immunophenotype 
database (TIP, http://biocc.hrbmu.edu.cn/TIP/index.jsp). The 
correlations between risk scores and immune-related gene 
expressions were assessed by Pearson’s correlation analyses 
within the TCGA dataset. The infiltration estimations of 
different immune cells in TCGA HCC samples were down-
loaded from the TIMER 2.0 (http://timer.cistrome.org/). 
Single-sample gene set enrichment analysis (ssGSEA) was 
also conducted to evaluate the infiltration of multiple 
immune cells and immune-related functions among the 
high- and low-risk groups. The ESTIMATE algorithm was 
further applied to assess the overall immune cell infiltration 
in different subgroups. In addition, the immune subtype 
classification of HCC for the TCGA cohort was retrieved 
from the UCSC Xena (https://xenabrowser.net/datapages/) to 
evaluate its correlation with the risk score model. The asso-
ciations between risk scores and infiltration intensities of 
different immune cells were assessed by Spearman analyses. 
The difference of these genes’ expression and immune cells’ 
infiltration were compared by the Wilcoxon or Kruskal– 
Wallis test between the high- and low-risk groups.

Notably, we further evaluated the relationship between 
risk score and the ICIs treatment response of HCC patients 
using two prediction algorithms: Immunophenoscore 
(IPS)22 and Tumor Immune Dysfunction and Exclusion 
(TIDE).23 These guidelines provide a reference for asses-
sing the benefit of immunotherapy for patients receiving 
anti-PD-1 and anti-CTLA-4 antibodies.

Correlations Between the Risk Score 
Model and Tumor Mutation Burden and 
Drug Susceptibility
Somatic mutation data generated by the VarScan software 
in the “Masked Somatic Mutation” category were down-
loaded from TCGA. The R package “maftools” was used 
to summarize, analyze, annotate and visualize mutation 
annotation format (MAF) files of different risk groups. 
The Oncoplot waterfall plots were generated for the most 
frequently mutated genes in each group.
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The drug susceptibility analyses were conducted using 
the R package “pRRophetic” with data from the Genomics 
of Drug Sensitivity in Cancer (GDSC) database to com-
pare the half-maximum inhibitory concentration IC50 of 
the samples between high- and low-risk groups.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted with TRIzol (Invitrogen, 
Carlsbad, CA) from sixteen paired HCC tumors and adja-
cent tissue samples stored at −80°C. The reverse transcrip-
tion was performed using Transcription First Strand cDNA 
Synthesis Kit (Roche, Switzerland). The PCR was con-
ducted by a LightCycler 480 Real-Time PCR System 
(Roche, Switzerland) using the SYBR GREEN I PCR 
MASTER MIX (Roche, Switzerland). β-actin was used 
as an internal control. The relative expression levels were 
calculated with the 2^−ΔΔCt method. The primer 
sequences were listed in Table S4.

Immunohistochemical (IHC) Assay, and 
Correlation and Survival Analyses
A total of 40 paired HCC tumor and adjacent tissue sam-
ples fixed by formalin and embedded in paraffin were used 
for IHC evaluation of AKR protein expression. The slides 
were dewaxed, rehydrated, blocked for endogenous perox-
idase, underwent high-pressure antigen repairing, and 
incubated with anti-AKR1B10 (sc-365689, Santa Cruz, 
USA), anti-AKR1D1 (sc-373970, Santa Cruz, USA), anti- 
AKR7A3 (ab227231, Abcam, USA), anti-CD4 (A19018, 
Abclonal, China), anti-CD8 (ab199016, Abcam, USA), 
anti-CD68 (#76437, CST, USA), anti-PD-1 (#84651, 
CST, USA), anti-CTLA-4 (NB100-64849, Novus, USA), 
anti-TIM3 (#45208, CST, USA), and anti-TIGIT 
(ab243903, Abcam, USA) antibodies overnight at 4°C. 
Then, the slides were further incubated with a secondary 
antibody for 1 h at 37°C and treated with diaminobenzi-
dine using the Dako REAL EnVision Detection System 
(K5007, DAKO, Denmark). Finally, the slides were coun-
terstained with hematoxylin and observed under a light 
microscope (Leica, Germany). All indicators were 
assessed using the IHC score to quantify the expression 
levels. High, medium, low and negative expressions were 
assigned scores of 3, 2, 1, and 0, respectively. The IHC 
score for each tissue was derived from the mean scores of 
five random fields.

In addition, the clinicopathological information of 
these 40 HCC patients was retrospectively collected and 

summarized in Table S5. Based on the IHC score of the 
corresponding index in tumor tissue, all patients were 
divided into two groups of high and low expression. A cut- 
off value of 1.5 was used for most indicators, while 1.0 
was used as a cut-off value for indicators with overall low 
expression levels including AKR7A3, PD-1, and CTLA-4. 
The correlation of AKR expression with multiple clinical 
factors was assessed by the chi-square test. Given that 
there were only 2 patients with death events during the 
follow-up period, the analytical efficacy of OS would be 
very limited. Hence, the impact of AKR protein expression 
levels on recurrence-free survival (RFS) was mainly ana-
lyzed by the Kaplan–Meier analyses. The correlation 
between AKR members and immune markers (CD4, 
CD8, CD68, PD-1, CTLA-4, TIM3, and TIGIT) were 
assessed by the Spearman analyses with IHC scores. The 
overall correlations among the clinicopathological factors, 
AKR expression, and immune-related markers were 
shown in a Sankey diagram plotted by the R package 
“ggalluvial”.

Statistical Analysis
The R software version 4.0.3 (https://www.r-project.org/) 
and SPSS software version 22 (IBM Corporation) were 
used to perform the statistical analyses. A p-value <0.05 
(two-sided) was considered statistically significant.

Results
Identification of the Differential 
Expressed AKR Superfamily Genes in 
HCC
Of the 15 human AKR superfamily genes, only 10 AKR 
members were found with valid expressions both in the 
TCGA-LIHC and GSE14520 datasets. The differential 
expression analyses showed that eight AKR genes 
(AKR1B10, AKR1C1/2/3/4, AKR1D1, AKR7A2/3) were sig-
nificantly dysregulated between HCC tumors and normal con-
trols in the TCGA-LIHC cohort (Figure 1A and B). AKR1B10, 
AKR1C1/2/3, and AKR7A2 were upregulated (all p < 0.001), 
while AKR1C4 (p < 0.05), AKR1D1 (p < 0.001), and AKR7A3 
(p < 0.001) were downregulated in HCC. No significant 
difference was found for AKR1A1 and AKR1B1 (all p > 0.05).

