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Introduction

Hepatocellular carcinoma (HCC) leads to more than 
700,000 deaths yearly, making it to be the second leading 
cause of cancer-related deaths worldwide (1). Due to a low 
rate of early diagnosis and limited treatment options in the 
advanced stage, the prognosis of HCC patients remains 
rather poor (2,3). Several systemic agents, such as sorafenib, 
lenvatinib and nivolumab, have been approved to be used 
in advanced HCC patients, leading to a survival increase 

of several months, which remains quite unsatisfied and 
falls short of what has been achieved in many other tumor 
types (4-6). Genetic studies have depicted the landscape of 
molecular aberrations associated with HCC. However, the 
most dominant mutational genes in HCC are not clinically 
actionable, such as TERT, TP53 and CTNNB1 (7,8). 
Therefore, a better understanding of the detailed molecular 
mechanism underlying HCC tumorigenesis is urgently 
needed.
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More than 5% of all human genes are transporter-related, 
reflecting the biological significance of transporters and their 
critical roles in cell homeostasis (9). The largest group of the 
transporter-related genes is formed by the solute carrier (SLC) 
superfamily, which includes 52 families and encodes over 400 
transporter proteins (10). SLC transporters are the second 
largest family of membrane proteins in the human genome, 
regulating the intake and/or efflux across cellular membranes 
of a wide variety of essential molecules (11). Besides the 
essential physiological functions, SLC transporters are 
associated with various pathological processes, including 
tumorigenesis and chemotherapy resistance (12,13). The 
solute carrier family 12 member 5 (SLC12A5), which is an 
integral membrane KCl cotransporter, has been reported 
to be amplified in colorectal and ovarian cancers, serving 
as a putative driver gene in these cancers (14,15). In HCC, 
SLC27A5 was found to be a tumor suppressor and suppressed 
TXNRD1 expression via the KEAP1/NRF2 pathway (16). 
Over-expression of SLC46A3 inhibited the aggressive 
phenotypes of HCC cells, and predicted a better prognosis 
for patients with HCC (17). As for SLC13A5, researchers 
expanded its role from facilitating hepatic energy homeostasis 
to promoting HCC cell proliferation, suggesting a potential 
role of SLC13A5 in HCC initiation and progression (18). 
However, the comprehensive expression profile and the 
corresponding clinical significance of the SLC transporter 
genes in HCC remain elusive.

Solute Carrier Family 26 Member 6 (SLC26A6) is a 
nonselective anion exchanger that transports anions such 
as oxalate, formate and sulfate (19). SLC26A6 is expressed 
mainly in the apical membrane of the intestines and 
kidneys, and is associated with intestinal oxalate secretion 
and the formation of kidney stones (20-22). In colorectal 
cancer, SLC26A6 was reported to be mutated in over 10% 
of the 23 colorectal cancer cell lines (23). Moreover, genetic 
analysis revealed that SLC26A6 mutation might associate 
with Hodgkin lymphoma, and SLC26A6 expression was 
low or absent in Hodgkin lymphoma cells (24). However, 
little is known about the role of SLC26A6 in tumorigenesis, 
especially in HCC.

In the present study, for the first time, we profiled 
the expression pattern of the SLC genes and identified 
118 DESLCs in HCC tissues, revealing that SLC genes 
were closed linked to Hepatocarcinogenesis. Then, 31 
clinical-relevant DESLCs classified the HCC patients 
into two subtypes, exhibiting distinct clinicopathological 
and genomic profiles. Furthermore, we demonstrated the 
overexpression and oncogenic role of SLC26A6 in HCC, 

indicating it as a promising therapeutic target. Finally, 
we performed bioinformatic analyses and found that 
SLC26A6 might associate with multiple cancer-related 
pathways, supporting the oncogenic role of SLC26A6 in 
HCC tumorigenesis. We present the following article in 
accordance with the STREGA reporting checklist and 
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/tcr-20-1751).

Methods

TCGA database and bioinformatic analysis

The gene expression (FPKM) and clinical data of HCC 
patients from TCGA Liver Cancer (LIHC) dataset were 
obtained by using UCSC Xena Browser (25,26). In TCGA 
LIHC cohort, RNAseq data was available in 371 HCC 
tissues and 50 adjacent non-tumor tissues. Of the 371 
HCC cases, 365 contain detailed clinical and follow-up 
data. The mutation and copy number variation data of 
HCC patients from TCGA dataset were retrieved in the 
cBioPortal website (27,28). Gene ontology (GO) and kyoto 
encyclopedia of genes and genomes (KEGG) analyses 
were conducted to predict the function of SLC26A6 using 
DAVID Bioinformatics Tool (29,30). Pathway Commons 
and TargetScan were used to predict the interaction 
network of SLC26A6 (31,32).

