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Purpose: Transcatheter arterial chemoembolization (TACE) is commonly used in the treatment of hepatocellular carcinoma (HCC). 
However, not all patients respond to this treatment. TACE typically leads to hypoxia in the tumor microenvironment. Therefore, we 
aimed to construct a prognostic model based on hypoxia-related differentially expressed microRNA (miRNAs) in hepatocellular 
carcinoma (HCC) and to investigate the potential target mRNAs for predicting TACE response.
Methods: The hypoxia-related miRNAs (HRMs) were identified in liver cancer cells, then global test was performed to further select 
the miRNAs which were associated with recurrence and vascular invasion. A prognostic model was constructed based on multivariate 
Cox regression analysis; qRT-PCR analysis was used to validate the differentially expressed miRNAs in HCC cell lines under hypoxic 
condition. We further identified the putative target genes of the miRNAs and investigate the relationship between the target genes and 
TACE response, immune cells infiltration.
Results: We established a HRMs prognostic model for HCC patients, containing two miRNAs (miR-638, miR-501-5p), the patients 
with high-HRMs score showed worse survival in discovery and validation cohort; qRT-PCR analysis confirmed that these two 
miRNAs are up-regulated in hepatoma cells under hypoxic condition. Furthermore, four putative target genes of these two miRNAs 
were identified (ADH1B, CTH, FTCD, RCL1), which were significantly associated with TACE response, immune score, immuno
suppressive immune cells infiltration, PDCD1 and CTLA4.
Conclusion: The HCC-HRMs signature may be utilized as a promising prognostic factor and may have implications for guiding 
TACE and immune therapy.
Keywords: hypoxia, miRNA, signature, hepatocellular carcinoma, prognosis

Introduction
Primary liver cancer (PLC), the incidence ranks sixth and the cancer-related mortality rate is the third leading among all 
malignant tumors in the world.1 Hepatocellular carcinoma (HCC) is the most common type of PLC, with a 5-year- 
survival rate of less than 21%.2 Surgical resection is generally considered the mainly radical treatment for HCC.3,4 

However, resection is only possible in a small proportion of patients because of the advanced tumor stages at the time of 
diagnosis and poor hepatic function.
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Transarterial chemoembolization (TACE) is recommended as the first-line treatment for intermediate-stage HCC.5 In 
addition, clinical studies have reported that adjuvant TACE prolongs the overall survival (OS) and recurrence-free 
survival (RFS) in patients with HCC after surgical resection.6,7 With a treatment-related mortality rate of < 5%, TACE 
can be expected to result in a median survival of 11–20 months. However, the survival benefit of patients undergoing 
TACE is variable, and > 40% of patients do not respond to this therapy, highlighting the importance of developing an 
effective biomarker for predicting the survival benefit of TACE. TACE blocks the blood supply to the tumor and thereby 
aggravates local hypoxia,8 then promoting cancer growth, metastasis,9–11 and leading to poor prognosis. Rhee et al 
reported that hypoxia related markers could predict TACE resistance and result in poor outcome in HCC;12 Therefore, it 
is necessary to develop biomarkers that can predict the response and prognosis based on hypoxia-related markers.

MicroRNAs (miRNAs) are non-coding, single-stranded RNA that are highly stable in fixed tissues and body fluids; 
miRNAs are attractive biomarkers for assessing clinicopathological conditions and predicting clinical outcome,13,14 which 
could modulate the translation of one or more mRNAs and regulate several biological processes, including cellular 
metabolism, differentiation, proliferation and the immune response.15–17 Consistently, a series of circulating miRNAs 
including miR-221, miR-26a, miR-106b, miR-107, miR-21 and miR-122 have been reported as potential predictive markers 
for TACE efficacy in HCC patients.18–20 More importantly, it has been confirmed that hypoxia could regulate the expression of 
several miRNAs to promote angiogenesis, invasion, metastasis and recurrence of HCC.21–24 Notably, miR-125b loss activates 
the HIF-1α/p-AKT loop, contributing to TACE resistance in HCC patients.25 Therefore, we aimed to construct a hypoxia- 
related miRNA signature to predict the response and prognosis of HCC patients who underwent TACE.

