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Abstract: Glioblastoma multiforme (GBM) is the most aggressive type of brain tumor, with an extremely poor progno-
sis due to resistance to standard-of-care treatments. Strong evidence suggests that the small population of glioma 
stem cells (GSCs) contributes to the aggressiveness of GBM. One of the mechanisms that promote GSC progression 
is the dysregulation of membrane transporters, which mediate the influx and efflux of substances to maintain cellu-
lar homeostasis. Here, we investigated the role of multidrug and toxin extrusion transporter gene SLC47A1 in GSCs. 
Results show that SLC47A1 is highly expressed in GSCs compared to non-stem cell glioma cells, and non-tumor 
cells. Additionally, in-silico analysis of public datasets showed that high SLC47A1 expression is linked to malig-
nancy and a poor prognosis in glioma patients. Further, SLC47A1 expression is correlated with important biological 
processes and signaling pathways that support tumor growth. Meanwhile, silencing SLC47A1 by short-hairpin RNA 
(shRNA) influenced cell viability and self-renewal activity in GSCs. Interestingly, SLC47A1 shRNA knockdown or phar-
macological inhibition potentiates the effect of temozolomide (TMZ) in GSC cells. The findings suggest that SLC47A1 
could serve as a useful therapeutic target for gliomas.
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Introduction

One of the deadliest forms of cancer in humans 
is Glioblastoma multiforme (GBM), a grade IV 
brain tumor, classified by the World Health 
Organization (WHO) [1]. Despite the use of 
standard treatments such as surgery, radia-
tion, and chemotherapy, the survival rate for 
patients with GBM remains very poor, lasting 
between 8 and 15 months upon diagnosis [2]. 
GBM displays significant cellular heterogeneity, 
with small populations of tumor-initiating glio-
ma stem cells (GSCs) [3]. GSCs are capable to 
self-renew and differentiate, which promotes 
tumor growth and recurrence. They can also 
induce immunosuppression, promote invasion 
and angiogenesis, and drive resistance to treat-

ment [4]. As such, in-depth research on the 
molecular processes in GSCs is required to 
develop effective therapeutic strategies for low-
ering GBM prognosis and recurrence.

Membrane transporters are crucial for moving 
a variety of external and endogenous substanc-
es across cells and organelles, which enables 
them to maintain metabolic homeostasis [5]. 
However, their dysregulation may result in the 
rapid development of cancers. Membrane 
transporters frequently serve to feed the 
increased metabolic demands of the tumors for 
energy and essential nutrients, as well as to 
regulate the influx and efflux of chemothera-
peutic drugs [6]. Evidence shows that these 
transporters can promote cancer progression, 
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resistance to chemotherapy, immunosuppres-
sion, migration, angiogenesis, and metastasis. 
Its dysregulation affects a variety of signaling 
pathways, growth factors, transcription fac- 
tors, cytokines, and metalloproteinase (MMPs) 
which are dependent or independent of their 
primary function [7].

The Solute Carrier Family 47 Member 1 
(SLC47A1) which encodes the membrane  
transport protein, human multidrug and toxin 
extrusion protein 1 (MATE1), was first describ- 
ed in 2005. MATE1/SLC47A1 is a multidrug 
efflux pump that functions as an H+/organic 
cation transporter [8]. The physiological role of 
MATE1/SLC47A1 is primarily engaged in the 
elimination of cationic substances, such as 
endogenous substances, drugs, and toxins, 
into urine and bile via the kidney and  
liver, respectively [9]. MATE1/SLC47A1 is con-
fined to the brush-border membrane of the 
proximal tubules in the kidney. Substances are 
then pushed from renal cells into the urine by 
an outward H+ gradient following their absorp-
tion by basolateral membrane transporters 
[10]. High expression of MATE1/SLC47A1 is 
also detected in the adrenal gland, testis, skel-
etal muscles, and brain microvessels [11]. 
Organic cation transporters (OCTs) and other 
drug efflux transporters from the ABC (ATP-
binding cassette) family, including P-glyco- 
protein (MDR1/ABCB1), breast cancer resis-
tance protein (BCRP/ABCG2) and canalicular 
multi-specific organic anion transporter (MRP2/
ABCC2), work together with MATE1/SLC47A1 
[8]. 