Patients and tissue specimens

Thirty paired fresh-frozen HCC and adjacent non-tumor 
tissue samples used in quantitative real-time PCR (qRT-
PCR) were randomly collected from HCC patients who 
underwent hepatectomy at Peking Union Medical College 
Hospital (PUMCH, Beijing, China) between 2010 and 
2014. One hundred and sixty-five HCC, thirty-one para-
tumor and thirty-seven normal liver tissue samples were 
used in tissue microarray analysis. HCC tissue samples 
were consecutively chosen from 165 HCC patients who 
underwent hepatectomy at PUMCH between January 2010 
and December 2011. Normal liver tissues were collected 
from patients with hepatolithiasis who were treated in the 
same hospital. Complete clinicopathologic and follow-up 
data are available for the 165 HCC samples. All diagnoses 
were confirmed pathologically. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the Ethics Committee 
of Peking Union Medical College Hospital and informed 
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consent was taken from all the patients. Experiments were 
performed under a project license (JS-1569) granted by 
the Institutional Animal Experimentation Committee of 
PUMCH, in compliance with national guidelines for the 
care and use of animals.

Tissue microarray construction and immunohistochemistry

Tissue microarrays (TMA) were constructed as presented 
by the previous study (33). In brief, hematoxylin and eosin 
(H&E) sections were assessed and an appropriate area of 
tumor was marked on the corresponding paraffin block. The 
representative 1.5 mm diameter tissue cores were removed 
by a hollow needle and re-embedded into a recipient 
paraffin block at a defined position. TMA slides were 
pretreated at 65 ℃ for 2 hours, followed by deparaffinization 
and antigen retrieval. Then, peroxidase activity was blocked 
by incubating the sections with 3% hydrogen peroxide 
for 10 minutes at room temperature. After blocking with 
10% goat serum, the slides were incubated in primary 
antibodies against SLC26A6 overnight and then incubated 
in HRP-conjugated secondary antibodies. HRP activity 
was detected using the Liquid DAB+ Substrate Chromogen 
System (DAKO). Finally, sections were counterstained with 
hematoxylin and photographed.

SLC26A6 expression was evaluated using the “hybrid 
scoring system” (H-score) criteria based both on the 
percentage of positively stained cells and on the intensity 
of staining. In brief, the H-score was calculated as the 
sum of the product of the staining intensity in tumor cells 
(0, no staining; 1, weak staining; 2, moderate staining; 
three, intense staining) and the extent of cells showing 
that staining intensity (0–100%). Therefore, the possible 
H-score ranged from 0 to 300.

RNA isolation, reverse transcription and quantitative real-
time PCR (qRT-PCR)

Total RNA was extracted from tissues and cells using Trizol 
(Invitrogen, Carlsbad, CA, USA). The reverse transcription 
of mRNA was performed using GoScript™ Reverse 
Transcription System (Promega Corporation, WI, USA) 
according to manufacturer’s instruction. qRT-PCR was 
performed using LightCycler® 480 real-time PCR (Roche, 
Basel, Switzerland). The data were normalized to GAPDH 
and the relative expression of target genes was calculated 
using the 2−ΔΔCt method. The primers for qRT-PCR were 
available in supplementary data (Table S1).

Western blot analysis

The total protein lysate was extracted from HCC cells 
using cell lysis buffer for Western blot and IP (Beyotime, 
Shanghai, China). Protein lysates were subjected to 
SDS/PAGE (10% separation gel) and transferred onto a 
PVDF membrane for immunoblotting. The membranes 
were blocked with 5% fat-free milk for 1 hour at room 
temperature and then incubated with the following primary 
antibodies: SLC26A6 (sc-515230, 1:200; Santa Cruz 
Biotechnology, Texas, USA) and GAPDH (CW0100M; 
1:5,000; ComWin, Beijing, China). Horseradish peroxidase-
conjugated secondary antibodies were used. Signals were 
detected using an ECL (enhanced chemiluminescence) kit 
(Millipore, MA, USA).