The expression correlations between these differential 
AKR genes in HCC tumor samples were shown in 
Figure 1C. Significant correlations were found among most 
AKR genes. The positive correlation with the highest coeffi-
cient of 0.79 was identified between AKR1C1 and AKR1C2 
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(p < 0.05), while the negative correlation with the highest 
coefficient of −0.42 was identified between AKR1C3 and 
AKR1D1 (p < 0.05). There were three distinct AKR genes 
without significant correlation to AKR1B10 (AKR1C4, and 
AKR7A2/3), AKR1D1 (AKR1C1/2, and AKR7A2), or 
AKR7A2 (AKR1C4, AKR1D1, and AKR1B10), respectively 
(all p > 0.05). The PPI network analyses showed extensive 
physical interactions among these AKR members and with 
other proteins such as DIRAS1, GEMIN5, TRMT11, 
COMMD9, ZFP1, PCBP3, PLXDC2, and IPO8 (Figure 1D).

The functional analyses of these differential AKR genes 
in HCC were conducted with GO and KEGG enrichment 
(Figure 1E). The GO results indicated that the AKR genes 
might participate in several biological processes (BP) with 
metabolisms, such as aminoglycoside antibiotic, tertiary 
alcohol, primary alcohol, glycoside, and quinone metabolic 
process. The potential involved molecular functions (MF) of 
AKR genes were enriched to aldo-keto reductase (NADP) 
activity, alditol: NADP+ 1-oxidoreductase activity, alcohol 
dehydrogenase (NADP+) activity, oxidoreductase activity, 
and steroid dehydrogenase activity. The KEGG pathway 
analyses indicated the possible involvement of AKR genes 
in steroid hormone biosynthesis, metabolism of xenobiotics 

by cytochrome P450, primary bile acid biosynthesis, and 
folate biosynthesis.

Regulation Network Analyses of AKR 
Genes with DNA Methylation and 
Transcription Factors in HCC
To investigate the potential regulatory mechanisms of dif-
ferential AKR gene expression in HCC, DNA methylation 
levels with CPG sites in the promoters of AKR genes were 
summarized and analyzed (Figure 2A). Only one CPG site 
was found in AKR1C1, AKR1C3, and AKR1C4 promoter, 
and the mean methylation level was relatively low (beta 
value < 0.5). There were two and three CPG sites found in 
AKR1C2 and AKR1B10 promoter, respectively. The mean 
methylation levels at cg00863716 for AKR1C2, 
cg06133921 and cg11693019 for AKR1B10 were all 
>0.5. More than 10 CPG sites were found in AKR1D1, 
AKR7A2, and AKR7A3. The mean methylation levels at 
cg00784105 for AKR7A2, cg09277575, cg17257469, and 
cg20518096 for AKR1D1 were all >0.75, whereas the 
methylation levels of all CPG sites in AKR7A3 were 
lower than 0.2. Then, the correlation between AKR gene 

Figure 1 Identification of the differentially expressed AKR genes and functional analyses in HCC. (A and B) The expression profiles of differentially expressed AKR genes in 
the TCGA dataset with Heatmap (A) and bar plot (B). (C) The correlation network of differentially expressed AKR genes in HCC. (D) PPI network of differentially 
expressed AKR genes. (E) GO and KEGG analyses for the differentially expressed AKR genes. ns p > 0.05 *p < 0.05, ***p < 0.001. 
Abbreviations: AKR, aldo-keto reductase; HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas; PPI, protein–protein interaction; GO, Gene Ontology; BP, 
biological process; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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expression and methylation level of each HCC sample was 
evaluated (Figure 2B). Results showed negative correla-
tions were found in seven differential AKR genes (except 
for AKR1C4, all p < 0.05). Significant correlation was 
identified in AKR1D1, AKR1B10, and AKR1C2 with high 
coefficient of −0.45, −0.51, and −0.62, respectively. 

Hence, DNA methylation might play an important role in 
regulating the aberrant expression of AKR genes in HCC.

In addition, we also analyzed the potential regulation 
network between TFs and AKR genes in HCC. After 
differential expression analyses in the TCGA-LIHC data-
set, 120 out of 318 tumor-related TFs were screened out 

Figure 2 Regulation networks with DNA methylation and transcription factors for the differentially expressed AKR genes in HCC. (A) Methylation levels with different 
CPG sites of AKR genes in HCC from the TCGA dataset. (B) Correlations between the methylation levels and expressions of AKR genes in HCC. (C) Regulation network 
between tumor-related transcription factors and AKR genes in HCC. 
Abbreviations: AKR, aldo-keto reductase; HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas.
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for correlation analyses with differentially expressed AKR 
genes. With the criteria of coefficient >0.3 and p < 0.001, 
a regulation network with 58 TFs and 5 AKR genes was 
established (Figure 2C). A total of 49, 12, and 7 TFs were 
correlated to AKR7A3, AKR1D1, and AKR1B1, respec-
tively. Only one TF was found for AKR1B10, and two 
TFs for AKR1C3 were found. Among them, 11 TFs were 
identified with significant correlations with more than two 
AKR genes. LMNA showed correlation with AKR1B10, 
AKR1C3, and AKR1D1, while TEAD4 showed correlation 
with AKR1B1, AKR1D1, and AKR7A3. These findings 
indicated the complex regulation relationships between 
TFs and AKR genes in HCC.

