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Introduction: Hepatocellular carcinoma (HCC) is a liver cancer with a poor prognosis. 
Owing to the complexity and limited pathogenic mechanism research on HCC, the molecular 
targeted therapy has been hindered.
Methods: In this study, we categorized transcriptome data into low-Myc and high-Myc 
expression groups in 365 HCC samples, screened the differentially expressed RNAs, includ-
ing 441 DE-lncRNAs, 99 DE-miRNAs and 612 DE-mRNAs, constructed a lncRNA-miRNA 
-mRNA regulatory network, and selected a hub triple regulatory network through cytoHubba 
analysis. Through Gene ontology and KEGG pathway, a hub regulatory network was 
particularly enriched in the “Wnt signaling pathway” and “Cytochrome P450-arranged by 
substrate type” by Metascape. The prognostic genes in the hub regulatory network were 
evaluated by the RNA expression analysis, Kaplan–Meier (KM) survival analysis, and 
correlation analysis.
Results: The results showed that miR-212-3p/SLC6A1 axis was a potential prognostic 
model for HCC. Furthermore, IHC analysis showed down-regulated expression of 
SLC6A1 in HCC tissues and Alb-Cre;Myc mouse liver cancer tissues. The genetics and 
epigenetic analysis indicated that SLC6A1 expression was negatively correlated with DNA 
methylation. Immune infiltration analysis showed a negative relation between SLC6A1 and 
T cell exhaustion/monocyte in liver cancer tissues.
Conclusion: In summary, the study revealed that miR-212-3p/SLC6A1 axis could serve as 
a crucial therapeutic target for HCC.
Keywords: HCC, ceRNA, Myc, SLC6A1, prognosis

Introduction
Liver cancer is one of the biggest challenges among malignant tumors, and its 
incidence and mortality are increasing worldwide.1–3 There are millions of indivi-
duals affected by liver cancer every year.4 Moreover, hepatocellular carcinoma 
(HCC) accounts for approximately 75–85% of all primary hepatic cancer (PHC).5 

Liver cirrhosis confers a risk of HCC, especially for patients with hepatitis B virus 
(HBV), hepatitis C virus (HCV), excessive alcohol consumption, and nonalcoholic 
steatohepatitis (NASH).6–9 Despite various medical techniques, the overall 5-year 
survival rate of HCC remains less than 20%, owing to low diagnosis rates at an 
early stage and high frequent metastasis rates in HCC.10 Therefore, traditional 
medical therapeutics strategies, including surgical resection, liver transplantation, 
and radiofrequency ablation, are still inadequate for the treatment of advanced or 
metastatic HCC. Currently, the molecular targeted therapy and immunotherapy is 
a more meaningful option for HCC treatment. Molecular targeted therapy for liver 
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cancer has strong specificity, obvious curative effect, and 
less damage in adjacent normal tissue.11–13 Hence, it is 
urgent to explore significant markers for liver cancer, to 
achieve with multi-gene targeted therapy.14,15

MicroRNAs (miRNAs) are a class of endogenous 
small non-coding RNA molecules (~22 nucleotide), and 
the up/down-regulation of miRNA expression involves 
binding to the 3′ or 5′ untranslated region of target 
mRNA at the post-transcriptional level.16,17 In addition, 
miRNAs, as a novel biomarker, have crucial roles in cell 
cycle, differentiation, and cell apoptosis in cancer cells.18 

The effect of miRNA-mRNA pairs on carcinogenesis is of 
vital research interest. With the development of high- 
throughput microarray and bioinformatics analysis, 
increasing miRNA/mRNA pairs are found to play crucial 
roles in liver cancers. For example, Hou et al performed 
a comprehensive analysis of miRNomes in human HCC 
and found that miR-199a/b-3p can suppress HCC growth 
by targeting PAK4.19 Zhou et al explored target SOX6 
repressed proliferation of HCC cells by regulating miR- 
21-5p through an analysis of the effect of curcumin in 
HCC.20 miR-195-5p/CDK1, miR-5589-3p/CCNB1 and 
let-7c-3p/CKS2 were screened as significant miRNA- 
mRNA axes, suggesting unfavorable prognosis in 
HCC.21 The progression of HCC is caused by abnormal-
ities in genes and biological signaling pathways. However, 
only a fraction of miRNA/mRNA regulatory axes have 
been elucidated in HCC, so further study is needed.