Materials and Methods
Data Collection and Preprocessing
A series of datasets were downloaded from the NCBI GEO database (https://www.ncbi.nlm.nih.gov/geo/) and analyzed. The 
accession numbers include GSE68593, GSE67140, GSE30297, GSE31384, GSE76903, GSE21362, GSE116182, and 
GSE104580. Of these microarray data, GSE68593,26 GSE31384,27 GSE21362, GSE116182 were based on GPL20157, 
GPL14140, GPL10312, GPL14613; GSE6714028 and GSE3029729 were based on the GPL8786; GSE104580 was based on 
the GPL570; Additionally, TCGA Xena database (https://xenabrowser.net/datapages/) was used to further select the putative 
target genes of miRNAs. All the data were obtained from the public database and therefore this study was waived the 
requirement of ethical approval. This study was conducted according to the ethical guidelines of the 1975 Declaration of 
Helsinki. We confirmed that all clinical data from the database contained in this study are anonymous or confidential.

Identification of Hypoxia-Related miRNAs
miRNA expression profiles of GSE68593 were downloaded from the GEO data repository. In this dataset, the SK-Hep-1 
cells were exposed in normoxia and hypoxia condition, each group contain 3 independent replications. The original 
annotation files were downloaded, and the hypoxia-associated miRNAs of the SK-Hep-1 cells were identified using 
“limma” R package.30 According to the Benjamini and Hochberg (BH) procedure,31 the cut-off criteria were set as 
P<0.05, and the absolute value of fold change (FC) > 1.5.

Development and Validation of a Hypoxia-Related miRNA Signature
As shown in the Figure 1, we identified hypoxia related miRNAs as described above. A global test, a useful tool for the 
analysis of microarray data, could identify the genes that are significantly associated with clinical parameters of interest,32 then 
two discovery datasets (GSE67140, GSE30297) were used to identify the hypoxia-related miRNAs that significantly 
associated with vascular invasion and recurrence using global test, the z-score of each miRNA was calculated, and 
miRNAs with z-score > 1 were included for further analysis. On the basis, the dataset (GSE31384) containing survival data 
was further used to construct the HRM signature. First, the expression and clinical datasets were downloaded, 158 samples 
were retained after removing the NA value. The dataset was then randomly divided into two groups according to a ratio of 7:3, 
and 7/10 samples (n = 110) were set as the training dataset. Several methods including multivariate Cox regression analysis 
(forward and backward), Ridge, Lasso, Enet, and random survival forest (RSF) analysis were used to construct a relative 
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prognostic model, the C-index of each model was calculated to select the optimal model.33,34 In this process, a series of 
R packages including “glment”, “survival”, “survmener”, and “randomForestSRC” were used. The median risk score of the 
dataset was set as the cut-off value, the OS and disease-free survival (DFS) analyses for each set were confirmed using Log 
rank tests. The R packages “timeROC”, “pROC” were used to draw the ROC curve and the area under the curve (AUC). 
Additionally, the entire dataset (GSE31384, n=158) and another dataset (GSE116182, n=64) were used to confirm the 
prognostic value of the hypoxia-associated miRNA signature.

Cell Culture
The liver cancer cell lines SK-Hep-1, SMCC-7721, HCCLM3, MHCC-97L, BEL-7402, and Huh-7 and the normal liver 
cell line L02 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were 
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Figure 1 The flow-chart of the two hypoxia-related prognostic miRNA signature in HCC.
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cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, #L110KJ, Shanghai BasalMedia Technologies Co., Ltd., 
Shanghai, China) containing 10% fetal bovine serum (FBS, Lonsera, #S711-001S, Uruguay).

Quantitative Real-Time PCR (RT-qPCR)
First, L02 and liver cancer cells, including SK-Hep-1, SMCC-7721, HCCLM3, MHCC-97L, BEL-7402, and Huh-7 cells, 
were cultured in a normoxic chamber (21% O2, 5% CO2) for 24 h. Additionally, SMCC-7721 and SK-Hep-1 cells were 
cultured in a normoxic chamber (21% O2, 5% CO2) or hypoxic chamber (1% O2, 5% CO2, 94% N2). The total RNA was 
extracted using RNAiso Plus (Takara #9109, Takara Bio Inc.). To detect the levels of miRNAs and mRNAs, reverse 
transcription was performed using the RT master mix (Takara, #RR037A, Takara Bio Inc.). SYBR Green Real-time PCR 
Master Mix (QPK-201; Bio-toyobo) was used for the qPCR analysis. Primers used in this study are listed in Table 1. U6 
small nuclear RNA was used as the internal standard.