Cell lines and cell proliferation experiments

Huh7 and PLC/PRF/5 cells were obtained from Shanghai 
Cell Bank, Chinese Academy of Sciences, and cultured 
as recommended by the supplier. Cells were transiently 
transfected with siRNA or negative control (NC) were 
transfected using Lipofectamine RNAiMAX Reagent 
(Invitrogen, Carlsbad, USA) following the manufacturer’s 
protocol. 

Cell Counting Kit-8 (CCK8, Dojindo, Japan) was used to 
detect the proliferation rate. Cells were plated at a density 
of 2×103–5×103 cells per well in 96-well plate and treated 
cells were then measured by the absorbance (450 nm) at the 
indicated time points (0, 24, 48, 72 and 96 h). For colony 
formation assay, cells were seeded (1,000–3,000 cells/well) 
in 6-well plates for 7–10 days. Colonies were counted after 
fixed with methanol and stained with crystal violet solution. 

Animal experiment

All animal procedures were performed according to 
the National Animal Experimentation Guidelines upon 
approval of the experimental protocol by the Institutional 
Animal Experimentation Committee of PUMCH. BALB/c 
nude mice (female, 6–8 weeks of age) were subcutaneously 
injected with Huh7 cell infected with si-SLC26A6 or NC 
(5×106 cells/mice). After 7–10 days, the palpable tumors 
were intratumorally injected with si-SLC26A6 or NC 
twice a week for 3 weeks. For each injection, 10 μg of si-
SLC26A6 or NC mixed with 5 μL in vivo transfection 
reagent (Engreen, Beijing, China) in PBS solution was used 
according to the manufacturer’s protocol. Tumor volumes 
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were calculated using the following formula: 1/2 × d2 × D.

Statistical analysis

Student’s t test was applied for the comparison of two 
groups. Survival curves were determined using the 
Kaplan-Meier method and compared using the log-rank 
test. Chi-square test was used to analyze the correlation 
between the clusters and the clinical or molecular features. 
Univariate logistic regression analysis was used to explore 
the associations between the DESLCs and the clinical 
features of HCC patients. Hierarchical cluster analysis 
was performed using the pheatmap function in R software. 
P values <0.05 were taken as statistically significant. All 
statistical analyses were conducted using the SPSS statistical 
software package (version 22.0), GraphPad Prism 7 and R 
software (V 3.6.1).

Results

SLCs are predominantly upregulated in HCC compared 
with normal tissues

We first analyzed the expression profiles of all 417 
human SLC genes using transcriptomic data in TCGA 
HCC dataset, and the result of hierarchical clustering 
analysis presented that the 417 SLC genes could separate 
HCC from non-tumor tissues quite well, indicating that 
SLC genes were closed linked to Hepatocarcinogenesis  
(Figure 1A).  To further identify the specific SLCs 
potentially involved in HCC tumorigenesis, we determined 
118 deferentially expressed SLC genes (DESLCs) between 
HCC and non-tumor tissues (FDR <0.05; |log1.5 FC| ≥1; 
Mean FPKM ≥0.1). Among the 118 DESLCs, 105 DESLCs 
(89%) were upregulated in HCC compared with non-tumor 
tissues, indicating that there was a preferential enrichment 
for activated SLCs in HCC (Figure 1B).

To obtain an insight into the potential mechanisms 
responsible for the dysregulated SLCs, we evaluated the 
genetic alterations of the 118 DESLCs using genomic data 
of TCGA HCC dataset. We analyzed 366 HCC samples 
with exome sequencing and copy-number alterations 
(CNV) data available in cBioPortal platform, finding 
that amplification was the predominant form of genetic 
alterations of DESLCs in HCC (Table S2; Figure 1C), 
which was consistent with our above findings that SLCs 
tended to be up-regulated instead of down-regulated in 
HCC tissues. Moreover, further analyses demonstrated that 

the amplifications indeed led to the significantly increased 
expression levels in the majority of the CNV-enriched 
DESLCs (Figure 1D).

Above all, these data indicated that SLC genes were 
preferentially up-regulated in HCC tissues, which might be 
at least partly attributed to the genetic amplification.

