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Abstract

Solute carrier 41 (SLC41) has been identified as a family of magnesium (Mg2*) transporters that
participate in various diseases, including tumor development and progression. Recent studies revealed
SLC41A3 acted as an oncogene and predicted poor survival for hepatocellular carcinoma (HCC) patients.
However, the potential function of SLC41Al in HCC remains unclear. In our study, we focused on the
levels and putative mechanisms of SLC41Al in HCC. Using bioinformatics techniques, we found
SLC41ATl was upregulated in HCC, which was verified by immunostaining of HCC patients. SLC41ATl was
correlated with clinicopathological characteristics, and could be utilized as independently diagnostic and
prognostic markers for HCC. By exploring MethSurv website, DNA methylation was identified in
SLC41Al, and several methylated CpG sites might affect overall survival of HCC patients. Using Gene
Ontology (GO) , Kyoto Encyclopedia of Genes and Genomes (KEGG), gene set enrichment analysis
(GSEA), protein-protein interaction (PPI) network, we found SLC41A1 overexpression was related to
several tumor-promoting pathways and molecules, such as degradation of extracellular matrix, cell
adhesion and O-linked glycosylation, and expression of CXCL1, CXCL5 and MUCI. The results of
single-sample GSEA (ssGSEA) showed SLC41AIl might regulate infiltration of multiple immune cells,
resulting in the imbalance between immune suppression and immune surveillance.

Cellular experiments showed that knockdown of SLC41Al inhibited proliferation, migration and invasion
of HCC, whereas SLC41Al overexpression exerted the tumor-promoting effects. Collectively, our
results shed light on new insights into expression, putative roles and mechanisms of SLC41Al in HCC,
providing novel diagnostic biomarkers and therapeutic targets for HCC.
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1. Introduction

Liver cancer, which will account for over 830,000
fatalities worldwide in 2020, continues to rank third in
the world for cancer-related mortality (GLOBOCAN
2020) [1]. Much worse, the mortality is estimated to
surpass 1,300,000 in 2040 [2]. The most prevalent type
of primary liver cancer is hepatocellular carcinoma
(HCC), accounting for ~90% of cases [3]. The major

curative methods for HCC include liver resection,
ablation, radiotherapy, chemotherapy and liver
transplantation, but these therapies require early
diagnosis. Nevertheless, the majority of HCC patients
receive a diagnosis at a fairly advanced stage [4],
making these approaches relatively ineffective.
Furthermore, high potential of recurrence or
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metastasis makes the five-year survival rate more
dismal. Therefore, it is urgent to make further
elucidation of the pathogenesis of HCC to develop
novel therapeutic strategies.

There are three isoforms in the solute carrier 41
(SLC41) family: SLC41A1, SLC41A2, and SLC41A3.
According to their distant homology with the
magnesium (Mg?*) channel MgtE of bacteria, the
SLC41 family were regarded as Mg?* transporters,
and played a critical part in maintaining Mg?*
homeostasis [5]. SLC41A1 was identified as a
sodium/magnesium (Na*/Mg?*) exchanger, and
overexpression of SLC41A1 promoted Na*-dependent
Mg?* outflow across the plasma membrane [6]. In the
recent years, SLC41 family were reported to
participate in various diseases, including tumor
development and progression. Dysregulation and
single nucleotide polymorphisms of SLC41A1 were
related to Parkinson's disease [7, 8]. Mutation of
SLC41A1 disrupted renal Mg?* homeostasis, led to
tubular defects, and caused nephronophthisis-like
phenotype [9]. Furthermore, SLC41A1 was reported
to be downregulated in human pancreatic ductal
adenocarcinoma, and SLC41A1 overexpression
inhibited cell proliferation and invasion, and
suppressed orthotopic tumour growth in a mouse
model [10]. Recent studies reported SLC41A3 was
upregulated in HCC, correlated with immune
infiltration [11], and served as an unfavorable
independent predictor of overall survival [12, 13].
Knockdown of SLC41A3 impeded proliferation,
migration and invasion of HCC cell lines [13].
Nonetheless, the possible functions and putative
mechanisms of SLC41A1 in HCC remain unclear.