Myc is a transcription factor that is over-expressed in 
more than half of human cancers, including HHC.22,23 In 
this study, the TCGA datasets of RNAs (lncRNAs, 
miRNAs, and mRNAs) expression profiles from the same 
clinical HCC samples were utilized to analyze differen-
tially expressed RNAs between tumor tissues with low- 
Myc expression and high-Myc expression (according to 
the median value of Myc expression). A hub triple 
lncRNA-miRNA-mRNA regulatory network was con-
structed from differentially expressed RNAs. Then, func-
tional enrichment analysis of DE-mRNAs was carried out 
to assess the potential functional role in HCC. Besides, 
a key miR-212-3p/SLC6A1 axis was detected from the 
hub triple regulatory axes through twelve ranked methods, 
respectively, in cytoHubba analysis. In the end, the effect 
of miR-212-3p/SLC6A1 axis on expression, survival, 
Immunohistochemistry, methylation, and immune infiltra-
tion in HCC were explored.

Methods
Establishment of MYC-Related Transgenic 
Mouse Models of HCC
In this study, we constructed an HCC model using c-Myc/ 
Alb-Cre double-positive mouse. The H11-LSL-Myc mice 
were crossed with Alb-Cre transgenic mice. Cre-mediated 
recombination led to the expression of Myc in the liver of 
H11-LSL-Myc, and tumor in liver tissue was observed 
after 2 weeks. The wild-type (WT) mice with C57BL/6J 
were the control group. All experimental procedures were 
approved by the Institutional Animal Care and Use 
Committee (IACUC) guidelines at Tongji University 
School of Medicine (SYDW-19-215) and complied with 
the Guidelines for the ethical review of laboratory animal 
welfare People’s Republic of China National Standard 
(GB/T 35892–2018).

HE staining was utilized to identify histopathological 
changes in the mouse liver tissues (6 Alb-Cre; Myc mice 
and 6 WT mice, respectively), and PCR analysis was 
utilized to identify the genotype through the mice tail 
(Supplemental Figure 1).224

Data Collection
In this study, the normalized RNA-Seq data (lncRNAs, 
miRNAs, and mRNAs) and related clinical information 
were downloaded from the Cancer Genome Atlas 
(TCGA) (https://portal.gdc.cancer.gov/), including 365 
HCC samples and 50 paired normal samples. Further 
external validation was performed to analyze the expres-
sion of SLC6A1 among pan-cancers cell lines, with data 
from the Cancer Cell Line Encyclopedia (CCLE, https:// 
portals.broadinstitute.org/ccle). The pathological changes 
of SLC6A1 expression in HCC patients were examined 
through the protein level analysis, with data from the 
Human Protein Atlas (HPA) (http://www.proteinatlas. 
org/).25,26 Finally, 360 HCC samples with related immune 
data were obtained to analyze the immune infiltration 
microenvironment of SLC6A1 by cBioPortal.

Differential Expression (DEGs) and 
Functional Enrichment Analyses
The RNA-Seq data (365 HCC samples) were divided into 
two groups by the median value of Myc expression. In this 
study, DE-lncRNAs and DE-mRNAs were identified in 
low-Myc expressed and high-Myc expressed tumor sam-
ples with the thresholds of |log2FC|≧0.8 and P <0.05. 
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Additionally, we screened the DE-miRNAs with a cutoff 
value of |log2FC|≧0.35 and P <0.05. The volcano plots of 
the DEGs (including DE-lncRNAs, DE-miRNAs, and DE- 
mRNAs) were generated by GraphPad Prism 8.3.0. The 
heat map was visualized by TBtools 1.051.27

To further illustrate the functional enrichment of DEGs 
between low-Myc and high-Myc expression groups, the 
identified DEGs (differentially expressed mRNAs) were 
performed to analyze Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway, 
with the enrichment standard: P<0.01, a minimum count of 
3, and enrichment factor> 1.5. For more underlying func-
tion of SLC6A1 in liver cancer, top 200 genes, acquired 
from GEPIA (http://gepia.cancer- pku.cn/) website, were 
closely correlated with SLC6A1 expression in HCC devel-
opment. Then, the enrichment analyses of these genes 
were performed by Metascape (http://metascape.org), and 
the results were shown by the R software.