Clinical-relevant DESLCs identifies a poor prognostic 
HCC subtype exhibiting unique clinicopathological and 
genomic profiles

To determine the clinical-relevant DESLCs in HCC, we 
compared the expression of DESLCs with the critical 
clinicopathological features, including TNM stage, tumor 
grade, vascular invasion status and AFP value. Utilizing 
the TCGA HCC dataset, we found that 31 DESLCs 
were significantly associated with at least 3 out of the 4 
aforementioned clinicopathological features (Table S3). 
Then, we conducted a hierarchical clustering analysis in 
HCC patients from TCGA dataset using the 31 clinical-
relevant DESLCs, resulting in two major clusters (cluster 
1 and 2) (Figure 2A). We further analyzed the association 
between the cluster and the clinical or molecular features in 
HCC using the TCGA HCC datasets, finding that cluster 
2 was significantly associated with TNM stage (P=0.001), 
tumor grade (P=0.0004), vascular invasion (P=0.002), AFP 
level (P=0.0001), TP53 mutation (P=0.027) and CTNNB1 
mutation (P=0.012) (Figure 2A, Table S4). Moreover, we 
explored the prognostic significance of the cluster in HCC 
patients, and revealed that cluster 2 showed a clear tendency 
to be associated with worse clinical outcomes, in terms 
of overall survival (Figure 2B) and relapse-free survival  
(Figure 2C). Taken together, these data demonstrated that 
the 31 clinical-relevant DESLCs-based classification of 
HCC was indeed of significant clinical significance.

SLC26A6 is overexpressed in HCC tissues and correlates 
with poor survival 

In the above-mentioned TCGA RNA-seq data analysis, we 
identified SLC26A6 as the most significantly deregulated 
SLC gene (Figure 3A), which was also included in the 
clinical-relevant DESLCs. To validate the RNA-seq 
data experimentally, we performed qRT-PCR in clinical 
HCC samples, and the result showed that SLC26A6 was 
indeed up-regulated in HCC tissues compared with para-
tumor tissues (Figure 3B). Furthermore, we conducted 
IHC analysis in HCC tissue microarrays to investigate 
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SLC26A6 expression at the protein level, validating that 
SLC26A6 protein expression was also increased in HCC 
tissues compared with para-tumor or normal liver tissues 
(Figure 3C,D). Then, we examined the prognostic value of 
SLC26A6 overexpression in HCC patients. Kaplan-Meier 
analysis in the TCGA HCC dataset showed that HCC 
patients with high SLC26A6 expression at the mRNA level 
had significantly poorer survival compared with those with 
low SLC26A6 expression (median survival time, 1,229 and 
2,131 days, respectively; P=0.005; Figure 3E). To further 
confirm the above finding, we evaluated the prognostic 
significance of SLC26A6 protein expression in an 
independent HCC cohort from PUMCH, demonstrating 
that high SLC26A6 protein expression indeed identified 
a subgroup of HCC patients with poor survival (median 
survival time, 1,143 and 1,950 days, respectively, for 
SLC26A6-high and -low protein expression groups; 
P=0.038; Figure 3F). Taken together, we concluded that 

SLC26A6 was frequently up-regulated in HCC tissues and 
correlated with poor survival.

SLC26A6 inhibiting demonstrates potent anti-tumor 
effects against HCC both in vitro and in vivo

To investigate the potential biological function of SLC26A6 
in HCC cells, we knocked down SLC26A6 expression in 
Huh7 and PLC/PRF/5 cells. The knockdown efficiency 
was measured by qRT-PCR and Western blotting  
(Figure 4A,B,C). As showed in Figure 4D,E, cck8 assays 
revealed that SLC26A6 silencing significantly repressed 
the proliferation of both Huh7 and PLC/PRF/5 cells. The 
similar results were obtained in colony formation assays in 
Huh7 (Figure 4F,G) and PLC/PRF/5 cells (Figure 4H,I). To 
further verify the oncogenic function of SLC26A6 in HCC 
in vivo, we then established the subcutaneous xenograft 
model in nude mice. The mice received intramural 

Figure 1 SLCs are predominantly upregulated in HCC compared with normal tissues. (A) Heatmap of the 417 SLC family genes expression 
in HCC and normal tissues from TCGA database. (B) Heatmap of the 118 DESLCs in HCC and normal tissues from TCGA database. 
(C) The frequency of genetic alterations (mutation, deletion, amplification or multiple alteration) of the 118 DESLCs in HCC patients 
from TCGA database. (D) Expression levels of the representative DESLCs in HCC patients with or without the corresponding gene 
amplification. ****, P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05. SLCs, solute carriers; HCC, hepatocellular carcinoma.
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injections of si-SLC26A6 or NC, and the gross observation 
of tumors from both groups was shown in Figure 4J. 
The tumor volume (Figure 4K) and weight (Figure 4L) 
at the end of the experiment were both markedly lower 
in the si-SLC26A6 group compared with NC group 
(P=0.0181 and 0.0186, respectively). Altogether, those data 
demonstrated that knockdown of SLC26A6 suppressed 
HCC tumorigenesis both in vitro and in vivo, indicating it as 
a promising therapeutic target in HCC.