In this study, by utilizing multiple
bioinformatics tools, we comprehensively analyzed
the expression and clinical relevance of SLC41A1 in
HCC, evaluated their relationship to immune
infiltration and DNA methylation, and investigated
the functional enrichment, and assessed its role in
HCC proliferation, migration and invasion. Our
finding suggested that SLC41A1 was upregulated in
HCC and predicted poor survival, SLC41A1 was
correlated with DNA methylation and immune
infiltration, and SLC41A1 promoted HCC
proliferation, migration and invasion. Our study
indicates that SLC41A1 might be valuable prognostic
factor and therapeutic candidate in HCC.

2. Materials and methods

2.1 Analyses of SLC41A1 expression in public
databases

50 normal and 374 tumor tissues are included in
the online database The Cancer Genome Atlas

(TCGA, https://portal.gdc.cancer.gov), which also
contains clinical information and gene mRNA level of
HCC patients. Gene expression profiles can be found
in the Gene Expression Omnibus (GEO,
https:/ /www.ncbi.nlm.nih.gov/geo/) [14]. The
mRNA levels of SLC41A1 were analyzed in TCGA
and two HCC GEO datasets (GSE25097 and
GSE76427). The expression of SLC41A1 in the TCGA
and GEO databases was examined by using the
student t-test and the Wilcoxon rank sum test. As the
clinical information for HCC cohort was derived from
public database, written informed consent was
supposed to have been already obtained.

2.2 The clinical values of SLC41A1 in HCC

In 50 normal and 374 tumor tissues from TCGA,
patients were categorized into low expression and
high expression groups based on the median mRNA
level of SLC41A1 in TCGA HCC samples. The
chi-square test was used to examine the connection
between the expression of SLC41A1 and the
clinicopathological parameters of HCC patients, such
as gender, race, T, N, and M stages of the disease,
histologic grade, etc. Utilizing Receiver Operating
Curve (ROC) analysis, the diagnostic value of
SLC41A1 in HCC was assessed. The prognostic value
of SLC41A1 were assessed using COX regression
analysis and Kaplan-Meier analysis (https://
kmplot.com/analysis/).

2.3 Analysis of functional enrichment

Using the DESeq2 program, differentially
expressed genes (DEGs) were found in patients with
high and low SLC41A1l expression patterns [15].
Genes having an adjusted P value less than 0.05 and
an absolute fold change (FC) larger than 1.5 were
subjected to additional analysis. DEGs associated with
SLC41A1 were functionally annotated using the Gene
Ontology (GO) enrichment analysis. Molecular
functions (MF), cellular components (CC), and
biological processes (BP) are all included in GO
analysis. To clarify the pathways connected to the
DEGs of SLC41A1, research was done using the Kyoto
Encyclopedia of Genes and Genomes (KEGG). As for
GO and KEGG analyses, adjusted P values less than
0.05 indicated significance [16]. Using gene set
enrichment analysis (GSEA), we investigated the
biological pathways regulated by SLC41A1
overexpression [17]. The enriched pathways were
deemed  statistically  significant after 1000
permutations if the adjusted P values were less than
0.05 and the FDR was less than 0.25. The
ClusterProfiler ggplot2 R software was utilized for
statistical analysis and graphical plotting [3.3.6]. The
Search Tool for the Retrieval of Interacting Genes
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(STRING) database was used to create the
protein-protein interaction (PPI) network of DEGs
associated with SLC41A1, and the R package igraph
[1.4.1] was used to depict the top 20 PPI networks [18].

2.4 Cell culture

The HCC cell line SNU398 was purchased from
the American Type Culture Collection (Manassas,
USA), while Huh7 was obtained from Japanese
Cancer Research Bank (Tokyo, Japan), and the two
cell lines were preserved in our institute. SNU398 was
cultured in RPMI-1640 Medium (GIBCO, USA) and
Huh7 was cultivated in DMEM (GIBCO), all medium
was supplemented with 10% fetal bovine serum
(GIBCO) and 1% penicillin/streptomycin (Servicebio).
Cells were cultured in a humidified atmosphere filled
with 5% CO2 at 37 °C.