Screening of a Specific Prognosis 
miRNA-mRNA Axis
The lncRNA-miRNA-mRNA regulatory network was con-
structed as follows.28 The HCC-related regulatory network 
was established on the interactions between the differen-
tially expressed lncRNAs, miRNAs, and mRNAs. In brief, 
the interactions between 8 DE-lncRNAs and 5 DE- 
miRNAs were explored by the miRcode database (http:// 
www.mircode.org/).

Additionally, miRDB (http://www.mirdb.org/) and 
Targetscan (http://www.targetscan.org/) were used to pre-
dict the miRNA-targeted (5 DEmiRNAs) and overlapped 
predicted results among 612 DE-mRNAs. The lncRNA- 
miRNA-mRNA network was visualized by Cytoscape 
3.7.0 (https://cytoscape.org/), which provided users with 
a more picturesque biological process network.

In order to study the potential functional lncRNA- 
miRNA-mRNA regulatory modules of liver cancer, the 
Cytoscape plug-in cytoHubba were screened to identify 
the hub triple regulatory network, and the top 3 hub 
genes (CNTN3, SLC6A1and HOMER1) from highly 
interacted 37 DE-mRNAs were performed by the twelve 
ranked methods, respectively, including Maximal Clique 
Centrality (MCC), Betweenness, Clustering Coefficient, 
etc., as showed in Table S1.

The hub triple regulatory network, including 11 hub 
genes (3 DE-lncRNAs, 5 DE-miRNAs, and 3 DE- 
mRNAs) was applied to analyze the RNA-expression of 

low-Myc expression and high-Myc expression tumor 
group.

Furthermore, the overall survival (OS) of hub DEGs in 
HCC patients was evaluated through the Kaplan–Meier 
analysis and the Log rank test. Then, the chromosome 
combination location sites of miR-217/miR-212-3p- 
SLC6A1 were predicted via TargetScan (http://www.tar 
getscan.org/). In the end, we also predicted the Spearman 
correlation between Myc and miR-212-3p/SLC6A1 of 
HCC patients in TCGA. These HCC-related miRNA- 
mRNA axes were further analyzed in the following 
experiment.

Immunohistochemical (IHC) Analysis
Immunohistochemistry is a technique for the detection of 
antigens in tissue sections through chemical reactions. The 
tumor tissues of Alb-Cre;Myc mice were used to assess the 
protein expression of SLC6A1 in HCC, compared with the 
normal tissues of WT mice. SLC6A1 (Rabbit Polyclonal 
Antibody, 20298-1-AP) antibody was used in all sections. 
Each section underwent antigen repair, background block-
ing, and antibody detection for specific antigens. Ultimately, 
two pathologists, who were blind to patient details, indepen-
dently evaluated the quantitation of immunostaining for 
SLC6A1. The images were taken with an orthophoto micro-
scope (magnification, 100X, and 200X).

Methylation and Genetic Alterations 
Analysis
To further study the impact of DNA methylation on 
SLC6A1 mRNA expression, the UALCAN database 
(http://ualcan.path.uab.edu/) was used, which was updated 
along with the DNA methylation data and associations 
between cancers and genes. Moreover, the MEXPRESS 
(https://mexpress.be/), which contained a mass of liver 
cancer samples, was utilized to evaluate the SLC6A1 
gene in some significant CpG islands.29

The genetic alterations of SLC6A1 were identified by 
an online website (http://www.cbioportal.org/) assessed 
from liver cancer (TCGA, Firehose Legacy, 366 
patients).30 The genomic map, including data for putative 
copy-number alterations (CNA) from GISTIC, was related 
to mRNA expression z-scores and mutations.31

Tumor-Infiltrating Analysis
The TIMER database (http://timer.cistrome.org/) can pro-
vide abundant information of tumor-infiltrating immune 
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cells from gene expression profiles and assess their clinical 
impacts.32,33 The correlations between SLC6A1 expres-
sion and the typical markers of 16 immune infiltration 
cells (markers of CD8+T cells, T cells, B cells, etc.) 
were analyzed. Using the Gene Expression Profiling 
Interactive Analysis (http://gepia.cancerpku.cn/index. 
html), the expressions of SLC6A1 in HCC tissues and 
normal liver tissues were evaluated for the correlation 
between clinical consequences and immune cell infiltration 
and SLC6A1 expression.