Molecular mechanisms underlying the effects of SLC26A6

Based on the aforementioned analyses, we further 
investigated the potential molecular mechanism underlying 

SLC26A6 overexpression in HCC pathogenesis. Utilizing 
cBioPortal website, we firstly analyzed the genetic 
alterations of SLC26A6 in HCC patients from TCGA 
dataset, including mutation and copy number variation. 
The result showed that only 1.1% of the 366 HCC patients 
presented genetic alterations (Figure 5A). Then, Pathway 
Commons used to explore the interaction network of 
SLC26A6, finding that 25 genes may interacted with 
SLC26A6 in three different ways (control its expression, 
binding and catalysis) (Figure 5B). Considering that miRNAs 
played a significant role in regulating gene expression at 
post-transcriptional level, we further predicted the miRNAs 
targeting SLC26A6 using TargetScan website, revealing 
that has-miR-4319, has-miR-125a-5p and has-miR-125b-

Figure 2 Clinical-relevant DESLCs identifies a poor prognostic HCC subtype exhibiting unique clinicopathological and genomic 
profiles. (A) Hierarchical clustering based on the 31 clinical-relevant DESLCs in HCC patients from TCGA dataset. (B,C) Kaplan-Meier 
curves for HCC patients in TCGA cohort between the two clusters in terms of overall survival and relapse-free survival. *, P<0.05. HCC, 
hepatocellular carcinoma.
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Figure 3 SLC26A6 is overexpressed in HCC tissues and correlates with poor survival. (A) Scatter plot showing the -log10 FDR values of 
the 417 SLC family genes when compared their expression between HCC and normal tissues from TCGA dataset. (B) Expression level of 
SLC26A6 in 30 paired HCC and para-tumor tissues from PUMCH cohort. (C) Representative photographs of SLC26A6 expression in 
TMA sections of normal liver, para-tumor and HCC tissues. (D) Comparison of H-scores of SLC26A6 between normal liver (n=37), para-
tumor (n=31) and HCC tissues (n=165). (E,F) Kaplan-Meier curves for HCC patients in TCGA or PUMCH cohort by SLC26A6 mRNA or 
protein expression. ****, P<0.0001; **, P<0.01. HCC, hepatocellular carcinoma.
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Figure 4 SLC26A6 inhibiting demonstrates potent anti-tumor effects against HCC both in vitro and in vivo. (A,B) Transfection effects of 
siRNA targeting SLC26A6 or negative control (NC) in Huh7 and PLC/PRF/5 cells were confirmed by qRT-PCR. (C) Transfection effects 
of siRNA targeting SLC26A6 or NC in Huh7 and PLC/PRF/5 cells were confirmed by western blot. (D,E) CCK8 assays showing the effects 
of SLC26A6 knockdown on the proliferation of Huh7 and PLC/PRF/5 cells. (F,G,H,I) Colony formation assays and the corresponding 
quantifications showing the effects of SLC26A6 knockdown on the proliferation of Huh7 and PLC/PRF/5 cells. Magnification in (F,H) 1×. (J) 
The gross observation of tumors from si-SLC26A6 and NC groups. (K,L) The tumor volume and weight of si-SLC26A6 and NC groups at 
the end of the experiment. ***, P<0.001; *, P<0.05. HCC, hepatocellular carcinoma.
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5p might be responsible for SLC26A6 dysregulation in 
HCC tumorigenesis (Figure 5C). To preliminarily explore 
the biological role of SLC26A6 in HCC tumorigenesis, 
we conducted functional enrichment analyses for the 
genes associated with SLC26A6 (|spearman’s correlation 
coefficient| ≥0.35) using TCGA HCC RNAseq data. 
GO analysis demonstrated that multiple cell cycle-related 

biological processes were significantly enriched among the 
SLC26A6-associated genes in HCC (Figure 5D). Moreover, 
KEGG analysis further indicated that multiple cancer-
related pathways, such as Cell cycle, DNA replication, Focal 
adhesion, Pathways in cancer and Hippo signaling pathway, 
were indeed significantly enriched in SLC26A6-associated 
genes, supporting the oncogenic role of SLC26A6 in HCC 

Figure 5 Molecular mechanisms underlying the effects of SLC26A6. (A) Genetic alterations of SLC26A6 in HCC patients from TCGA 
dataset. (B) Pathway Commons analysis showing the molecular interaction network of SLC26A6 in three different ways (control its 
expression, binding and catalysis). (C) MiRNAs predicted to target SLC26A6 in conserved site using Targetscan. (D) GO analysis of 
SLC26A6-associated genes in HCC tissues. (E) KEGG pathway analysis of SLC26A6-associated genes in HCC tissues. HCC, hepatocellular 
carcinoma.
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tumorigenesis (Figure 5E). 