2.5 DNA methylation analysis

Using MethSurv (https:/ /biit.cs.ut.ee/
methsurv/), an interactive tool to assess prognosis
based on DNA methylation state, we examined the
DNA methylation sites of SLC41A1 and their
predictive values in HCC.

2.6 Immune infiltration analysis

The gene set variation analysis (GSVA) package
in R (4.2.1) was used to perform the single-sample
gene set enrichment analysis (ssGSEA) in order to
examine the relationship between SLC41A1
expression and the relative infiltration levels of 24
immune cells [19], and the correlation was
determined by Spearman correlation analysis.

2.7 Immunohistochemistry (IHC) staining

The normal livers were collected from liver
hemangioma patients, and the HCC and
paracancerous non-tumor liver tissues (at least 2cm
away from the tumor margin) were collected from
HCC patients underwent surgery at Tongji Hospital,
Tongji medical college, Huazhong University of
Science and Technology (Wuhan, China) from June
2018 to December 2019. The liver tissues were fixed
using 4% paraformaldehyde (Servicebio, Wuhan,
China), embedded in paraffin, sectioned to 5pm thick
sections. Detailed procedure of IHC staining was
described previously [20]. The primary antibody used
in IHC is SLC41A1 (ab254754, Abcam, UK, 1:100).
Written informed consent from patients was obtained,
and this study approved by the Ethics Committee of
Tongji Hospital and conducted following the
Declaration of Helsinki.

2.8 Lentivirus transfection and stable cell line
establishment

The SLC41A1 knocking-down (LV-shSLC41A1)
and overexpressing lentiviruses (LV-SLC41A1) as
well as the control lentiviruses (LV-shcontrol and
LV-control) were purchased from Obio technology
(Shanghai, China). The targeting sequences of shRNA
are as follows, shRNA-1: 5-GCTGCAAGTA
CTGTTCCCATT-3, shRNA-2: 5-GATTGGGATCAA
CCCAGACAA-3'". The SNU398 were transfected with
LV-shSLC41A1 and Huh7 were transfected with
LV-SLC41A1 for 72 hours (h), and then the stable
transfected cell line were established by puromycin
selection for 14 days, as described previously [21].
Subsequently, mRNA were extracted from these cells,
and the quantative real-time PCR (qRT-PCR) was
performed to measure the transfection efficiencies
according to standard procedure [21]. The primers
used in qRT-PCR were listed below, SLC41Al,
forward: 5’-CCAGAGCAACGAAAGTGACGA-3, re-
verse: 5-TACTTGCAGCCCGATGGAAAA-3,
GAPDH, forward: 5-GCACCGTCAAGGCTGAG
AAC-3, reverse: 5'-TGGTGAAGACGCCAGTGGA-3'.

2.9 Cell proliferation analyses

Cell proliferation was measured by Cell
Counting  Kit-8 (CCK-8) and  5-ethynyl-2-
deoxyuridine (EdU) assays, respectively. A number of
1000 indicated SNU398 and Huh?7 cells were seeded
into 96-well plates and then cultivated. As previously
described [21], at each time point (24 h, 48 h, 72 h, 96
h), the cells were washed by PBS thrice and then
incubated in a mixture containing 100 pl complete
medium and 10 pl CCK-8 kit (Promoter
Biotechnology, Wuhan, China) for 2h in the incubator.
Finally, using a microplate reader (Biotek, Vermont,
USA), the absorbance at 450 nm of cells were
measured. The EdU assay was performed as
previously described [21]. Briefly, we plated 1x10°
SNU398 or Huh7 cells in 24-well plates, cultivated
them for 24 h, and then added 10 mM EdU (Beyotime,
Shanghai, China) solution to the wells and cultivated
for another 2 h. The cell nuclei were counterstained by
Hoechest 33342. The EdU-positive cells were
observed using a fluorescence microscope (Olympus,