Statistical Analysis
All experiment data were processed by GraphPad Prism 
8.3. The results were shown as median ± 95% confidence 
interval (CI). The non-parametric test was used in all 
different groups, and P<0.05 was statistically significant.

Results
Identification of Differentially Expressed 
RNAs (DERNAs) at MYC Different 
Expression of HCC Sample
The Myc-related regulatory network was used to screen 
out a potential prognostic marker for HCC clinical devel-
opment. Most differentially expressed genes were identi-
fied from cancer and para-cancerous groups. In this study, 
to identify the potential regulatory mechanism of Myc in 
HCC samples, the differentially expressed RNAs (DE- 
lncRNAs, DE-miRNAs, and DE-mRNAs) in liver cancer 
samples with low-Myc and high-Myc expression tumor 
groups were identified through the TCGA datasets. As in 
Figure 1A, the total of 441 lncRNAs (199 up-regulated 
and 243 down-regulated), 99 miRNAs (64 up-regulated 
and 35 down-regulated), and 612 mRNAs (359 up- 
regulated and 253 down-regulated) were sorted out as 
differentially expressed genes. The heat map was used to 
reveal the expression profiles of 15 significant genes 
(DERNAs) in HCC samples, respectively (Figure 1B).

Construction of a Hub Triple Regulatory 
Network and Functional Enrichment 
Analysis in HCC
IncRNAs, participating in the regulation of the biological 
pathway of cancers, change mRNA expression with 
miRNAs. Based on the relationships between lncRNA 
and mRNA and the role of miRNA as a middle regulatory 
molecule, we constructed a lncRNA-miRNA-mRNA 

regulatory network to predict the functions of DEGs. We 
predicted the downstream target 5 miRNAs of the 441 DE- 
lncRNAs using the databases of miRcode. Meanwhile, the 
public predicted websites (TargetScan and miRDB) were 
used to predict related target mRNAs of 5 miRNAs. 
Finally, based on the consistent combination of 5 
miRNAs with DE-lncRNAs and DE-mRNAs, 22 potential 
lncRNA-miRNA pairs and 41 miRNA–mRNA pairs were 
constructed using Cytoscape 3.7, which involved 8 DE- 
lncRNAs, 5 DE-miRNAs, and 37 DE-mRNAs in the Myc- 
related triple regulatory network (Figure 2A). A hub triple 
regulatory network was found out from the Cytoscape 
plug-in cytoHubba; the analysis results revealed 3 
lncRNA (SNHG14, DGCR5, LINC00337), 5 miRNAs 
(miR-217, miR-212-3p, miR-216b-5p, miR-146b-5p, 
miR-375), 3 mRNA (SLC6A1, CNTN3, HOMER1), as 
shown in Figure 2B. As shown in Table S1, 3 hub genes 
(SLC6A1, CNTN3 and HOMER1) were remarkably 
selected by the twelve ranked methods, especially in 
SLC6A1 expression.

For the mechanisms of the hub triple regulatory net-
work, the functional enrichment analyses, including GO 
and KEGG pathway, were performed by Metascape online 
website. All DE-mRNAs were particularly enriched in the 
“anion transport”, “xenobiotic metabolic process”, “Wnt 
signaling pathway”, and “Cytochrome P450-arranged by 
substrate type” (Figure 2C). Meanwhile, the top 200 
SLC6A1-related genes in HCC were processed by enrich-
ment analysis (Supplemental Figure 2). The result showed 
that the enrichment pathway related to SLC6A1 is the 
peroxisome pathway. In addition, the notably enriched 
GO terms (including BP, MF, and CC) related to 
SLC6A1 were mainly distributed in “small molecule cata-
bolic process”, “oxidoreductase activity”, and “histone 
modification”.

Screening of miR-212-3p/SLC6A1 Axis in 
HCC
To explore some crucial miRNA/mRNA pairs in HCC, 
we analyzed DERNAs from the hub triple regulatory 
networks in HCC patients. The results found 1 up- 
regulated (SNHG14) and 2 down-regulated 
(LINC00337, DGCR5) lncRNAs, 2 up-regulated 
(miR-212-3p, miR-146b-5p) and 3 down-regulated 
(miR-216b-5p, miR-217, miR-375) miRNAs, and 1 up- 
regulated (HOMER1) and 2 down-regulated (SLC6A1, 
CNTN3) mRNAs in HCC samples in low-Myc and 
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high-Myc expression tumor groups (Supplemental 
Figure 3). Next, to analyzed whether these hub 
DERNAs were associated with HCC prognosis, we 
carried out an overall survival (OS) analysis of 365 
HCC patients from TCGA data and found that 1 DE- 
miRNAs (miR-212-3p) and 2 DE-mRNAs (SLC6A1, 

HOMER1) were associated with prognosis based on 
P<0.05 (Supplemental Figure 4). Interestingly, statisti-
cal analysis indicated that patients with low SLC6A1 
expression had lower survival rates than those with 
high SLC6A1 expression (P=0.0030), especially in the 
Myc-related liver cancer subgroup.