Development and Validation of the Novel 
Risk Score Model Based on AKR Genes 
for OS of HCC Patients
The prognostic AKR genes were identified by univariate 
COX analyses, and five genes (AKR1B1, AKR1B10, 
AKR1C3, AKR1D1, and AKR7A3) with p < 0.05 were 
further enrolled into the multivariate COX analysis 
(Figure 3A). Finally, only three AKR genes were screened 
out to build the risk score model: AKR1B10 (hazard ratio 
(HR): 1.102, 95% confidence interval (CI): 1.035–1.174, 
p = 0.002), AKR7A3 (HR: 0.862, 95% CI: 0.778–0.956, 
p = 0.006), and AKR1D1 (HR: 0.932, 95% CI: 0.558– 
1.016, p = 0.110) (Figure 3B). The coefficient of 
AKR1B10, AKR7A3, and AKR1D1 was 0.097, −0.148, 
and −0.071, respectively. Based on the risk model, the 
risk score of each HCC patient both in the TCGA-LIHC 
(training) and GSE14520 (validation) cohorts was calcu-
lated. All patients were divided into high- and low-risk 
groups according to the median risk score. Survival ana-
lyses indicated that patients with high risk scores owned 
worse OS rates both in the training (p < 0.001, Figure 3C) 
and validation (p < 0.001, Figure 3D) cohorts. AUC of the 
risk model in predicting the 1-, 3-, and 5-year OS in the 
training cohort was 0.696, 0.641, and 0.631, respectively 
(Figure 3E). In the validation cohort, AUC for 1-, 3-, and 
5-year OS was 0.633, 0.602, and 0.633, respectively 
(Figure 3F). In the TCGA cohort, the AUCs of risk score 
model for 1-, 3-, and 5-year OS were all higher than other 
indexes of AFP, pathological grade, and clinical stage. In 
the GSE14520 cohort, the AUCs of risk score model for 
1-, 3-, and 5-year OS were higher than AFP, tumor dia-
meter, and tumor number, while were less than the AUCs 
of clinical stage.

Besides, the proportions of death events in different 
risk groups were also analyzed both for the training and 
validation cohorts. In the TCGA-LIHC cohort, 42% (78/ 
185) of HCC patients in the high-risk group died, while 
28% (52/185) of patients died in the low-risk group during 
the follow-up period (Figure 3G). In the GSE14520 
cohort, 49% (54/110) and 28% (31/111) HCC patients 
died in the high- and low-risk group, respectively 
(Figure 3H). The risk plots of both the training and valida-
tion groups showed clearly the risk score distribution, 
survival status, and expression of the three critical AKR 
genes of each HCC patient (Figure 3I and J). In both the 
TCGA and GSE14520 cohorts, AKR1B10 expression 
levels were higher in the high-risk group of HCC patients, 
whereas AKR1D1 and AKR7A3 were lower. Besides, 
more patients in the high-risk group experienced death 
events. These findings indicated that the risk score model 
based on AKR genes had a good capacity in discriminat-
ing and predicting the OS of HCC patients.

Furthermore, the prognostic significance of the risk 
score model was comprehensively analyzed in predicting 
DSS, DFI, PFI, PFS, and RFS in HCC patients. In the 
TCGA cohort, worse DFI was observed in high-risk 
patients (p = 0.032, Figure S1A), and the AUC for 1-, 
3-, and 5-year DFI was 0.592, 0.569, and 0.635, respec-
tively (Figure S1B). Worse DSS was also observed in 
high-risk patients (p = 0.014, Figure S1C), and the AUC 
for 1-, 3-, and 5-year DSS was 0.689, 0.660, and 0.607, 
respectively (Figure S1D). High-risk patients owned worse 
PFI (p = 0.017, Figure S1E), and the AUC for 1-, 3-, and 
5-year PFI was 0.614, 0.578, and 0.606, respectively 
(Figure S1F). As for the PFS, worse survival was also 
found in high-risk patients (p < 0.001, Figure S1G), and 
the AUC for 1-, 3-, and 5-year PFS was 0.635, 0.590, and 
0.622, respectively (Figure S1H). In the GSE14520 cohort, 
the prognostic value of the risk score model for RFS was 
assessed and worse survival was identified in high-risk 
group (p < 0.001, Figure S1I). The AUC for 1-, 3-, and 
5-year RFS was 0.626, 0.597, and 0.602, respectively 
(Figure S1J).

Development and Validation of 
Prognostic Nomogram Based on Risk 
Score Model for OS of HCC Patients
First, univariate and multivariate Cox analyses were con-
ducted to evaluate the independent prognostic values of 
the risk score model and other clinicopathological factors. 
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In the TCGA-LIHC cohort, only the tumor stage (III–IV/ 
I–II, HR: 1.680, 95% CI: 1.369–2.062, p < 0.001) and risk 
score (high/low, HR: 2.679, 95% CI: 1.867–3.844, p < 
0.001) were identified by the univariate COX analyses 

(Figure 4A). These two factors (tumor stage: HR 1.604, 
95% CI 1.297–1.982, p < 0.001; risk score: HR 2.324, 
95% CI 1.634–3.306, p < 0.001) were also identified as 
significant prognostic indexes by the multivariate COX 

Figure 3 Development and validation of the novel risk score model based on AKR genes for HCC. (A) Univariate and (B) multivariate COX analyses for identification of 
the critical AKR genes with the TCGA dataset. Kaplan–Meier curves for the overall survival of HCC patients with different risk scores in the (C) TCGA (training) and (D) 
GSE14520 (validation) cohort. ROC curves of the risk model for prediction of the 1-, 3-, and 5-year overall survival in (E) TCGA and (F) GSE14520 cohort. Proportions of 
death events in different risk groups of the (G) TCGA and (H) GSE14520 cohort. Risk plots of the risk score, survival time, and AKR gene expression in the (I) TCGA and 
(J) GSE14520 cohort. 
Abbreviations: AKR, aldo-keto reductase; HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas; ROC, receiver operating characteristic; AUC, area under 
the curve.
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analysis (Figure 4B). In the GSE14520 cohort, tumor size 
(> 5/≤ 5cm, HR: 2.002, 95% CI: 1.300–3.083, p = 0.002), 
stage (III–IV/I–II, HR: 2.294, 95% CI: 1.730–3.042, p < 
0.001), and risk score (high/low, HR: 1.628, 95% CI: 

1.157–2.290, p = 0.005) were identified by the univariate 
COX analyses (Figure 4C), while only tumor stage (HR: 
2.083, 95% CI: 1.513–2.866, p < 0.001) and risk score 
(HR: 1.492, 95% CI: 1.029–2.164, p = 0.035) were further 