Japan).
2.10 Cell migration and invasion analyses

Cell migration and invasion were measured by
Transwell assays following procedures described
previously [21]. The Transwell chambers (8 pm pore
size, Corning, USA) were pre-coated with Matrigel
(BD Bioscience, USA) for invasion assay or not for
migration assay, and then plated into 24-well plates.
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We re-suspended the indicated cells (5x10* for  Tumorstatus,n (%) 0.037
migration and 1x10° for invasion) with 200 pl ~ Tumorfree 111 (31.3%) 91 (25.6%)
serum-free DMEM, and then seeded them into the — Withtumer . 67 (18.9%) 86 (24.2%)
upper chamber, while 600 pl complete DMEM was E;Sldual tumoryn (%) o @%) 57 @5%) 002
added to the lower chamber for chemotaxis. g, 4(12%) 13 (3.8%)
Twenty-four hours later, the unmigrated cells on the ro 1(0.3%) 0(0%)
upper surface of inserts were removed, and cell  Histologic grade n (%) 0.038
migrated across the membrane were fixed with 4%  G! 87 (10%) 18 (4.9%)
paraformaldehyde (Servicebio) for 20 min and then <2 5 (24'1?’) 8 (24'1?’)
stained with crystal violet (Beyotime) for 1 h. Cells gz :5(1(24(%9)/0) :9(1(198/7)/)
were observed and analyzed using a microscope  chig-pugh grade,n (%) 0805
(Olympus, Japan) in at least three fields of view. A 119 (49.4%) 100 (41.5%)
B 13 (5.4%) 8 (3.3%)
2.11 Statistical Analysis c 1(04%) 0(0%)
GraphPad Prism 5.01 (San Diego, CA, USA) and Fibrosis ishak score, n (%) . . 0963
SPSS 19.0 (Chicago, IL, USA) were used for the (1) 7 iz gil/)) i’g Sé/:/)
statistical analysis. We used R (version 4.21) to ,, 16 (7.4%) 12 (5.6%)
conduct statistical analyses related to bioinformatics.  s&s 44 (20.5%) 37 (17.2%)
P<0.05 was considered statistically significant. Adjacent hepatic tissue 0.075
inflammation, n (%)
None 63 (26.6%) 55 (23.2%)
Table 1. The association between SLC41Al expression and Mild 45 (19%) 56 (23.6%)
clinicopathological characteristics. Severe 13 (5.5%) 5 (2.1%)
Vascular invasion, n (%) 0.112
Characteristics éﬁx&e{f{ession of SHIjgclllezpiression of Ealue No 114 (35.8%) 94 (29.6%)
- = = Yes 50 (15.7%) 60 (18.9%)
Gender, n (%) 0.020 Albumin(g/dl), n (%) 0.200
Female 50 (13.4%) 71 (19%) <32 41 (13.7%) 28 (9:3%)
Male 137 (36.6%) 116 (31%) >=35 117 39%) 114 (38%)
Race, n (%) 0.728 AFP(ng/ml), n (%) 0.109
Asian 82 (22.7%) 78 (21.5%) <400 117 (41.8%) % (35%)
Black or African American 10 (2.8%) 7 (1.9%) > 400 28 (10%) 37 (13.2%)
White 91 (25.1%) 94 (26%)
Age, n (%) 0.377
<= 60 84 (22.5%) 93 (24.9%) 3. Results
>60 102 (27.3%) 94 (25.2%)
Height, n (%) 0.693 3.1 The expression, diagnostic value and
<170 102 (29.9%) 99 (29%) prognostic value of SLC41A1 in HCC
>=170 68 (19.9%) 72 (21.1%)
Weight, n (%) 0.518 Firstly, we analyzed the SLC41A1 mRNA levels
<=70 89 (25.7%) 95 (27.5%) in HCC using the TCGA database. Compared to the
>70 84 (24.3%) 78 (22.5%) non-tumor tissues, SLC41A1 expression was elevated
BML n (%) 0209 in both unpaired HCC samples (1.515610.3675 vs
< 56 (24.6%) %4 27.5%) 2.5438+1.1555) (Figure 1A) and paired HCC tissues
>25 86 (25.5%) 74 (22%) 5 P )
Pathologic T stage, n (%) 0,160 (1.5156+0.3675 vs  2.5586+1.08) (Figure 1B).
T1 102 (27.5%) 81 (21.8%) Furthermore, we explore the GEO datasets GSE25097
T2 42 (113%) 53 (14.3%) and GSE76427. We found that, compared with
T3 36 (9.7%) 44 (11.9%) non-tumor samples, SLC41A1 was upregulated in
T 5 (1.3%) 8 2.2%) HCC samples in GSE25097 (0.8817+0.3109 vs
ooogeloegenlt) w2 w0 0139 15190+0.9653) and GSE76427 (123.0956+23.8637 vs
N1 00%) : £(16%) : 168.8677+62.4464) (Figure 1C). By immunostaining of
Pathologic M stage, n (%) 1.000 HCC, non-tumor and normal liver sections, we
MO 135 (49.6%) 133 (48.9%) confirmed the upregulation of SLC41Al1 in HCC
Ml 2(0.7%) 2(0.7%) tissues compared to non-tumor and normal livers
Pathologic stage, n (%) 0197 (Figure 1D). Secondly, we examined the relationship
Stage I 98 (28%) 7 (@14%) between clinicopathological characteristics and the
Stage Il 40 (11.4%) 47 (13.4%) © : p 8
Stage Il 38 (10.9%) 27 (13.4%) expression of SLC41A1. We found that SLC41A1 was
Stage IV 2(0.6%) 3(0.9%) correlated with gender, tumor status, residual tumor,
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histologic grade (Table 1). Receiver operating
characteristic (ROC) analysis revealed that the area
under the curve (AUC) of SLC41A1 in normal and
HCC tissues were 0.786 (Figure 1E), suggesting that
SLC41A1 might be diagnostic markers for HCC. High
expression of SLC41A1 is associated with shorter
overall survival (OS), relapse-free survival (RFS),
progression-free survival (PFS), and disease-specific
survival (DSS), according to the Kaplan-Meier plotter
survival analysis (Figure 1F). High SLC41A1
expression was an independent risk factor for the
overall survival of HCC patients, according to the
univariate and multivariate COX regression models
(Table 2).
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3.2 Prognostic value of DNA methylation of
SLC41A1 in HCC