Figure 1 Identification of DEGs in HCC samples: The TCGA expression profile comparison between low-Myc expression and high-Myc expression groups: (A) The volcano 
diagrams show the DE lncRNAs, miRNAs, and mRNAs in low-Myc expression and high-Myc expression groups, respectively. The blue dots indicate the downregulated DE- 
RNAs; The red dots indicate the up-regulated DE-RNAs. (B) The heat map of all target values of DE lncRNAs, miRNAs, and mRNAs from liver tissues of low-Myc 
expression and high-Myc expression samples. 
Abbreviations: DEGs, differentially expressed genes; DE-lncRNAs, differentially expressed long non-coding RNAs; DE-miRNAs, differentially expressed microRNAs; DE- 
mRNAs, differentially expressed messenger RNAs.
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From the analysis of low-Myc and high-Myc expression 
groups, we observed that some potential miRNAs, miR-212- 
3p (up-regulated) and miR-217 (down-regulated) could reg-
ulate the expression of SLC6A1 (down-regulated) in the 
regulatory network of HCC (Figure 3A). According to the 
pairing between miR-212-3p and miR-217 and the target 
combination site in the SLC6A1, 3ʹUTR were, respectively, 
predicted by TargetScan (Figure 3B). The negative correla-
tion between miR-212-3p and SLC6A1 expression in HCC 
tissues from TCGA data (r=−0.322, P<0.0001). Consistent 
with the above results, the correlation between Myc and miR- 
212-3p/SLC6A1 regulatory axis expression was remarkably 

negative in HCC tissues (miR-212-3p: r=0.169, P=0.0012; 
SLC6A1: r=−0.353, P<0.0001; Figure 3C). These analyses 
implied that increasing miR-212-3p inhibited SLC6A1 
expression in HCC, and miR-212-3p/SLC6A1axis could be 
a potential prognostic model in HCC.

The Loss of SLC6A1 Associated with 
Poor Prognosis in HCC
TCGA HCC cohort analysis shows that SLC6A1 expres-
sion is down-regulated in 365 HCC tissues, while the 
SLC6A1 expression is in 50 adjacent normal liver tissues 

Figure 2 A hub triple regulatory network and functional enrichment in HCC: The lncRNA-miRNA-mRNA triple relationship network in HCC samples: (A) The blue 
rhombus represented down-regulated lncRNAs, red rhombus represented up-regulated lncRNAs. The blue triangles represented down-regulated miRNAs, red triangles 
represented up-regulated miRNAs. The blue ellipses represented down-regulated mRNAs, red ellipses represented up-regulated mRNAs. (B) A Myc-associated hub triple 
regulatory network through cytoHubba analysis based on the above regulatory network. (C) Gene ontology and KEGG pathway analysis of DE-mRNAs.
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(P=0.0055) (Figure 3D, E). Statistical analysis shows that 
HCC tissues have significantly lower SLC6A1 expression 
than normal liver tissues using the TCGA database (FC>1; 
P<0.01) (Figure 3F). Pan-cancers cell lines have less 
SLC6A1 expression in cancer cells than non-tumor cells 
(Supplemental Figure 5A). The results show that low 
SLC6A1 expression is associated with lower OS, whereas 

high SLC6A1 mRNA levels are associated with higher 
OS. Therefore, SLC6A1 expression is significantly asso-
ciated with decreased OS duration (P<0.05; Figure 3G) in 
patients with HCC.