Identification of Putative Targets of the miRNAs
Relative targets were downloaded from the TargetScan Human database (Release 7.2). Correlations between miRNAs 
and their relative targets were explored using GEO datasets (GSE176271 and GSE176288), including the relative 
expression of miRNAs and mRNAs in 16 patients with HCC. Additionally, differentially expressed genes (DEGs) 
were analyzed using the GEO dataset (GSE14520: downregulated genes in HCC tissues). Furthermore, the TCGA-LIHC 
dataset was used to narrow down candidate targets. Genes associated with prognosis were identified using the log-rank 
survival analysis. Kaplan-Meier survival analysis was used to identify genes that could predict the prognosis of HCC 
patients who underwent TACE but had no impact on the prognosis of HCC patients who underwent surgical resection.

Correlation of Putative Target Genes with TACE Response
In this part, GEO dataset (GSE104580) was used to explore the relationship between the putative genes and the TACE 
response, this dataset is consisted with 66 TACE responders and 81 TACE non-responders; Wilcoxon test was performed 
to explore the differences in relative gene expression between the response and non-response groups. In addition, the 
median level of putative target genes was set as the cut-off value, and the data were arranged as a four-fold contingency 
table The chi-squared Test was used to evaluate the correlation between putative target genes and TACE responses.

Tumor Microenvironment Analysis
The ESTIMATE algorithm35 was used to evaluate the association between putative target genes and stromal, immune, 
and estimated scores based on the TCGA-LIHC dataset in tumor tissues.

Table 1 Primers Used in the qRT-PCR Reaction

Gene Sequence (5’—3’)

miR-501-5P-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCTCAC

miR-501-5P F GGCAATCCTTTGTCCCTGG

miR-501-5P R AGTGCAGGGTCCGAGGTATT

miR-638-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGGCCGCC

miR-638 F AGGGATCGCGGGCGGGT

miR-638 R GTGCAGGGTCCGAGGT

U6 F CTCGCTTCGGCAGCACA

U6 R AACGCTTCACGAATTTGCGT
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The Infiltration of Immune Cells in Tumor Microenvironment
TIMER2.0 (http://timer.cistrome.org/)36 was used to further explore the relationship between infiltration of a series of 
immune cells, PDCD1, CTLA4, and putative target genes. First, the relative data on the correlation between the levels of 
relative target genes and immune cell infiltration (regulatory T cells, CD4+ T cells, CD8+ T cells, B cells, macrophages, 
cancer-associated fibroblasts, NK cells, and MDSC) were downloaded. In addition, the relationships between the target 
genes and levels of PDCD1 and CTLA4 were investigated.

Statistical Analysis
A global test was performed to explore the association between the miRNAs and their clinical features. Multivariate Cox 
regression analysis (forward and backward) and ridge, lasso, end, and RSF analyses were used to construct a relative 
hypoxia-associated miRNA prognostic model. The C-index of each model was used to select an optimal model. A two- 
sided Log rank test was then performed to compare the differences in OS between the low-risk and high-risk groups in 
both sets using the R (v.3.6.2) software. A paired t-test was conducted to compare differences between liver cancer 
tissues and paired normal tissues. A t-test was performed to test the difference in miRNA levels between normoxic and 
hypoxic hepatoma cells, if the data were normally distributed. Otherwise, a non-parametric test (Mann–Whitney) was 
applied. SPSS 21.0 was used to analysis relative data. P < 0.05 was considered statistically significant.

Results
Identification of Hypoxia-Related Prognostic miRNAs
To investigate the hypoxia-associated miRNAs, the GSE68573 dataset was downloaded from the GEO database. A total 
of 108 miRNAs (49 upregulated and 59 downregulated) were identified as differentially expressed hypoxia-associated 
miRNAs. The association of the hypoxia-associated miRNA set with clinicopathological features (tumor recurrence and 
vascular invasion) was explored using the available datasets submitted to the GEO database. The Goeman global test32 

showed that the hypoxia-associated miRNA set was significantly enriched in two discovery cohorts (GSE67140 and 
GSE30297; P=3.34e-23 for Barry; P=0.014 for Chuang) (Figure 1).

First, 108 hypoxia-related miRNAs were identified from the microarray dataset of SK-Hep-1 cells (GSE68573). 
Second, the Geoman global test was performed to select miRNAs associated with recurrence (GSE30297) and vascular 
invasion (GSE67140). Interacting miRNAs were selected for further construction of the hypoxia-related prognostic 
miRNA signature using a training dataset (GSE31384, n=110). Finally, the entire dataset (GSE31384, n=158) and 
external dataset (GSE116182, n=64) were used to validate the prognostic value of the two HRM signatures.