Recent studies have highlighted the role of DNA
methylation biomarkers in HCC diagnosis and
prognosis, revealing the mechanisms underlying
HCC progression [22, 23]. By analyzing the MethSurv
database, we found that there existed sixteen CpG
methylated sites in SLC41A1 (Figure 2). Further,
among these CpG methylated sites, two sites were
identified as unfavorable prognostic factors, including
cg00097626 (HR=1.513, P=0.043) and cgl14413177
(HR=1.773, P=0.0043), while three sites were
identified as favorable prognostic factors, including

cg03273382  (HR=0.553, P=0.0034), cg01654312
(HR=0.479, P=6e-04), cg03046812 (HR=0.549,
P=0.0023) (Figure 3A-E).
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Figure 1. The expression, diagnostic value and prognostic value of SLC41A1 in HCC. (A-B) Relative mRNA expression of SLC41Al in unpaired (A) and paired (B)
HCC tissues in TCGA database. (C) Relative mMRNA expression of SLC41Al in unpaired non-tumor tissues and HCC tissues from datasets (GSE25097 and GSE76427) obtained
from GEO dabatase. (D) Immunostaining of SLC41Al in normal liver, paracancerous non-tumor tissues and HCC (n=6). (E) The ROC analysis of SLC41Al in HCC. (F)
Kaplan-Meier analysis showed prognostic value of SLC41Al expression in predicting OS, RFS, PFS, DSS of HCC patients. **P<0.001.
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Figure 2. The DNA methylation clustered expression of SLC41Al. Sixteen CpG methylated sites in SLC41Al were identified in MethSurv database, including
cg13453750, cg07551022, cg00762738, cg26866142, cg23951618, cg00097626, cgl6315748, cg25022560, cg00664682, cg03273382, cg23034840, cg01654312, cg03046812,

cgl4413177, cg09790270, cgl0717869.