Besides, the protein expression level of SLC6A1 was 
examined in randomly selected HCC samples and normal 
liver samples from the HPA database. As shown in Table 

Figure 3 Identification of potential miRNA-mRNA pairs in the setting of Myc: (A) Constructed a significant miRNA-mRNA pair in HCC: blue=down- regulated, red =up- 
regulated. (B) The TargetScan predicted website, the target combination site between the SLC6A1 3ʹUTR and miR-212-3p/miR-217, was shown, respectively. (C) The 
correlation analysis between Myc and miR-212-3p/SLC6A1 axis expression in HCC tissues from TCGA data. (D-E). The expression distribution of SLC6A1 in 365 HCC 
tissues, compared with 50 adjacent normal liver tissues from the TCGA databases. (F) Expression of SLC6A1 in HCC and normal tissue samples from the TCGA and GTEx 
databases. (G) Kaplan–Meier analysis of HCC according to SLC6A1 expression.
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S2, SLC6A1 expression is scored as negative in 64.3% 
(18/28), and SLC6A1 staining is not detected in 71.4% 
(20/28) of HCC patients. The typical immunostaining 
indicates that the SLC6A1 is non-expressed in most 
HCC tissues compared with normal liver tissues 
(Antibody: HPA013341 and CAB022293) (Figure 4A; 
Table S3). An Alb-Cre/Myc mice model of HCC is estab-
lished to clarify the biological function of miR-212-3p/ 

SLC6A1 at Myc different expressions of liver cancer 
(Figure 4B). The protein expression level of SLC6A1 in 
Alb-Cre/Myc mouse HCC tissues and WT mouse normal 
tissues are assessed. Moreover, HE staining can better 
display the tissue structure, cell morphology, and morphol-
ogy of normal and pathological tissues. Disordered cell 
arrangement, unclear nucleus, and vacuolar degeneration 
in Alb-Cre/Myc mouse HCC tissues and normal cell 

Figure 4 The protein level and immune checkpoint analysis of SLC6A1 in HCC: (A) Immunohistochemistry analysis shows the expression of SLC6A1 on protein by the 
Human Protein Atlas database. (B) The intercrossing of Myc and Alb-Cre mice through Cre/loxP transgenic technology (C) The Inspection of cell morphology changes in 
Alb-Cre/Myc mouse HCC tissues and WT mouse normal tissues through HE staining. (D) Immunohistochemistry analysis compared the expression of SLC6A1 on protein 
level in Alb-Cre/Myc mouse HCC tissues and WT mouse normal tissues. (E) The closely negative correlations between SLC6A1 and T cell exhaustion (CTLA-4, PD-L1) 
/Monocyte (CD86) in liver cancer tissues.
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morphology in WT mouse normal tissues are observed 
with HE staining (Figure 4C). The IHC analysis shows 
that the protein expression levels of SLC6A1 are higher in 
mouse normal tissues than in mouse HCC tissues 
(Figure 4D). The results reveal that miR-212-3p/SLC6A1 
axis can promote Myc-related signals, which is important 
for the treatment development of HCC.

Whether the clinical features of HCC patients can 
affect expression levels of low- and high-SLC6A1 is 
explored to reveal the clinical significance of SLC6A1 
in HCC patients. Table S4 shows that SLC6A1 expres-
sion is negatively associated with BMI (P=0.006), TNM 
stage (P=0.024), and the diameter of the tumor 
(P=0.010). However, the SLC6A1 expression is not sig-
nificantly correlated with age, gender, lymph-node 
metastasis, and distant metastasis (all P>0.05, Table 
S4). Besides, the association between clinical character-
istics and HCC prognosis was analyzed. The prognostic 
significance of the clinicopathologic features was 
explored using the OS and the Log rank test (including 
age, gender, BMI, TNM stage, tumor diameter, lymph- 
node metastasis, and distant metastasis). Supplemental 
Figure 5B shows that TNM stage (P<0.0001), tumor 
diameter (P<0.0001), and distant metastasis (P=0.004), 
BMI≦24 vs BMI>24 (P=0.037) are not significant with 
age and gender.