Next, miRNAs with z-scores > 1 were selected as significant miRNAs. Fourteen miRNAs were chosen for the dataset 
of Barry et al (Figure 2A), and eight miRNAs were chosen by Chuang et al (Figure 2B). Finally, the intersecting miRNAs 
in the two datasets were identified. Six hypoxia-associated miRNAs (miR-339-3p, miR-501-5p, miR-501-3p, miR-362- 
5p, and miR-638) were obtained for further analysis.

Construction of a Two-miRNA Prognostic Signature
We then constructed a risk score using the six selected miRNAs. First, a variety of methods, including multivariate Cox 
regression analysis (forward and backward) and Ridge, Lasso and Enet analyses, were performed to screen the miRNAs. The 
C-index values were calculated for each model. Among these models, the mean C-index value of the multivariate Cox 
regression analysis (forward) was 0.634, which was the highest (Figure 3A). Therefore, this model was selected as the optimal 
model and two miRNAs (miR-501-5p and miR-638) were found to be significantly associated with OS (Figure 3B).

Next, we explored whether the two-miRNA signature could predict the OS of HCC patients. The risk score formula was 
calculated according to the expression of these two miRNAs for OS prediction, as follows: risk score = (1.0225×expression 
value of miR-501-5p) + (0.7047×expression value of miR-638). The two-miRNA signature risk score was calculated for each 
patient in the discovery cohort (n=110). The risk score of each patient was ranked, and the median risk score of the dataset was 
set as the cut-off value. The patients were divided into high-risk (n=55) and low-risk (n=55) groups. As expected, compared 
with patients with low-risk scores, the patients with high-risk scores showed shorter OS (Log rank test, P=0.034; HR, 1.85 
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(1.04–3.28); Figure 3C) and DFS (Log rank test P=0.013, HR=1.79 (1.12–2.87), Figure 3D). A time-dependent ROC analysis 
was performed to assess the prognostic ability of the miRNA signature at different time points. The AUC of the two-miRNA 
prognostic model for OS was 0.635 at 1 year, 0.68 at 3 years, and 0.605 at 5 years (Figure 3E). The AUC for DFS were 0.684, 
0.655, and 0.548 at 1, 3, and 5 years, respectively (Figure 3F).

Validation of the Two-miRNA Signature for Survival Prediction
To confirm our findings, the prognostic power of the two-miRNA signature was further evaluated in the entire cohort 
(158 samples) and in external cohort (64 samples). According to the same risk formula, the patients in the entire cohort 
were divided into high- and low-risk groups. Patients with HCC with high-risk scores for the miRNA signature showed 
shorter OS and DFS (Figure 4A and B). The AUC of the two-miRNA prognostic model for OS at 1, 3, and 5 years were 
0.662, 0.659, and 0.614, respectively (Figure 4C). The AUC for DFS were 0.675, 0.651, and 0.565 at 1, 3, and 5 years, 
respectively (Figure 4D), similar to those observed in the discovery cohort.

In the external cohort (GSE116182, 64 samples), we found that patients with high-risk scores for the miRNA 
signature tended to have shorter OS (log-rank P=0.086, HR=1.95 (0.92–4.15), Figure 4E). Multivariate Cox analysis 

Figure 2 The association between hypoxia-associated miRNAs and vascular invasion/recurrence. (A) The association between hypoxia-associated miRNAs and vascular 
invasion in GSE30297. (B) The association between hypoxia-associated miRNAs and recurrence in GSE67140. The red bars represent negative association. The green bars 
represent positive association.
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Figure 3 Selection of optimal prognostic model and construction of relative model. (A) Screening of the miRNAs with multivariate cox regression analysis (forward and 
backward), Ridge, Lasso, Enet and random survival forest (RSF) analysis. (B) The association of the two miRNAs (miR-501-5p and miR-638) with OS in the training cohort 
(110 samples). Kaplan-Meier analysis of the OS (C) and DFS (D) of HCC patients in the training cohort. The AUC of the two-miRNA prognostic model for OS (E) and DFS 
(F) rates of HCC patients at 1, 3, 5 years in the training cohort, respectively.
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Figure 4 Validation of the hypoxia-associated miRNA risk model. Kaplan-Meier analysis of OS (A) and DFS (B) in patients with HCC in the entire cohort. AUC of the 
survival prediction model for OS (C) and DFS (D) rates of patients with HCC at 1, 3, and 5 years in the entire cohort. (E) The high-risk score of the miRNA signature 
tended to have a shorter OS (log-rank P=0.086, HR=1.95(0.92–4.15)) in the external dataset (n=64 samples). (F) Multivariate Cox regression analysis of the association 
between the high-risk score of the miRNA signature and OS. (G) levels of MiR-501-5p in primary tumor tissues, portal vein tumor thrombus (PVTT) tumors, and paired 
non-tumor tissues. (H) The levels of MiR-638 in primary tumor tissues and paired non-tumor tissues. (I) The levels of miR-638 in liver cancer cells and normal liver cells. 
(J and K) Levels of miR-501-5p and miR-638 in liver cancer cells (SK-Hep-1, (J); SMCC-7721, (K) under hypoxic condition. (*P<0.05; ***P<0.001; ****P<0.0001).
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also showed that the high-risk score of the miRNA signature was associated with poor OS (P=0.016, HR=3.13(1.24– 
7.89), Table 2, Figure 4F). The levels of miR-501-5p and miR-638 were higher in the tumor tissues than in the normal 
hepatic tissues (Figure 4G and H). The expression of miR-638 was significantly upregulated in liver cancer cells 
compared with that in normal liver cells (Figure 4I). Additionally, miR-501-5p and miR-638 were significantly 
upregulated under hypoxic condition in liver cancer cells (SK-Hep-1, Figure 4J; SMCC-7721, Figure 4K).