3.3 Analysis of the functional enrichment of
SLC41A1 expression in HCC

Using data from the TCGA cohort, we attempted
to further clarify the possible mechanism of SLC41A1
in HCC. We classified the HCC patients into two
groups: high expression and low expression, based on
the expression levels of SLC41A1. By screening, we
totally discovered 1039 SLC41Al-related differentially
expressed genes (DEGs), of which 843 were
upregulated and 196 decreased (Figure 4A). Gene
expression heatmap was constructed to visualize the
top 10 upregulated DEGs of SLC41A1 in HCC (Figure
4B). Further, we conducted GO and KEGG analyses,
and found that SLC41Al1 might regulate various
biological ~processes, cellular components and
molecular functions. SLC41A1 might be related to

transporter complex, mediate metal ion chanel
transporter activity, and thus regulate cellular
divalent inorganic cation homeostasis. SLC41A1
might also regulate cell adhesion, collagen-containing
extracellular matrix (ECM) and ECMe-receptor
interaction (Figure 4C). By GSEA, we further found
that SLC41A1 was positively correlated with several
tumor progression-related pathways, including
degradation of ECM, ECM organization, O-linked
glycosylation, = collagen  formation,  collagen
degradation and assembly of collagen fibrils (Figure
4D). In addition, the top 20 protein-protein interaction
(PPI) network of SLC41Al-related genes were
presented (Figure 5). The results showed that
SLC41A1 was related to several oncogenes, such as
CXCL1 [24], CXCL5 [25], MUC1 [26], SIX2 [27].
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Figure 3. Prognostic value of DNA methylation of SLC41A1 in HCC. (A-E) Overall survival curve of SLC41Al CpG methylated sites in HCC patients, including two
unfavorable sites, cg00097626 (A), cg14413177 (B), and three favorable sites, cg03273382 (C), cg01654312 (D), and cg03046812 (E).

3.4 Correlation between immune infiltration
and SLC41AI1 expression in HCC

The accumulation of various immune cells
within the tumor microenvironment has been shown
to contribute to HCC development and progression
[28]. Therefore, we further performed single-sample
GSEA (ssGSEA) to explore the potential correlation
between SLC41A1 expression and the infiltration
levels of 24 types of immune cells. Our results showed
that infiltration levels of effector memory T (Tem), T
helper (Th) cells, Th2 cells, macrophages, follicular
helper T (TFH), natural killer (NK) cells, NK
CD56bright cells, were positively correlated with
SLC41A1 expression, among which the correlation of
Tem was the highest (R=0.353, P<0.001). On the
contrary, infiltration levels of Thl7 cells, cytotoxic
cells, DC, pDC, Treg and neutrophils were negatively
correlated with SLC41A1 expression, and the
correlation of Thl7 was the highest (R=-0.252,
P<0.001) (Figure 6A-C). Furthermore, patients with
elevated SLC41A1 expression levels showed reduced
Th17 cell infiltration but increased Tem cell
infiltration. (Figure 6D-E).

3.5 SLC41A1 promotes HCC cell proliferation,
migration and invasion

To verify the oncogenic role of SLC41A1 in HCC,
we assessed the effect of SLC41A1 in HCC
proliferation, migration and invasion. Firstly, we
analyzed the relative mRNA expression of SLC41A1
in 24 kinds of HCC cell lines in Cancer Cell Line
Encyclopedia (CCLE), the results were presented in
Table 3. Considering the relative expression of
SLC41A1 in HCC and the storage of HCC cell lines in
our institute, we chose SNU398 (with relatively high
expression of SLC41A1) and Huh7 (with relatively
low expression of SLC41A1) for further exploration.
The SNU398 cells were transfected with SLC41A1
knocking-down lentivirus and Huh7 cells were
transfected with SLC41A1 overexpressing lentivirus.
The results of RT-qPCR showed that the transfection
efficiencies were satisfactory (Figure 7A). By CCK-8
analysis, we found that knockdown of SLC41A1l
inhibited proliferation of SNU398 cells, while
overexpression of SLC41A1 promoted proliferation of
Huh?7 cells (Figure 7B), and these effects were verified
by EdU assay (Figure 7C, E). Furthermore, the results
of Transwell assays demonstrated that knockdown of
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Table 2. Univariate and multivariate COX regression analyses revealed the risk factors for OS in HCC patients.