Discussion

The SLC superfamily, despite its clear relevance to 
health and disease, is comparatively less well studied 
than other gene families (10). In this study, for the 
first time, we provide a systematic overview of the 
expression profile of the SLC transporter genes in HCC, 
demonstrating the potential involvement of SLC genes in 
hepatocarcinogenesis. Additionally, we then experimentally 
validated the dysregulation and oncogenic property of 
SLC26A6 in HCC, suggesting it as a potential therapeutic 
target in HCC patients.

Liver is metabolically active organ, and liver cancer displays 
a marked refractoriness to the available chemotherapy (34). 
Metabolic alteration is a hallmark of cancer, and commonly 
results in aberrant expression of SLC transporters, which 
linked closed to the chemoresistance (13). Consistently, in 
this study, we found that the 417 SLC genes could separate 
HCC from non-tumor tissues quite well, implying the 
significance of SLC family genes in hepatocarcinogenesis. 
We identified 118 aberrantly expressed SLC genes, and 
most of them were activated in HCC tissues. Many of the 
identified DESLCs, such as SLC39A4, RHBG, FLVCR1, 
SLC16A3, SLC22A1, SLC12A1, SLC29A2 and SLCO1B3 
had been reported to play significant roles in HCC 
tumorigenesis (35-42). Other DESLCs, such as XPR1, 
SLC22A23 and SLC2A5, were reported to be related to 
the other types of cancer (43-45). Interestingly, quite a 
few candidate DESLCs, such as SLC45A4, SLC26A9 and 
SLC26A6, remain uncharacterized in tumorigenesis.

We then identified an interesting subset of DESLCs 
with significant clinical relevance. We found that 31 
DESLCs associated with 3 out of 4 clinicopathological 
features (TNM stage, tumor grade, vascular invasion 
status and AFP value) in HCC patients, and demonstrating 
that these clinical-relevant DESLCs could classify HCC 
patients into two clusters with distinct clinicopathological 
and genomic profiles. SLC22A1, one of the clinical-
relevant DESLCs, have been reported to be repressed in 
HCC tissues. Researchers found that aberrant SLC22A1 
variants, together with the decreased SLC22A1 expression, 
might significantly affect the response to sorafenib in HCC 
patients (39). Previous study related iron metabolism with 
HCC, and revealed that FLVCR1 expression was associated 

with survival, disease status, and prognosis in HCC  
patients (37). SLC39A4, a zinc transporter, was activated in 
HCC and was reported to repress apoptosis, enhance cell 
cycle and increase migration in HCC cells (35). However, 
the clinical and biological significance of SLC26A6, which 
was the most significantly deregulated DESLCs, remains 
elusive in hepatocarcinogenesis.

SLC26A6 is a typical transporter gene and mediates the 
exchange of pairs of anions (19). However, rather few studies 
relate SLC26A6 to tumorigenesis. In a previous mutational 
analysis carried in colorectal cell lines, SLC26A6 was found 
to be mutated in >10% of the 23 colorectal cancer cell lines, 
suggesting that SLC26A6 might play a significant role 
in colorectal cancer (23). Nevertheless, in another study, 
protein-disrupting mutations in SLC26A6 was found in 
familial classical Hodgkin lymphoma (cHL) individuals, 
implying that SLC26A6 silencing might associate with the 
risk of cHL (24). In this study, we found that overexpressed 
SLC26A6 associated with poor survival in HCC patients, 
and its knockdown inhibited the malignant phenotype of 
HCC cells, demonstrating that SLC26A might serve as an 
oncogene in HCC tumorigenesis. In terms of mechanistic 
aspect, we performed bioinformatic analysis, predicting the 
underlying regulating mechanism of SLC26A6 in HCC 
tumorigenesis. Interestingly, it was reported that miR-
125a-5p was a regulator of SLC26A6 in intestinal epithelial 
cells, which was consistent with the predicted result in our  
study (46). GO and KEGG analyses revealed that 
SLC26A6-associated genes were enriched in multiple 
cancer-related pathways, which further suggested the 
oncogenic role of SLC26A6 in HCC. However, in this 
study, the detailed mechanisms of the candidate SLC 
genes in HCC lack experimental evidence. Therefore, 
the future studies may focus on depicting the detailed 
molecular mechanisms of the candidate SLC genes in HCC 
tumorigenesis and developing novel drugs to target the 
candidate genes.