Identification of Potential Targets of miR-638 and miR-501-5p in HCC Patients
To identify the potential target genes of miR-638 and miR-501-5p, a total of 1877 and 3892 genes were identified as 
predictive targets, respectively (Figure 5). Because the upregulation of these two miRNAs predicts poor prognosis in 
HCC, the target genes should be downregulated. GEO dataset (GSE14520) was analyzed to identify the down-regulated 
genes in tumor tissues. A total of 581 genes were significantly downregulated in the tumor tissues compared to the 
adjacent normal tissues (log2 fold change≤-1.0, P-value <0.05). The intersecting genes of these two datasets were further 
analyzed using the TCGA-LIHC dataset. The results showed that 11 target genes of miR-638 and 25 target genes of miR- 
501-5p were significantly downregulated in cancer tissues compared to those in normal tissues (log2 fold change≤-2.0) 
(Figure s1). We found that 18 genes were significantly downregulated in tumor tissues compared with paired normal 
tissues. Based on this, the Log rank test results revealed that low gene expression was significantly associated with poor 
prognosis (Tables 3 and 4, Figure s2).

Clinical Significance of Potential Targets of miR-501-5p and miR-638
Next, we analyzed whether these genes could be used to predict the prognosis of patients who underwent TACE. We 
found that low expression of alcohol dehydrogenase 1B (ADH1B), cystathionine γ-lyase (CTH), RNA terminal 
phosphate cyclase like 1 (RCL1) and formimidoyltransferase cyclodeaminase (FTCD) may predict poor prognosis of 
HCC patients underwent TACE (Tables 3, 4, Figure 6). To analyze the relationship between the four identified genes and 
the TACE response, the GEO dataset (GSE104580) was further analyzed. The gene levels of ADH1B (P=3.06e-08), CTH 
(P=9.92e-05), FTCD (P=1.78e-03), and RCL1 (P=3.33e-02) were significantly lower in the TACE non-responsive group 
than in the responsive group (Figure 7A–D). Additionally, high levels of ADH1B (P<0.001), CTH (P=0.002), FTCD 
(P=0.017), and RCL1 (P=0.029) were positively associated with TACE response (Figure 7E–H). In addition, multivariate 
Cox regression analysis revealed that ADH1B (P=2.18e-04, HR=0.71(0.59–0.85)) and CTH (P=3.80e-02, HR=0.77 
(0.61–0.99)) were independent prognostic factors in patients with HCC who received TACE (Figure 7I and J). We further 
explored the correlation between the two miRNAs and their targets. The results showed that miR-501-5p was negatively 
associated with ADH1B, CTH, FTCD, and RCL1 expression levels. In addition, miR-638 expression was negatively 
associated with CTH (Figure 8A–E). Moreover, the identified protein expression (ADH1B, FTCD, and CTH) in normal 
and HCC patient tissues was confirmed using the HPA database (https://www.proteinatlas.org/). As shown in Figure 9, 
compared to normal tissues, the identified protein expression was significantly downregulated in patients with HCC.