Figure 4 Construction and evaluation of a prognostic nomogram based on the risk model for HCC. (A) Univariate and (B) multivariate COX analyses for evaluation of the 
independent prognostic factors for overall survival of HCC in the TCGA cohort. (C) Univariate and (D) multivariate COX analyses for independent prognostic factors 
identification in the GSE14520 cohort. (E) Nomogram with risk score and clinical stage for prognostic prediction of HCC. Calibration and (G) time-dependent ROC curves 
for evaluation of the prognostic accuracy of the nomogram for the TCGA cohort. (H) Calibration and (I) time-dependent ROC curves for evaluation of the prognostic 
accuracy of the nomogram for the GSE14520 cohort. 
Abbreviations: HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas; ROC, receiver operating characteristic; AUC, area under the curve.
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identified as independent prognostic factors for OS of 
HCC by the multivariate COX analysis (Figure 4D). 
Hence, tumor stage and risk score model were selected 
to construct the prognostic nomogram for OS prediction of 
HCC patients.

Next, the prognostic nomogram was developed with 
tumor stage and risk score model (Figure 4E), which showed 
good efficacy in estimating the OS in the TCGA-LIHC with 
a high C-index of 0.679. The calibration curves for 1-, 3- and 
5-year OS rates were also largely overlapped with the stan-
dard lines in the TCGA-LIHC (Figure 4F). The AUCs for 
predicting 1-, 3- and 5-year OS with nomogram in the 
TCGA-LIHC were 0.752, 0.744, and 0.701, respectively 
(Figure 4G). In the validation cohort with GSE14520, the 
C-index was 0.697, and the calibration curves were also well 
overlapped with the reference lines for 1-, 3- and 5-year OS 
estimation (Figure 4H). The AUCs for predicting 1-, 3- and 
5-year OS with nomogram were 0.720, 0.741, and 0.778, 
respectively (Figure 4I). In both the TCGA and GSE14520 
cohorts, the risk score-based nomogram showed superiority 
over single indicators in predicting 1-, 3-, and 5-year OS 
accompanied by the largest AUC values.

In addition, the ROC curve analyses were also utilized 
to evaluate the efficiency of this nomogram in predicting 
other endpoint events such as DFI (Figure S2A), DSS 
(Figure S2B), PFI (Figure S2C), PFS (Figure S2D), and 
RFS (Figure S2E) in HCC patients. Results showed that 
the nomogram also had superior predictive power and its 
performance was higher than other single indicators.

Correlation of AKR Genes and the Risk 
Score Model with Various 
Clinicopathological Factors in HCC
To further clarify the correlation between AKR genes and 
corresponding risk scores and clinicopathological factors in 
HCC patients, the correlation analyses were performed. In 
the TCGA dataset, the expressions of AKR1B10, AKR1D1, 
and AKR7A3 were all higher in patients with age >50 years and 
AFP ≤ 200ng/mL (all p < 0.05, Figure 5A). Higher expressions 
of AKR1B10 and AKR7A3 were observed in male patients (all 
p < 0.05, Figure 5A). Lower expressions of AKR1D1 and 
AKR7A3 were observed in patients with higher pathological 
grades (G3-4), and patients with advanced clinical stages (III– 
IV) also showed lower expression of AKR1B10, AKR1D1, and 
AKR7A3 (all p < 0.05, Figure 5A). Only AKR1D1 showed 
lower expression in patients with either microvascular or 
macrovascular invasion (all p < 0.05), while no significant 

difference was observed for AKR1B10 or AKR7A3 (all p > 
0.05). For AKR genes expression in HCC with different viral 
hepatitis backgrounds, only AKR1B10 was found to be more 
expressed in the hepatitis C background than in patients with-
out viral hepatitis (p < 0.05, Figure 5A). In the GSE14520 
cohort, no significant difference was observed for AKR1B10, 
AKR1D1, and AKR7A3 in different subgroups of age (≤50/>50 
years), gender (female/male), and tumor number (single/multi-
ple) (all p > 0.05, Figure S3A). Lower expressions of 
AKR1B10 and AKR7A3 were observed in patients with AFP 
> 300ng/mL (all p < 0.05, Figure S3A). Lower expression of 
AKR1D1 was also found in patients with tumor diameter 
>5 cm (p < 0.05, Figure S3A). Lower expressions of 
AKR1D1 and AKR7A3 were also found in patients with 
advanced stages (III–IV) (all p < 0.05).

As for the AKR-based risk score model, higher risk 
scores were observed in patients from the TCGA cohort 
with higher AFP (>200 ng/mL), higher pathological grade 
(G3-4), and vascular invasion (micro or macro) (all p < 
0.05, Figure 5B). No significant difference was found in 
different subgroups classified by age, gender, viral hepati-
tis, and clinical stage (all p > 0.05, Figure 5B). In the 
GSE14520 cohort, higher risk scores were only observed 
in patients with higher AFP (>300 ng/mL) and advanced 
stage (III–IV) (all p < 0.05, Figure S3B).

Subgroup Survival Analyses for HCC 
Patients with Various Clinicopathological 
Factors
To evaluate the significance of the risk score model in pre-
dicting the prognosis of HCC patients, we further performed 
subgroup survival analyses both in the training and validation 
cohorts. In the TCGA cohort, worse OS was observed in 
subgroup of patients with age ≤50 years (p = 0.027, 
Figure 6A), age >50 years (p = 0.004, Figure 6A), male (p 
< 0.001, Figure 6B), grade 1–2 (p = 0.007, Figure 6D), grade 
3–4 (p = 0.023, Figure 6D), hepatitis B (p = 0.017, 
Figure 6E), no viral hepatitis (p < 0.001, Figure 6E), without 
vascular invasion (p = 0.028, Figure 6F), stage I–II (p = 0.023 
Figure 6G), and stage III–IV (p = 0.002, Figure 6G), respec-
tively. No significant difference of OS was observed in sub-
group of patients with female (Figure 6B), AFP ≤ 200 ng/mL 
(Figure 6C), AFP > 200 ng/mL (Figure 6C), hepatitis 
C (Figure 6E), hepatitis B+C (Figure 6E), microvascular 
invasion (Figure 6F), or macrovascular invasion 
(Figure 6F) (all p > 0.05). In the GSE14520 cohort, worse 
OS was observed in subgroup of patients with age ≤50 years 
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(p = 0.019, Figure S4A), age >50 years (p = 0.008, Figure 
S4A), male (p < 0.001, Figure S4B), AFP > 300 ng/mL (p = 
0.004, Figure S4C), diameter ≤ 5 cm (p = 0.010, Figure S4D), 
diameter > 5 cm (p = 0.034, Figure S4D), single nodule (p < 
0.001, Figure S4E), and stage I–II (p = 0.007, Figure S4F), 
respectively. No significant difference of OS was observed in 
subgroup of patients with female (Figure S4B), AFP ≤ 300 
ng/mL (Figure S4C), multiple nodules (Figure S4E), or stage 
III–IV (Figure S4F) (all p > 0.05).