Characteristics Total(N) Univariate analysis Multivariate analysis
Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value
Gender 373
Female 121 Reference
Male 252 0.793 (0.557 - 1.130) 0.200
Race 361
Asian 159 Reference
Black or African American & White 202 1.341 (0.926 - 1.942) 0.121
Age 373
<=60 177 Reference
> 60 196 1.205 (0.850 - 1.708) 0.295
Height 340
<170 201 Reference
>=170 139 1.232 (0.849 - 1.788) 0.272
BMI 336
<=25 177 Reference
>25 159 0.798 (0.550 - 1.158) 0.235
Pathologic T stage 370
T1&T2 277 Reference Reference
T3&T4 93 2.598 (1.826 - 3.697) <0.001 2.147 (1.227 - 3.756) 0.007
Pathologic N stage 258
NO 254 Reference
N1 4 2.029 (0.497 - 8.281) 0.324
Pathologic M stage 272
MO 268 Reference Reference
M1 4 4.077 (1.281 - 12.973) 0.017 0.960 (0.225 - 4.092) 0.956
Pathologic stage 349
Stage I 173 Reference Reference
Stage I1&Stage I11&Stage IV 176 2.090 (1.429 - 3.055) <0.001 1.450 (0.791 - 2.659) 0.230
Tumor status 354
Tumor free 202 Reference Reference
With tumor 152 2.317 (1.590 - 3.376) <0.001 1.980 (1.238 - 3.167) 0.004
Residual tumor 344
RO 326 Reference
R1&R2 18 1.604 (0.812 - 3.169) 0.174
Histologic grade 368
G1&G2 233 Reference
G3&G4 135 1.091 (0.761 - 1.564) 0.636
Weight 345
<=70 184 Reference
>70 161 0.941 (0.657 - 1.346) 0.738
Child-Pugh grade 240
A 218 Reference
B&C 22 1.643 (0.811 - 3.330) 0.168
Fibrosis ishak score 214
0&1/2 106 Reference
3/4&5&6 108 0.740 (0.445 - 1.232) 0.247
Adjacent hepatic tissue inflammation 236
None 118 Reference
Mild&Severe 118 1.194 (0.734 - 1.942) 0.475
Vascular invasion 317
No 208 Reference
Yes 109 1.344 (0.887 - 2.035) 0.163
AFP(ng/ml) 279
<=400 215 Reference
> 400 64 1.075 (0.658 - 1.759) 0.772
SLC41A1 373
Low 186 Reference Reference
High 187 1.741 (1.225 - 2.474) 0.002 1.797 (1.140 - 2.832) 0.012
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Table 3. Relative mRNA expression of SLC41Al in HCC cell lines (CCLE).

HCC

SLC41A1

HEP3B217
JHH5
JHH4
HUH7
JHH7
HUH1
SNU761
JHH2
JHH1
PLCPRF5
KMCH1
LI7
SNUS886
SKHEP1
JHH6
SNU387
SNU449
SNU182
SNU398
SNU878
SNU739
SNU423
HLF
SNU475

1.646162657
1.963474124
3.375734539
3.486714373
3.503348735
3.624100895
4.057450272
4.08236197

4169123281
4.175524601
4.320484678
4.460742564
4.512226887
4.628773595
4.705425039
4.718635616
4.771357409
4.808899839
4.892391026
4921721947
5.09085343

5.194559886
5.38024459

5.448900951

4. Discussion

In the past three decades, the world has been
suffering from HCC-related deaths. It is estimated
that approximately 1 million people are expected to
be affected by liver cancer by 2025 [3]. Despite
advances have been achieved in the field of HCC
diagnosis and treatment, most HCC patients are
diagnosed at advanced stage and the prognosis is still
unsatisfactory. Thus, uncovering novel target for
diagnosis and treatment of HCC is urgently needed.

In the organism, Mg?* is a vital ion that plays
prominent roles in many cellular processes, and
participates in immune regulation, inflammation,
oxidative stress, cell cycle progression, differentiation,
and apoptosis, and exerts crucial roles in
development of progression of tumors [29]. As a
family of Mg?* transporter, the SLC41 family
consisted of three members, and SLC41A3 was
identified as an oncogene and predicted poor survival
for HCC by several studies [11-13].