Table 2 Multivariate Analysis of Features Associated 
with Overall Survival

Clinical Features HR (95% CI) P-value

Gender (male vs female) 1.21(0.14–10.25) 0.864
Age 1.01(0.97–1.06) 0.603

HBV (positive vs negative) 1.45(0.58–3.64) 0.430

TNM stage (I, II, III) 1.51(0.64–3.56) 0.346
Alcohol (yes vs no) 2.29(0.70–7.46) 0.170

Smoke (yes vs no) 2.28(0.93–5.58) 0.072

Invasion (yes vs no) 5.61(2.28–13.83) 0.0002
Risk (high vs low) 3.13(1.24–7.89) 0.016
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Figure 5 The flow-chart for selecting the putative tumor-suppressive targets of miR-501-5p and miR-638.
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Patients with low ADH1B and RCL1 levels had significantly worse OS and RFS in the TACE group. Low levels of 
CTH and FTCD predicted worse prognosis in the TACE group. Low levels of ADH1B, CTH, FTCD, and RCL1 showed 
no significant difference in the OS rate compared with the high expression level group in the resection dataset.

Table 3 Eleven Candidate Target Genes Regulated by miR-638

Gene 
ID

Gene 
Symbol

Gene Name Fold Change 
(log2FC≤-2.0)

P-value P-value 
TACE 
Group

P-value 
Resection 
Group

6580 SLC22A1 Solute carrier family 22 member 1 −4.1167 2.38E-04 2.00E-01 9.25E-02

5267 SERPINA4 Serpin family A member 4 −2.0964 6.13E-03 1.51E-01 8.10E-01
2053 EPHX2 Epoxide hydrolase 2 −2.0617 7.72E-03 4.66E-03 9.54E-03

2690 GHR Growth hormone receptor −2.6999 8.86E-03 1.29E-01 3.02E-02

8856 NR1I2 Nuclear receptor subfamily 1 group i member 2 −2.5258 1.09E-02 1.31E-01 1.68E-02
1491 CTH Cystathionine gamma-lyase −2.69 2.42E-02 4.36E-02 8.00E-02

3752 KCND3 Potassium voltage-gated channel subfamily D member 3 −2.3078 3.25E-01 4.83E-01 3.80E-02
8564 KMO Kynurenine 3-monooxygenase −2.3483 2.04E-01 6.00E-01 5.38E-01

4061 LY6E Lymphocyte antigen 6 family member E −2.1383 3.68E-01 9.01E-01 5.95E-01

2354 FOSB FosB proto-oncogene, AP-1 transcription factor subunit −2.5110 4.62E-01 9.12E-02 5.80E-01
283,537 SLC46A3 Solute carrier family 46 member 3 −2.0857 4.06E-02 6.04E-01 1.59E-02

Table 4 Twenty-Five Candidate Target Genes Regulated by miR-501-5p

Gene 
ID

Gene 
Symbol

Gene Name Fold Change 
(log2≤-2.0)

P-value P-value 
TACE 
Group

P-value 
Resection 
Group

1491 CTH Cystathionine gamma-lyase −2.690 2.42E-02 2.45E-02 8.00E-02

3752 KCND3 Potassium voltage-gated channel subfamily D member 3 −3.078 3.25E-01 4.83E-01 3.80E-02

55,240 STEAP3 STEAP3 metalloreductase −2.0937 2.24E-01 7.83E-02 5.89E-02
590 BCHE Butyrylcholinesterase −2.8275 6.89E-01 4.37E-02 8.48E-01

8671 SLC4A4 Solute carrier family 4-member 4 −2.3408 4.34E-01 5.38E-01 3.54E-01

3083 HGFAC HGF activator −3.15 1.50E-02 4.23E-01 6.26E-01
173 AFM Afamin −3.0035 1.25E-03 2.89E-01 2.07E-02

130 ADH6 Alcohol dehydrogenase 6 (class V) −2.0004 1.71E-02 2.27E-02 1.39E-02

125 ADH1B Alcohol dehydrogenase 1B (class I), beta polypeptide −2.5883 1.13E-02 2.57E-05 4.44E-01
730 C7 Complement C7 −3.34 1.98E-02 1.98E-01 7.74E-01

2099 ESR1 estrogen receptor 1 −2.8702 1.42E-04 7.95E-02 3.01E-02

2053 EPHX2 Epoxide hydrolase 2 −2.0617 7.72E-03 4.66E-03 9.54E-03
10,171 RCL1 RNA terminal phosphate cyclase like 1 −2.1666 6.16E-04 2.84E-02 3.63E-01

4153 MBL2 Mannose binding lectin 2 −2.1485 9.56E-01 2.92E-01 5.43E-01

10,249 GLYAT Glycine-N-acyltransferase −2.9065 1.48E-01 1.22E-01 6.01E-04
4837 NNMT Nicotinamide N-methyltransferase −2.4755 3.31E-01 4.07E-01 6.87E-01