GSEA for Different Risk Groups of HCC
GSEA could provide a reference for dysregulated pathways 
and hallmark signatures associated with AKR-based risk score 
model in HCC. With the KEGG analysis, specific pathways 
were found enriched in high-risk groups, such as aminoacyl 
tRNA biosynthesis, antigen processing and presentation, cyto-
solic DNA sensing, endocytosis, and FC-gamma R-mediated 
phagocytosis (Figure 7A). In low-risk group, multiple 

metabolism-related pathways were enriched, such as alanine 
aspartate and glutamate metabolism, drug metabolism, fatty 
acid metabolism, and primary bile acid biosynthesis 
(Figure 7B). As for the hallmark gene signatures in different 
risk groups, multiple hallmarks were found enriched in high- 
risk group with MYC target, MTORC1 signaling, PI3K/AKT/ 
MTOR signaling, reactive oxygen species, apoptosis, hypoxia, 
glycolysis, p53, and G2/M checkpoint, while the gene sets of 
bile acid metabolism, xenobiotic metabolism, and fatty acid 
metabolism were enriched in low-risk group (Figure 7C).

Correlation Between Risk Score Model 
and Immune Genes Expression and 
Immune Cells Infiltration in HCC
To investigate the potential correlation between our risk 
score model with the tumor immune microenvironment, 
the immune-related genes with negative regulation of 

Figure 5 Correlations of AKR genes expression and risk scores and various clinicopathological factors of HCC in the TCGA cohort. (A) Correlations of the expression 
levels of AKR genes (AKR1B10, AKR1D1, and AKR7A3) and clinicopathological factors in HCC. (B) Correlations of the risk scores and clinicopathological factors in HCC. 
ns p > 0.05, *p < 0.05, ** p < 0.01, ***p < 0.001. 
Abbreviations: AKR, aldo-keto reductase; HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas.
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immune response were obtained and their expression 
profiles were extracted from the TCGA-LIHC dataset. 
The differentially expressed immune-related genes were 
compared and identified between high- and low-risk 
groups. Finally, 26 of 54 immune-related genes were 
found with significant differences and showed in 
a heatmap (all p < 0.05, Figure 8A). Some of the 

differential genes were immune checkpoint genes, such 
as PDCD1, CTLA4, HAVCR2, and TIGIT. Then, the cor-
relations between risk scores and the expressions of 
above immune checkpoint genes were analyzed 
(Figure 8B). Positive correlations were found between 
risk scores and PDCD1 (R = 0.26, p = 2.9e-07), CTLA4 
(R = 0.34, p = 1.7e-11), HAVCR2 (R = 0.29, p = 1.7e-08), 

Figure 6 Subgroup survival analyses for OS of HCC patients in the TCGA cohort. Kaplan–Meier curves for OS of HCC patients in different subgroups divided by (A) age (≤ 
50/> 50 years), (B) gender (female/male), (C) AFP (≤ 200/> 200 ng/mL), (D) pathological grade (G1-2/G3-4), (E) viral hepatitis (hepatitis B/hepatitis C/ hepatitis B+C/ no), 
(F) vascular invasion (micro/macro/no), (G) clinical stage (I–II/III–IV). 
Abbreviations: HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas; OS, overall survival; AFP, alpha-fetoprotein.
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and TIGIT (R = 0.21, p = 7.0e-05), and higher expression 
levels of these genes were all observed in high-risk 
groups (all p < 0.001).

The correlations between risk scores and immune cells 
in HCC were analyzed using the infiltration estimation 
data for TCGA from TIMER 2.0. The estimation data 
was calculated by seven software with XCELL, TIMER, 
QUANTISEQ, MCPCOUNTER, EPIC, CIBERSORT- 
ABS, and CIBERSORT. Positive correlations were 

observed between most types of immune cells and risk 
scores (Figure 8C). With the estimation strategy of 
CIBERSORT-ABS, higher infiltration frequency was 
observed in high-risk patients with M0 and M2 
Macrophages, CD4+ memory resting and activated 
T cells, regulatory T cells, activated NK cells, and resting 
mast cells (all p < 0.05), whereas higher infiltration fre-
quency was observed in low-risk patients with activated 
mast cells (p < 0.01) (Figure 8D). Hence, the dysregulated 

Figure 7 KEGG and hallmark gene sets enrichment analyses for high- and low- risk groups of HCC patients by GSEA. Enriched KEGG pathways in (A) high-risk group and 
(B) low-risk group. (C) Enriched hallmark gene signatures in high- and low-risk groups. 
Abbreviations: HCC, hepatocellular carcinoma; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis.
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AKR genes might also participate in the regulation of 
tumor immune microenvironment in HCC.