Associated SLC6A1 with Methylation and 
Genetic Alterations in HCC
Epigenetic inactivation and genetic alterations are two 
main reasons for the loss of tumor suppressor genes. The 
cBioPortal database analysis shows that SLC6A1 has 
a low deletion rate in HCC samples (13%, 47/360) 
(Supplemental Figure 6). The correlation of SLC6A1 
expression and the methylation status was analyzed to 
research the abnormal mechanisms of SLC6A1 down- 
regulated expression in HCC. DNA methylation is one of 
the most important epigenetic mechanisms and regulated 
by a series of enzymes, including the DNA methyltrans-
ferases (DNMTs) family, such as DNMT1, DNMT3A, and 
DNMT3B. Over-expression of DNMT1, DNMT3A, and 
DNMT3B at both transcriptional and translational levels 
could reduce tumor suppressor gene expression. Moreover, 
promoter CGI hypermethylation is associated with tran-
scriptional suppression of RNA expression. The expres-
sion of DNMT1, DNMT3A, and DNMT3B in the 
SLC6A1low group is higher than that in the SLC6A1high 

group (Supplemental Figure 7A). The analysis from the 
ALCAN database shows that SLC6A1 has a slightly high 
CpG methylation level in the promoter region of HCC 
tissues (P=2.81E-04, Supplemental Figure 7B). Three 
methylation sites (cg21771682, r=−0.500; cg10903281, 
r=−0.503; cg15237661, r=−0.520) are negatively asso-
ciated with SLC6A1 expression in liver cancer by the 
MEXPRESS database (Supplemental Figure 7C). The 
results suggest that the hypermethylation level of 
SLC6A1 is correlated with the down-regulation of 
mRNA expression.

Associated SLC6A1 with Immune 
Infiltration Molecules in HCC
Immune cells are the basis of immunotherapy. Therefore, 
understanding the tumor microenvironment (TME) is the 
key to develop novel immunotherapeutic strategies in 
tumor therapy. However, the tumor microenvironment of 
SLC6A1 in liver cancer remains unclear. Owing to dif-
ferent expression levels of SLC6A1 are along with 
changes in extracellular components, SLC6A1 expression 
may be strongly associated with the tumor environment. 
Therefore, Table S5 shows the relationship between the 
abundance of immune cells and SLC6A1 expression 
levels, indicating that the SLC6A1 expression levels are 
correlated negatively with several significant immune 
cells, including CD8+ T cell (CD8A, CD8B), T cell 
(CD3D, CD3E, CD2), Monocyte (CD86, CD115), TAM 
(CCL2, CD68, IL10), Dendritic cell (HLA-DPB1, HLA- 
DQB1, HLA-DRA), Treg (TGFB1), and T cell exhaus-
tion (PD-1, CTLA4, LAG3, TIM-3, GZMB) in HCC 
tissues. However, SLC6A1 expression in liver cancer 
correlates positively with M1 Macrophage (INOS, IRF5) 
and Treg (FOXP3, CCR8, and STAT5B) by TIMER 2.0 
website.

The relationship between SLC6A1 expression and the 
above several significant immune markers in HCC tissues 
is statistically significant compared to less infiltration in 
normal liver tissues (P<0.05). Immune checkpoints, such 
as TGF β, PD-1, CTLA4, and CD68 (r=−0.3468, −0.3093, 
−0.3450, −0.3617 respectively; P<0.05) are closely nega-
tively in HCC tissues (Figure 4E, Table S6). The results 
suggest that tumor-infiltrating immune cells may cause 
participation in the development of the miR-212-3p/ 
SLC6A1 axis in HCC and provide several immune check-
point inhibitors in the immunological therapy of HCC.
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Discussion
Liver cancer has ranked the second most frequent reason 
for cancer-associated death worldwide and remains a great 
challenge to current public health.34–36 Moreover, liver 
cancer, such as most other cancers, is highly heteroge-
neous, making a one-size-fits-all option problematic. The 
traditional clinical methods are insufficient in the develop-
ment of liver cancer. Currently, accumulating evidence has 
proved that targeted therapies may effectively treat HCC 
patients.37,38 However, the rapid development of drug 
resistance weakened the clinical effects of targeted drugs. 
Thus, it is urgent to develop more novel HCC biomarkers 
and treatment strategies in HCC patients.

Nowadays, bioinformatics analysis has become increas-
ingly important for exploring underlying mechanisms of var-
ious cancers.39–42 This study has established a transgenic 
mouse model of liver cancer (Alb-Cre/Myc mice), and Myc 
is suggested to be a proverbial oncogenic factor in HCC,43 

providing a potential target for the prognosis and treatment of 
HCC dependent on Myc variants.