283,537 SLC46A3 Solute carrier family 46-member 3 −2.0857 4.06E-02 6.04E-01 1.59E-02

5267 SERPINA4 Serpin family A member 4 −2.0964 6.13E-03 1.51E-01 8.10E-01

653,808 ZG16 Zymogen granule protein 16 −2.2706 7.33E-02 1.54E-02 4.69E-02

6898 TAT Tyrosine aminotransferase −2.4841 1.69E-03 8.87E-02 1.24E-02

1555 CYP2B6 Cytochrome P450 family 2 subfamily B member 6 −3.5334 5.87E-01 7.39E-01 7.57E-01
5105 PCK1 Phosphoenolpyruvate carboxykinase 1 −3.0325 1.18E-01 1.88E-02 4.11E-01

1827 RCAN1 Regulator of calcineurin 1 −2.0314 2.95E-02 8.33E-02 3.91E-02

10,841 FTCD Formimidoyltransferase cyclodeaminase −2.2828 9.92E-03 3.36E-02 3.70E-01
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Correlation Analysis Between ADH1B, CTH, FTCD, RCL1 and Immune Score
Hypoxia may lead to immunosuppression in HCC.37,38 Therefore, we further explored the role of these genes in the 
immune microenvironment of HCC patients. The results showed that ADH1B (R=−0.15, P=0.0027) and CTH (R=−0.2, 
P=8.8e-05) were negatively associated with the immune score using TCGA dataset (Figure 10A and B). However, there 
was no significant difference in the immune score between FTCD and RCL1 (Figure s3).

Next, the relationship between ADH1B, CTH, and infiltration of various immune cells was studied. We found that 
ADH1B expression was negatively correlated with regulatory T cells (Tregs), macrophages, and B cells (Figure 10C). 
CTH negatively correlated with macrophages and myeloid dendritic cells (Figure 10D). Moreover, the relationship 
between these two genes (ADH1B and CTH) and immune checkpoint genes CTLA-4 and PDCD1 was further 
investigated. The results showed that ADH1B and CTH levels were negatively associated with PDCD1 (R=−0.33, 
P=7.07e-11; R=−0.312, P=7.91e-10) and CTLA4 (R=−0.335, P=3.68e-11; R=−0.289, P=1.42e-08) (Figure 10E–H).

Discussion
Despite its widespread use in clinical practice for HCC treatment, TACE still has many limitations. First, it is difficult to 
identify patients who would benefit from this treatment because of heterogeneity in the cellular composition and 
metabolism of HCCs. In addition, although TACE can destroy the tumor blood supply, it also induces severe hypoxia 
in tumors, which may enhance communication between tumor cells and the microenvironment and aggravate immuno
suppression. Therefore, there is an urgent need to improve TACE efficacy and optimize methods for patient selection to 
identify patients who will benefit from treatment.

TACE is a procedure involving treatment with chemotherapeutic drugs and embolization, exposing cells to high 
concentrations of chemotherapeutic drugs such as doxorubicin and fluorouracil. In this study, we gathered a hypoxia- 
related dataset and identified a two-miRNA signature that could stratify patients with HCC into two risk groups to 
evaluate their prognosis. The signature was validated using both entire and external cohort datasets. Additionally, ROC 

Figure 6 Kaplan-Meier curves of 5-year OS and RFS rates in the TACE group according to the expression of ADH1B, CTH, FTCD and RCL1.
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curve analysis confirmed that the hypoxia-related miRNA signature is highly accurate and sensitive, indicating that this 
signature may be an effective biomarker for HCC prognosis. We then reviewed comprehensive literature to clarify the 
biological functions of these miRNAs. Huang et.al39 has confirmed that miR-501-5p was significantly upregulated in 
HCC cell lines comparing with normal liver cells. Consistently, miR-501-5p is also upregulated in gastric cancer and can 
promote cancer stem cell properties by regulating the Wnt/β-catenin pathway.40 Additionally, Ma et.al41 demonstrated 
that miR-501-5p accelerated gastric cancer cell migration and proliferation. MiR-638, another risk factor identified in this 
study, has been reported to be an oncogenic factor in breast cancer and esophageal squamous cell carcinoma (ESCC), 
which could induce autophagy and tumorigenesis by suppressing DACT3.42 These results indicated the potential role of 
hypoxia-related miRNAs (miR-638 and miR-501-5p) as prognostic biomarkers in HCC.