To further assess the correlation between risk scores 
and immune cells and immune function in HCC, ssGSEA 
was subsequently performed in the TCGA dataset. Results 

showed that higher infiltration scores of multiple types of 
dendritic cells (DCs), macrophages, helper T cells (Th 
cells), tumor infiltrating lymphocytes (TILs), and regula-
tory T cells (Tregs) were found in high-risk group (all p < 
0.05, Figure 9A). A variety of immune function scores 

Figure 8 Correlations between the risk score and tumor immune microenvironment in HCC. (A) The differentially expressed negative-regulation immune genes in high- 
and low-risk groups of HCC in the TCGA dataset. (B) Correlations between the risk scores and the expression of PDCD1, CTLA4, HAVCR2, and TIGIT. (C) Correlations 
between risk scores and immune cells infiltration in HCC. (D) Infiltration levels of different immune cells estimated by the CIBERSORT-ABS software in high- and low-risk 
groups of HCC. *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviations: HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas.
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were also higher in high-risk group, such as check-point, 
human leukocyte antigen (HLA), CC chemokine receptor 
(CCR), antigen-presenting cell (APC) co-stimulation, 
T-cell co-stimulation and co-inhibition (all p < 0.05, 
Figure 9B). The immune score and the ESTIMATE score 
were also higher in high-risk group (all p < 0.05, 

Figure 9C). HCC patients in the C2 (IFN-gamma domi-
nant) immune subtype showed the highest risk score than 
other types (C1, wound healing; C2, inflammatory; and 
C3, lymphocyte depleted) (all p < 0.05, Figure 9D).

Based on the close association between risk score and 
immunity, we further explored the potential relationship 

Figure 9 Correlations of risk score with immune characteristics and treatment response of ICIs in HCC. (A) Immune cell infiltration scores and (B) immune function 
scores in different risk groups estimated by ssGSEA. (C) Immune infiltration scores estimated by ESTIMATE algorithm. (D) Risk scores in different immune types of HCC. 
(E) IPS for prediction of potential benefits from anti-PD-1 and/or anti-CTLA-4 immunotherapy in different risk groups of HCC. (F) Proportions of potential responders 
estimated by TIDE algorithm in different risk groups. (G) risk scores in predicted potential responders and non-responders. (H) Scores of TIDE, Exclusion, and Dysfunction 
estimation by TIDE algorithm in different risk groups. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviations: HCC, hepatocellular carcinoma; ICIs, immune checkpoint inhibitors; ssGSEA, single-sample gene set enrichment analysis; IPS, immunophenoscore; TIDE, 
Tumor Immune Dysfunction and Exclusion.
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between risk score and immunotherapy response in HCC 
patients. Using the prediction algorithm of IPS, no signifi-
cant differences were found in the effects of patients in the 
high- and low-risk groups receiving anti-PD-1 or anti- 
CTLA-4 alone or in combination (Figure 9E). When 
using the TIDE prediction rule for treatment response 
assessment, we found a higher proportion of potential 
responders in the low-risk group (48.6%) than in the high- 
risk group (39.5%) (Figure 9F). Risk scores for potential 
responders were significantly lower than for non- 
responders (p = 0.038, Figure 9G). Higher TIDE and 
Exclusion scores were found in patients of high-risk 
group (all p < 0.05), whereas no significant difference 
was found for Dysfunction score (p = 0.12) (Figure 9H). 
Therefore, AKR-based risk score model may be used to 
predict the possible benefit of treatment with ICIs in HCC 
patients.

Correlation Between Risk Score Model 
and Tumor Mutation Burden and 
Chemotherapeutic Susceptibility in HCC
To compare the mutation profile of different risk groups in 
the TCGA-LIHC cohort, Somatic mutation data of the top 
20 genes with high mutation frequency was analyzed 
(Figure 10A and B). Results indicated that mutations 
were found in 79.78% (142/178) and 89.27% (158/177) 
of HCC samples in low- and high-risk groups. The muta-
tion frequency of TP53 in high-risk group was higher than 
low-risk group (34% vs 21%), while the mutation fre-
quency of CTNNB1 was lower in high-risk group (22% 
vs 29%). Other genes with mutation frequency higher than 
5% in high-risk group were also found with MUC16 (17% 
vs 12%), CSMD3 (10% vs 4%), and ARID1A (10% 
vs 3%).

In addition, we also analyzed the susceptibilities of 
several popular chemotherapeutics and multi-kinase inhi-
bitors in the GDSC database to HCC in different risk 
groups to discriminate those who are sensitive to che-
motherapy or targeted therapy. IC50s of multiple drugs 
between high- and low-risk groups were compared 
(Figure 10C). Results showed that patients in the high- 
risk group had lower IC50s of 5-fluorouracil, cisplatin, 
mitomycin C, gemcitabine, paclitaxel, etoposide, and bleo-
mycin than those in the low-risk group (all p < 0.01), 
which suggested that patients with high risk may benefit 
more from chemotherapy. Besides, higher IC50s of meth-
otrexate, vinblastine, metformin and multiple multi-kinase 

inhibitors (lapatinib, bosutinib, gefitinib, and erlotinib) 
were also found in the high-risk group (all p < 0.01). No 
significant difference was found for sorafenib between 
high- and low-risk groups (p > 0.05). These findings 
indicated the potential application of the AKR gene risk 
model in instruction for personalized HCC treatments.

Expression Validation of Critical AKR 
Members with Local HCC Samples
To further validate the expression profile of critical AKR 
members in HCC, paired tumor and adjacent tissue sam-
ples from our hospital were collected for experimental 
verification. The increased RNA expression of AKR1B10 
(p < 0.01), and decreased expression of AKR1D1 (p < 
0.01) and AKR7A3 (p < 0.001) in HCC tumors were 
verified by qRT-PCR in 16 patients (Figure 11A). Then, 
the protein expressions of these three AKR genes were 
validated by IHC with 40 paired tissue samples, and 
results also showed a higher level of AKR1B10, and 
lower levels of AKR1D1 and AKR7A3 in HCC tumors 
(all p < 0.001, Figure 11B). Representative immunohisto-
chemical staining of AKR1B10, AKR1D1, and AKR7A3 
with negative, low, medium, and high expression patterns 
were exhibited in Figure 11C. Due to the constitutive 
expression of AKR1D1 in liver, no adjacent sample stain-
ing with negative expression was found in our validation 
cohort. Then, all patients were divided into high and low 
expression groups based on the IHC scores of these AKR 
proteins, respectively. Correlation analyses between AKR 
proteins expression and clinicopathological factors showed 
that only AKR1D1 was strongly correlated with clinical 
stage (p = 0.037), while there were no significant correla-
tions between AKR1B10 and AKR7A3 and various clin-
ical factors (all p > 0.05) (Table S5). Kaplan–Meier 
analysis showed no significant difference in RFS between 
high and low expression groups of AKR1B10 (p = 0.259), 
AKR1D1 (p = 0.422) and AKR7A3 (p = 0.831) 
(Figure 11D). However, patients with high expression of 
AKR1B10 showed a tendency to have worse RFS.