Conclusions

In  summary,  the  present  s tudy comprehens ive ly 
characterized the expression profile of SLC family genes 
and identified a set of clinical-relevant DESLCs with 
prognostic implication in HCC. Moreover, this study 
revealed that SLC26A6, an uncharacterized gene in 
tumorigenesis, might act as an oncogene in HCC and serve 
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as a potential therapeutic target in HCC patients.
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Supplementary

Table S1 Primer sequences used in qRT-PCR

Primer sequence

SLC26A6-F CGGAGGCGAGACTACCACA

SLC26A6-R ACCAAAACCGGGAGGTGTTG

GAPDH-F GGAGCGAGATCCCTCCAAAAT

GAPDH-R GGCTGTTGTCATACTTCTCATGG

Table S2 The genetic alterations in HCC patients from TCGA cohort (n=366)

Gene symbol Number of samples altered Percent samples altered

SLC45A4 64 17%

SLC39A4 60 16%

SLC52A2 60 16%

RHBG 45 12%

SLC41A1 37 10%

SLC26A9 36 10%

XPR1 36 10%

FLVCR1 35 10%

SLC35F3 35 10%

SLC16A3 29 8%

SLC26A11 26 7%

SLC6A19 25 7%

SLC22A23 24 7%

SLC9A3 23 6%

SLC25A19 23 6%

SLC16A6 20 5%

SLC45A1 18 5%

LETM2 18 5%

SLC2A5 16 4%

SLC30A3 14 4%

SLC35E2A 12 3%

SLC25A12 12 3%

SLC35E2B 12 3%

SLC7A10 11 3%

SLC47A2 11 3%

SLCO3A1 11 3%

SLC8A1 11 3%

SLC5A10 10 2.70%

SLC1A3 10 2.70%

SLC38A11 10 2.70%

SLC43A2 10 2.70%

SLC4A3 9 2.50%

SLC39A10 9 2.50%

SLC25A35 9 2.50%

SLC35E3 9 2.50%

SLC22A1 9 2.50%

SLC5A1 9 2.50%

SLC12A1 8 2.20%

SLC12A5 8 2.20%

SLC6A8 8 2.20%

SLC26A3 8 2.20%

SLC7A1 8 2.20%

SLC12A9 8 2.20%

SLC44A5 7 1.90%

SLC5A4 7 1.90%

SLC13A4 7 1.90%

RHCG 7 1.90%

SLC22A5 7 1.90%

SLCO2A1 7 1.90%

SLC37A1 7 1.90%

SLC9A6 7 1.90%

SLC4A4 7 1.90%

SLC3A1 7 1.90%

SLC6A11 6 1.60%

SLC1A7 6 1.60%

SLC2A6 6 1.60%

SLC29A2 6 1.60%

SLC44A3 6 1.60%

SLCO1B3 6 1.60%

SLC6A14 5 1.40%

SLC4A11 5 1.40%

SLC5A11 5 1.40%

SLC30A2 5 1.40%

SLC45A2 5 1.40%

SLC16A8 5 1.40%

SLC52A3 5 1.40%

SLC22A4 5 1.40%

SLC51B 5 1.40%

SLC14A2 5 1.40%

SLC36A1 5 1.40%

SLC35F2 5 1.40%

SLC16A9 5 1.40%

SLC29A4 5 1.40%

SLC25A14 5 1.40%

NPC1 5 1.40%

SLC2A11 5 1.40%

SLC15A2 5 1.40%

SLC46A1 5 1.40%

SLC7A8 5 1.40%

SLC7A4 5 1.40%

SLCO4C1 5 1.40%

SLC26A6 4 1.10%

SLC6A2 4 1.10%

SLC35G2 4 1.10%

SLC25A53 4 1.10%

SLC6A6 4 1.10%

SLC16A14 4 1.10%

SLC12A8 4 1.10%

SLC10A1 4 1.10%

SLC16A4 4 1.10%

SLC22A10 4 1.10%

SLC7A11 3 0.80%

SLC22A12 3 0.80%

SLC22A31 3 0.80%

SLC6A9 3 0.80%

SLC22A15 3 0.80%

SLC5A2 3 0.80%

SLC26A2 3 0.80%

SLC38A5 3 0.80%

SLC38A6 3 0.80%

SLC1A4 3 0.80%

NIPA1 3 0.80%

SLC19A3 3 0.80%

SLC22A11 2 0.50%

SLC7A6 2 0.50%

SLC35E4 2 0.50%

UCP3 2 0.50%

SLC25A29 2 0.50%

SLC2A1 2 0.50%

SLC38A1 2 0.50%

SLC41A3 2 0.50%