To clarify the molecular mechanisms of miRNAs, their target genes were identified in HCC. ADH1B, CTH, RCL1, and FTCD 
were significantly associated with the prognosis of patients with HCC treated with TACE. Importantly, two of these (ADH1B and 
CTH) were independent prognostic factors in patients with HCC who received TACE treatment. ADH1B, an alcohol metabolism- 
related gene, was significantly downregulated in HCC tissues.43–45 ADH1B mediates alcohol consumption and significantly 

Figure 7 The value of ADH1B, CTH, FTCD and RCL1 in the prediction of response and prognosis to TACE in HCC patients. (A–H) The relationship between ADH1B, 
CTH, FTCD and RCL1 and response to TACE in HCC patients. (I and J) The forest plot for multivariate Cox regression analysis of prognostic value of ADH1B and CTH in 
HCC patients received TACE.
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decreases the risk of HCC.46 Additionally, univariate and multivariate Cox regression analyses showed that lower ADH1B 
expression was an independent factor for poor prognosis in HCC patients.47 Our results also suggest that ADH1B is an 
independent prognostic factor in HCC patients who have undergone TACE. CTH, a cysteine metabolism-related gene, was 
markedly downregulated in the HCC tissues. According to multivariate Cox regression analysis, low expression of CTH is an 
independent risk factor for OS and recurrence in patients according to multivariate Cox regression analysis. In addition, silencing 
of CTH induces proliferation, epithelial-mesenchymal transition (EMT), and metastasis in HCC.48,49 Moreover, since hypoxia 
also influences the tumor immune microenvironment by promoting the recruitment of innate immune cells and interfering with the 
differentiation and function of adaptive immune cells,50,51 we found that ADH1B and CTH were negatively associated with the 
immune score and infiltration of various immune cells. ADH1B expression is negatively associated with the infiltration of Tregs, 
macrophages, and B cells. Tregs are considered immunosuppressive cells.52 Additionally, He et al53 found that B cells exacerbate 
type-2 inflammation by increasing the production IL-13 in ICOS+ ICL2a cells, thereby inducing an immunosuppressive 
microenvironment in HCC. Infiltrated macrophages can be polarized into M2 macrophages by hypoxia, thus contributing to an 
immunosuppressive microenvironment.54,55 CTH is negatively associated with infiltration of myeloid dendritic cells and 
macrophages. Previous studies have shown that Tumor-associated dendritic cells (tDCs) are known as one type of immunosup
pressive immune cells that suppress the generation of cytotoxic T cells and induce the activation of immunosuppressive Tregs, 
thereby promoting the formation of an immunosuppressive microenvironment.56,57 Therefore, these immunosuppressive immune 
cells can promote tumor growth and metastasis, thus inducing a poor prognosis in HCC. However, the roles of ADH1B and CTH 
in immunosuppression of the TME should be further investigated.

Our study has some limitations. First, the results of our study were based on GEO datasets containing retrospective 
studies. Therefore, multicenter large-sample studies are required to validate the prognostic value of this signature. 
Second, the biological processes of these two miRNAs require further in vitro and vivo.

Figure 8 The correlations of the two miRNAs and their target genes. Correlations between miR-501-5p and ADH1B (A), miR-501-5p and CTH (B), miR-501-5p and FTCD 
(C), miR-501-5p and RCL1 (D), and miR-638 and CTH (E), respectively.
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Figure 9 The identified proteins expression in normal and HCC patient tissues. Expression of FTCD (A), CTH (B), and ADH1B (C) in patients with HCC and healthy 
controls in the HPA database.

Figure 10 The role of ADH1B and CTH in the tumor microenvironment of HCC patients. (A and B) The relationship between the levels of ADH1B and CTH and the 
Immune Score of HCC patients based on TCGA dataset, respectively. (C and D) The correlation between ADH1B, CTH and the infiltration of various immune cells, 
respectively. (E–H) The relationship between the expression level of ADH1B, CTH and the expression level of CTLA4 and PD1 in HCC patients, respectively.
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In summary, we constructed a hypoxia-associated miRNA signature for HCC patients. Four target genes, miR-501-5p and 
miR-638, ADH1B, CTH, FTCD, and RCL1, were positively associated with TACE response, and two (ADH1B and CTH) 
were confirmed to be independent prognostic factors for HCC patients treated with TACE. However, the mechanism of action 
of these target genes (ADH1B, CTH, FTCD, and RCL1) under hypoxic conditions remains unclear. Further studies are needed 
to confirm this hypothesis.
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