In addition, we further examined the expression of 
immunomarkers (CD4, CD8, CD68, PD-1, CTLA-4, 
TIM3, and TIGIT) in HCC tumors using IHC and quanti-
fied their expression levels using IHC scores. 
Representative images of different expression levels (high, 
medium, low, and negative) of each index are shown in 
Figure 12A. The expression correlation between AKR pro-
tein and immune markers in HCC is shown in Figure 12B. 
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The expression of AKR1D1 in tumors showed a significant 
positive correlation with both AKR7A3 (R = 0.38, p = 
0.024) and AKR1B10 (R = 0.48, p = 0.0011), and 
a negative correlation with CD4 (R = −0.42, p = 0.012) 
(Figure 12C). On the other hand, AKR1B10 showed 

a significant positive correlation with TIGIT (R = 0.33, 
p = 0.043) (Figure 12C). When converted to two classifica-
tions with high and low expression, correlation analyses 
between AKR proteins and immunomarkers are summar-
ized in Table S6. Low expression of AKR7A3 was found to 

Figure 10 Somatic mutation profiles and drug susceptibilities of HCC in different risk groups. Oncoplots of the top 20 genes with high frequency of somatic mutations in 
the (A) low- and (B) high-risk groups of HCC from the TCGA dataset. (C) Susceptibilities to antitumor agents with IC50s between high- and low-risk groups of HCC. ns 
p > 0.05, **p < 0.01, ***p < 0.001. 
Abbreviations: HCC, hepatocellular carcinoma; TCGA, the Cancer Genome Atlas.
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be significantly associated with high expression of CD68 in 
HCC (p = 0.013). Finally, the overall correlations between 
clinical factors, AKR members and immune markers in this 
validation cohort are presented in Figure S5.

Discussion
As a malignant tumor with poor prognosis, it is still of 
great significance to investigate the pathogenesis and prog-
nostic factors of HCC.2 The AKR superfamily members 

Figure 11 Validation of the expression profile and prognostic significance of critical AKR members in HCC tissues by qRT-PCR and IHC. (A) RNA expression profiles of 
three critical AKR genes in paired tumors and para-tumor tissues from 16 HCC patients. (B) Protein expression profiles of three critical AKR members in paraffin- 
embedded tissues from 40 HCC patients. (C) Representative IHC staining of AKR members in HCC tumor and para-tumor tissues. (D) Kaplan–Meier curves of high- and 
low-expression of AKR members for RFS of HCC patients. **p < 0.01, ***p < 0.001. 
Abbreviations: AKR, aldo-keto reductase; HCC, hepatocellular carcinoma; qRT-PCR, quantitative real-time polymerase chain reaction; IHC, immunohistochemistry; RFS, 
recurrence-free survival; NA, not available.
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are mainly involved in the preliminary oxidation-reduction 
reactions of carbonyl substrates, which have been pro-
posed with significant roles in multiple pathophysiological 
processes, as well as in various tumors including HCC.8 

However, investigation on the expression, regulation, and 
prognostic significance of AKR members in HCC from the 
perspective of the whole superfamily is still lacking. In the 
present study, the expression profile of AKR superfamily 
genes in HCC was comprehensively evaluated with poten-
tial regulation networks of DNA methylation and TFs. The 
functional enrichment analyses were also employed to 
explore the role of dysregulated AKR genes in hepatoma. 
Based on these mechanical findings, the prognostic 

significance of AKR members in HCC was further inves-
tigated and three critical AKR genes (AKR1B10, AKR1D1, 
and AKR7A3) were identified to build a novel risk score 
model. In combination with the clinical stage of HCC, 
a prognostic nomogram based on the AKR risk score 
was constructed and validated with superior performance 
in predicting the prognosis of HCC patients. Notably, the 
risk score model was revealed significant correlations with 
negative-regulation immune gene expression, immune cell 
infiltration, immune types, ICIs treatment response, 
somatic mutation, and drug susceptibilities of HCC. 
These findings provide a comprehensive overview to 
reveal the potential mechanisms and clinical significance 

Figure 12 Expression profiles of immune markers and their correlation with AKR members in HCC. (A) Representative IHC staining of immune markers in HCC tumors. 
(B and C) Correlations of immune markers with AKR members in HCC with IHC scores. 
Abbreviations: AKR, aldo-keto reductase; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; NA, not available.
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of AKR superfamily members in the development and 
progression of HCC.

AKR, as a superfamily containing multiple enzymes, 
has a broad substrate spectrum and are involved various 
redox processes such as biosynthesis, intermediary meta-
bolism and detoxification.9 A variety of factors have been 
found to affect the expression of AKR genes and the 
maintenance of their enzymatic activities. Substantial 
amounts of exogenous substrates such as drugs and food 
and environmental pollutants can enter the body through 
the dietary route, most of which contain reactive carbonyl 
compounds and aldehydes. Considering that multiple sti-
muli from diet such as alcohol consumption and aflatoxin 
intake have been identified as risk factors for the develop-
ment of HCC, AKR alterations induced by dietary influ-
ences may play an important role in the development of 
HCC. Besides, preliminary analysis of AKR genomic pro-
moter sequences also revealed the presence of multiple 
cis-regulatory elements, such as osmotic response ele-
ments (ORE), antioxidant response elements (ARE), phor-
bol ester response element (TRE), steroid response 
elements (SRE), and xenobiotic response elements 
(XRE).24 Binding of NFAT5 to ORE in the AKR1B1 
promoter regulates its expression.25 Activating-protein 1 
transcription factors (c-Jun and c-fos) could interact with 
the TRE in AKR1B1 and AKR1C1 genes.26 The ARE 
located in AKR1C1-AKR1C3 promoters could be trans- 
activated by NRF2.27 In the present study, we identified 
multiple TFs associated with aberrantly expressed AKRs 
in HCC using co-expression networks. The corresponding 
genes of these transcription factors are all aberrantly 
expressed in HCC, so their regulation roles on AKR may 
be tumor specific and need to be further explored. 
Moreover, we also found that the modification of methyla-
tion had an important role in the aberrant expression of 
AKR genes in HCC. The expression of multiple AKR 
genes (AKR1B10, AKR1D1, and AKR1C2) showed 
a significant negative correlation with the hypermethyla-
tion level of their genes. This provides a new potential 
mechanism for the regulation of AKR expression. On the 
other hand, the PPI network further revealed proteins that 
had potential interactions with AKR members, such as 
TRMT11, GEMIN5, DIRAS1, and COMMD9, which pro-
vided a possible interaction mechanism of AKR in HCC.