SLC39A13 2 0.50%

SLC39A3 2 0.50%

SLC25A47 2 0.50%

SLC38A8 1 0.30%

SLC2A14 1 0.30%

SLC10A6 1 0.30%

SLC25A51 1 0.30%
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Table S3 The associations of the 31 DESLCs with the clinical features

Gene symbol P value (TNM stage) P value (Grade) P value (AFP level) P value (vascular invasion)

SLC1A5 0.001031041 2.67E-05 1.61E-05 0.04370871

SLC39A1 0.002481512 6.99E-06 0.000190563 0.029499451

SLCO4A1 0.000372292 0.040850387 0.026442158 0.027618599

SLC41A2 0.023785383 0.032130973 0.00021766 0.027254897

SLC50A1 0.034895852 7.61E-05 0.00025576 0.023024909

SLC9B2 0.032850072 0.008783796 0.034917913 0.022302926

SLC22A25 0.000227375 0.000197008 0.029605659 0.0207215

PQLC2 0.023129834 0.000492411 4.56E-05 0.020417266

SLC4A11 0.000472158 0.002939092 0.000547743 0.018221205

SLC39A10 0.001889347 0.003342986 0.003439371 0.0167365

SLC26A6 0.024984841 9.66E-07 0.00030123 0.015889946

SLC25A6 0.000421119 0.001381644 0.000240923 0.015027551

SLC7A1 7.29E-05 0.000171785 0.025185645 0.014348794

SLCO1B1 1.47E-06 0.00520757 0.042674226 0.012495662

SLC25A19 3.61E-05 6.24E-06 0.000146627 0.00614604

SLC27A5 2.61E-06 4.80E-07 5.50E-10 0.005643085

SLC2A2 1.62E-06 0.002187411 0.002080227 0.005365904

SLC35E3 0.006975046 0.001610488 0.036071997 0.005181756

SLC6A8 2.03E-06 0.043624064 0.00034759 0.003968756

SLC16A3 4.45E-05 0.00128943 0.001355686 0.003133764

SLC39A4 0.014872664 0.000807146 4.58E-07 0.003093701

SLC10A1 3.86E-06 4.03E-08 1.21E-09 0.002023281

LETMD1 0.030626109 0.042870881 0.011641613 0.001909833

SLC27A2 2.31E-06 8.18E-07 4.53E-05 0.001681575

SLC52A2 0.000403736 4.42E-05 0.000904722 0.001500199

SLC25A25 0.000271766 0.009798229 2.48E-05 0.00136914

FLVCR1 0.000733314 4.64E-09 1.44E-08 0.001218744

SLCO2A1 0.000590375 0.001094139 0.003140637 0.000313974

SLC22A1 2.03E-06 8.35E-07 2.33E-06 0.000172057

SLC25A47 0.00028925 0.000725968 0.029350583 2.17E-05

SLC16A2 2.79E-05 4.47E-06 1.70E-08 2.66E-06
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Table S4 The associations between the clusters and the clinical or genetic features

Cluster1 Cluster2 P value (Chi-square)

TP53-wildtype 153 20 0.027

TP53-mutation 59 17

CTNNB1-wildtype 150 34 0.012

CTNNB1-mutation 62 3

ALB-wildtype 188 35 0.427

ALB-mutation 24 2

APOB-wildtype 187 33 1

APOB-mutation 25 4

ARID1A-wildtype 193 36 0.335

ARID1A-mutation 19 1

MYC-wildtype 175 28 0.32

MYC-amplification 37 9

AFP-low 155 15 0.0001

AFP-high 57 22

Grade 1-2 129 11 0.0004

Grade 3-4 83 26

TNM stage I 130 12 0.001

TNM stage II-IV 82 25

No-vascular invasion 147 16 0.002

Vascular invasion 65 21