In this study, we revealed that SLC41A1 is an
oncogene in HCC. Data from TCGA and GEO
database consistently showed that SLC41A1 was
upregulated in HCC tissues, compared to non-tumor
tissues. By immunostaining, we verified that
expression of SLC41A1 was dramatically upregulated
in HCC tissues than in non-tumor tissues and normal
liver tissues, which made our results more
convincing.  Clinically, aberrant expression of
SLC41A1 were correlated with clinicopathological

characteristics, demonstrating that high SLC41A1
expression was positively associated with several
unfavorable factors, such as tumor status, residual
tumor and histologic grade. Furthermore, high
SLC41A1 expression were correlated with poorer OS,
RFES, PFS, DSS, respectively. These results suggested
that, similar to SLC41A3, SLC41A1 acted as an
independently unfavorable diagnostic and prognostic
factor in HCC.

As a major form of epigenetic modification,
DNA  methylation is responsible for gene
transcription, and is reported to influence HCC
development, progression and prognosis [22, 23]. The
bioinformatics results predicted that SLC41A1 genes
harbored several methylated CpG sites in HCC
database, which might be responsible for the aberrant
expression of SLC41A1l. Furthermore, we found
methylation of different CpG sites might be related to
poorer or better overall survival of HCC patients.

To further explore the function of SLC41A1 in
HCC, we conducted GO, KEGG, GSEA and PPI
analyses. The GO items, including ‘cellular divalent
inorganic cation homeostasis’, ‘transporter complex’,
‘metal ion transmembrane transporter activity” might
all indicate the role of SLC41A1 in Mg?* transport.
Furthermore, the GO items ‘cell-cell adhesion via
plasma-membrane adhesion molecules’, ‘collagen-
containing extracellular matrix’, and the KEGG item
‘ECM receptor interaction” suggested SLC41A1l
mediated function of ECM. The GSEA results showed
SLC41A1 is related to several tumor-promoting
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signaling, such as extracellular matrix degradation,
collagen degradation, O linked glycosylation, and
these signaling contributed to HCC progression [30,
31]. The PPI network of also showed SLC41A was
related to several tumor-promoting genes, such as
CXCL1, CXCL5 and MUCI, overexpression of these
genes promoted HCC cell growth and invasion [25,
26, 32]. The bioinformatics results suggested that
SLC41A1 might function as an oncogene through
these pathways.

With the rapid development and application of
immune checkpoint inhibitors, HCC therapy is now
entering the era of biologics. In this study, we
explored the correlation between infiltration levels of
24 immune cells and the expression of SLC41A1. Our
result showed that SLC41A1 expression was
associated with infiltration of several immune cells,
especially Tem and Thl7 cells, suggesting that
SLC41A1 might regulate the immune homeostasis of
HCC. However, the exact effects of SLC41A1 on
immune infiltration in HCC need further
experimental investigation.

Furthermore, we assessed the role of SLC41A1 in
HCC by cellular experiments. To ensure the
credibility of the results, we chose SNU398 and Huh7
for genetic manipulation according to the baseline
expression (CCLE). By loss- and gain- of function
assays, our results showed that SLC41A1 could exert
its oncogenic role by promoting proliferation,
migration and invasion of HCC. Similarly, SLC41A1
expression was increased in breast cancer, and
knockdown of SLC41A1 decreased cell viability in
breast cancer cells [33]. However, the roles of
SLC41A1 in HCC was opposite to those in human
pancreatic ductal adenocarcinoma, where SLC41A1
was downregulated and inhibited proliferation,
migration and invasion through magnesium-
dependent Akt/mTOR inhibition and bax-regulated
apoptosis [10]. Combining our data and the previous
reports, we can draw the conclusion that different
expression pattern of SLC41A1 indicates specific roles
in certain diseases. These discrepancies might be
derived from different genetic background caused by
tissue specificity.

Despite our findings, this study has some
limitations. Firstly, we speculate several candidate
molecules and signaling pathways that might
underlie the mechanisms of SLC41A1 in HCC by
bioinformatics, which need further validation by
experiments. Secondly, we assessed the role of
SLC41A1 in HCC by in vitro experiments, however,
these effects will be more convincing if validated by in
vivo research. These assays will be implemented in
our future studies.

Collectively, our results provided new insights
into expression, putative roles and mechanism of
SLC41A1 in HCC, providing a novel diagnostic
biomarker and therapeutic target for HCC.
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