As one critical AKR member identified in our study, 
AKR1D1, also named as steroid 5β-reductase, is the 
only enzyme of the AKR1D subfamily found in humans.28 

It is expressed mainly in liver and catalyzes the reduction of 

Δ4-3-ketosteroids and produces dihydrosteroids, which 
involves the inactivation of steroid hormones and the bio-
synthesis of bile acids.18,29 The mutation of AKR1D1 will 
suppress the transformation of 7α-hydroxycholestenone to 
bile acid precursors and lead to bile acid deficiency.30,31 

Knockdown of AKR1D1 in human liver cells could also 
cause reduced primary bile acid biosynthesis and steroid 
hormone elimination.32 Recently, AKR1D1 was found to 
be involved in regulating the metabolic phenotype of hepa-
tocytes by inducing de novo lipogenesis and inhibiting β- 
oxidation in non-alcoholic fatty liver disease.32 Besides, 
decreased expression of AKR1D1 was also identified in 
diabetic patients.33 However, the investigation on the role 
of AKR1D1 in cancer is still limited. Zhu et al revealed 
a decreased AKR1D1 expression in HCC using the RNA- 
sequencing data from TCGA and the tissue samples from 
their hospital, which was consistent with our findings. In the 
present study, the downregulated expression of AKR1D1 was 
tested and validated in independent transcriptome datasets of 
HCC. Besides, a new cohort from our institution was also 
obtained for further validating the RNA and protein expres-
sion of AKR1D1 in HCC, which revealed the crucial role of 
AKR1D1 in hepatoma.

AKR1B10 has been implicated in regulating the meta-
bolic processes of cytotoxic carbonyls, synthesis of retinol 
and fatty acid, and lipid metabolism. Previous studies have 
revealed the significant role of AKR1B10 in various 
tumors, such as nasopharyngeal carcinoma, non-small 
cell lung carcinomas, breast cancer, colon cancer, and 
pancreatic cancer.34–38 For HCC, plenty of evidence has 
characterized the dysregulation of AKR1B10 in HCC.39–45 

In a large-scale proteome quantification of HCC, 
AKR1B10 was identified as a significantly dysregulated 
protein involved in HCC pathology.46 Besides, as 
a secretory protein, AKR1B10 was also proposed and 
validated as a significant serum marker for HCC diagnosis 
in a large-scale multicenter study from China, which 
showed a better performance than traditional alpha- 
fetoprotein.47 However, the expression of AKR1B10 in 
HCC seems to have a dynamic alteration, which refers to 
a significantly up-regulated pattern in early HCC, whereas 
a decreased level in advanced HCC.43 Besides, its expres-
sion might also be related to the tumor pathological differ-
entiation, liver cirrhosis, HBV status, and age48 which was 
summarized in a recent systemic review.49 In the present 
study, AKR1B10 was identified as a significant prognostic 
gene for HCC by the transcriptome data from the public 
database. Besides, its RNA and protein expression levels 
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were further validated in HCC samples from our institu-
tion by PCR and IHC, and the results proved the elevated 
expression of AKR1B10 in HCC, which indicated its 
critical role in tumor development and progression.

AKR7A3, as one of the AKR7A subfamily members, is 
a crucial reductase responsible for detoxification of aflatoxin 
aldehydes, which protects against aflatoxin B1-induced cyto-
toxicity and tumorigenesis.8,20 Besides, AKR7A3 was 
suggested in participation with protection from acetamino-
phen-induced oxidative stress and hepatotoxicity, and could 
be induced by NRF2 in the presence of antioxidants.50 The 
role of AKR7A3 in tumors has also been investigated in 
several previous studies. Hlavac et al found that AKR7A3 
was upregulated in breast tumor and higher AKR7A3 protein 
level was also identified in estrogen receptor-positive breast 
cancer.51,52 Chow et al found that AKR7A3 was down- 
regulated in HCC, which was consistent with our results.53 

In their study, lower RNA and protein level of AKR7A3 was 
tested in HCC than in the normal liver, and was related to 
worse OS and pathological tumor differentiation. The cellular 
assays further validated its suppressive functions in hepatoma 
cell migration and invasion. Besides, they found that AKR7A3 
was also involved in regulating the tumor apoptosis induced 
by cisplatin. In the present study, the AKR7A3 RNA level was 
further validated downregulated both in the HCC transcrip-
tome data and the specimens from our institution by PCR, and 
its suppressed protein expression in HCC was also proven in 
our samples by IHC. Besides, AKR7A3 was further identified 
as a significant prognostic factor for OS of HCC patients both 
in the training and validation cohorts. These findings indicated 
that AKR7A3 might act as a tumor suppressor gene and play 
a significant role in HCC, and the potential mechanisms worth 
further investigation.

Nevertheless, there are some limitations to our study. 
First, the data used for analysis and the model established 
for prognosis prediction were based on the transcriptome 
data from TCGA. Though the results were validated with 
another independent dataset, more cohorts are needed. 
Second, the number of HCC samples used for local valida-
tion is relatively small, and more cases need to be added for 
more accurate verification. Third, the specific role of three 
critical AKR family members in HCC need further investi-
gation with functional and molecular experiments in vitro 
and in vivo.

Conclusion
In summary, multiple dysregulated AKR superfamily 
genes and the potential regulation networks with DNA 

methylation and TFs were identified in HCC. A novel 
risk score model based on three critical AKR genes was 
further developed and validated with superior performance 
in predicting prognosis of HCC patients. Besides, signifi-
cant correlations of tumor immune microenvironment, 
somatic mutations, and chemotherapeutic susceptibilities 
were also found with the risk model.
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