The differential expression RNAs (441 DE-lncRNAs, 
99 DE-miRNAs, and 612 DE-mRNAs) were systemati-
cally identified through low- and high-Myc expression 
groups in a 365 HCC sample. A lncRNA-miRNA-mRNA 
regulatory network was constructed. A hub triple regula-
tory network was selected by cytoHubba analysis to under-
stand better the intricate interactions among the DERNAs, 
including 3 lncRNAs, 5 miRNAs, and 3 mRNAs. The hub 
triple regulatory network was evaluated through RNA 
expression analysis, survival analysis, and correlation ana-
lysis. SLC6A1 can exert its function by sponging miR- 
212-3p in HCC.

Hepatocellular carcinoma (HCC) is polygenetic cancer 
with abundant genes involved.44–47 Many pathways were 
related to HCC in the biological processes, including 
MAPK/AKT signal pathway activation, mTOR, Ras/Raf/ 
MAPK, and p53 pathways.48–50 In the Wnt/β-Catenin 
pathway, the loss of T-box transcription factor 3 (TBX3) 
in liver cancer prevents activating β-Catenin driven HCC 
formation.51–53 Similar to the consequence, the enrichment 
analysis shows that the differential expression mRNAs are 
mainly concentrated upon the Wnt signaling pathway and 
Cytochrome P450-arranged by substrate type.

The enrichment function of SLC6A1 expression in HCC 
is unclear. Thus, the enrichment analysis of SLC6A1- 
related 200 genes was performed to enrich several path-
ways, such as peroxisome, small molecule catabolic 

process, and oxidoreductase activity, explaining the reason 
for SLC6A1 down-regulated expression in HCC.

The silencing of SLC6A1 (solute carrier 6 member 1) 
inhibited proliferation, migration, and invasion of SK-OV 
-3 ovarian cancer cells.54 Chen et al found that over- 
expression of SLC6A1 might be related to the adverse 
progression of prostate cancer and promote the prostate 
cancer cell resistance to docetaxel therapy.55 Contrastively, 
mRNA expression levels of SLC6A1 were decreased, and 
expression of SLC6A1 in 365 HCC tissues was down- 
regulated when Myc was high-expressed, compared to 50 
para-carcinoma tissues from the TCGA data. Most impor-
tantly, further immunohistochemical experiments from the 
HPA database suggested that SLC6A1 revealed 
a suppressed expression in liver cancer tissues compared 
with non-cancerous liver tissues. The protein-level expres-
sion of SLC6A1 in mouse liver tissues was verified. The 
IHC results showed that SLC6A1 expression was highly 
concentrated in normal mouse liver tissue (WT mice) 
compared to Alb-Cre/Myc mouse liver cancer tissues.

This study indicated that the SLC6A1 exerted antic-
ancer activity by sponging miR-212-3p. HCC is a typical 
inflammation-induced cancer and chronic inflammation, 
leading to DNA damage, genetic and epigenetic mutations 
in liver cancer. Increasing studies have analyzed that 
immune infiltration can directly affect the prognosis of 
HCC patients. There are significant correlations between 
SLC6A1 and 16 types of immune infiltration cells with 
different distributing levels of infiltration in HCC.

Among 16 types of immune infiltration cells, several 
immune cells, T cell (general) (CD3D), Monocyte (CD86), 
TAM (CD68), Treg (TGF β), and T cell exhaustion (PD-1, 
CTLA4, TIM-3, GZMB) were notably negative correlation 
with SLC6A1 gene copy numbers in HCC. Cytotoxic 
T-lymphocyte protein 4 (CTLA-4) can accelerate immunosup-
pression. The T cell exhaustion status was caused by pro-
grammed cell death protein 1 (PD-1), inhibiting T-cell 
multiplication and cytotoxic mediators release.56–62 Tregs 
eliminate the immune response by expressing CTLA-4, 
which binds CD80/CD86, competes with CD28, and blocks 
the T cells activation.63–65 The inhibition of immune check-
points prevents immune exhaustion and leads to the reactiva-
tion of the anticancer immune response,66–69 consistent with 
this analysis. This analysis obtained closely negative correla-
tions between SLC6A1 and T cell exhaustion (CTLA-4, PD- 
L1)/Monocyte (CD86) in liver cancer tissues, but not in nor-
mal liver tissue, providing the immune regulatory functions of 
SLC6A1 expression in tumorigenesis of HCC.
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Myc-related miR-212-3p/SLC6A1 axis can be a novel 
significant prognostic model for exploring the pathogen-
esis of HCC and serve as a valuable therapeutic target of 
HCC treatment.
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