The retention of anticancer drugs in cancer 
cells can be associated with the expression of 
MATE1/SLC47A1. For instance, the efficacy of 
metformin in metastatic colorectal cancer 
(mCC) with wild-type KRAS is minimal due to 
the high expression of MATE1 [12]. Also, 
MATE1/SLC47A1 is downregulated in bone 
marrow cells of imatinib-nonresponding chronic 
myeloid leukemia (CML) patients compared to 
imatinib-responding patients, limiting the 
drug’s ability to function intracellularly. This 
finding indicates that MATE1/SLC47A1 medi-
ates imatinib cellular uptake, and thus its 
expression determines imatinib therapeutic 
efficacy [13]. Meanwhile, SLC47A1/MATE1 can 
be a predictor of cancer cell chemosensitivity 
to the hybrid agent such as platinum-acridine 

compounds. Treatment of HTC-166 colon  
cancer cells with epigenetic drugs (EPZ-6438 
and EED226) upregulates the expression of 
SLC47A1/MATE1 enhances the cellular uptake 
and sensitizes the effect of platinum-acridine 
compound 1 [14]. On the contrary, the overex-
pression of the Hedgehog receptor Patched 
(Ptch1) in adrenocortical carcinoma cells is 
associated with treatment resistance. Accor- 
dingly, overexpression of Ptch1 upregulates the 
expression of MATE1/SLC47A1 which may be 
involved in chemotherapy resistance, EMT, and 
cell proliferation [15]. Recently, it was found 
that the PPARA transactivates flippase SLC47A1 
to suppress ferroptosis induction through lipid 
remodeling in pancreatic ductal adenocarcino-
ma cells. Knockdown of SLC47A1 sensitizes 
cells to ferroptosis in an ACSL4-SOAT1-axis 
dependent manner to generate polyunsaturat-
ed fatty acid-containing (PUFA) cholesterol 
esters [16]. Although SLC47A1 has been exten-
sively investigated in its role as a membrane 
transporter, its significance in gliomas remains 
unclear.

Here, we found that SLC47A1 is highly ex- 
pressed in glioma stem cells compared to non-
stem cell glioma cell lines and non-tumor cells. 
We also show that high expression of SLC47A1 
is correlated to malignancy and poor prognosis 
in glioma patients. Interestingly, by inhibiting 
SLC47A1 expression, it reduces the sphere-
forming ability and potentiates the effect of 
TMZ in GSCs.

Materials and methods

Cell culture and reagents

An astrocyte medium (ScienCell Research 
Laboratories, USA) with 10% fetal bovine serum 
(FBS; Gibco, USA), 1% astrocyte growth supple-
ment (AGS; ScienCell Research Laboratories, 
USA), and 1% penicillin-streptomycin (P/S; 
Welgene, South Korea) was used to maintain 
normal human astrocytes (NHA). A172, A1207, 
U87MG, and LN229 non-stem cell glioma cell 
lines were grown in Dulbecco’s modified media 
(DMEM/F12; Welgene, South Korea), with 10% 
FBS and 1% P/S. Glioma stem cells (GSC11, 
GSC20, GSC23, and GSC267) obtained from 
the University of Texas MD Anderson Cancer 
Center [17] were maintained in a Neurobasal 
Media (NBE) composed of DMEM/F12 medium 
enriched with 2% B27 (Gibco, USA), 1% P/S 
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solution, basic fibroblast growth factor (bFGF; 
20 ng/ml; R&D Systems, USA) and epidermal 
growth factor (EGF; 20 ng/ml; R&D Systems, 
USA). All cells were incubated at 37°C with 5% 
CO2.

Quantitative reverse transcription-PCR (RT-
qPCR)

Total RNA was extracted using the RiboEx 
reagent (GeneAll, South Korea) and purified 
using the HybridR Kit (GeneAll, South Korea), 
according to the manufacturer’s protocol. To 
convert 500 ng of total RNA to complementary 
DNA (cDNA), the RevertAidTM First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, USA) 
was utilized. The quantitative Real-Time PCR 
(qPCR) was done on a qTOWER3 Real-Time 
Thermal Cycler (Analytik-Jena, USA) with TB 
Green® Premix Ex TaqTM (Tli RNaseH Plus; 
Takara Korea Biomedical Inc., Korea). The cycle 
threshold (Ct) values were calculated from the 
qPCR results using the 2-ΔΔCt method. Primer 
sequences used for qPCR are the following: 
18S loading control - Forward (F) 5’-CAGCC- 
ACCCGAGATTGAGCA-’3 & Reverse (R) 5’-TA- 
GTAGCGACGGGCGGTGTG-3’; SLC47A1 - (F) 5’- 
TGCCTGTGACACCCTCATCT-’3 & (R) 5’-GTCTG- 
GGTAAGCCTGGACA-3’; CD15 - (F) 5’-TTGGG- 
ACCTCCTAGTTCCAC-’3 & (R) 5’-TGTAAGGAAG- 
CCACATTGGA-3’; CD133 - (F) 5’-CAGGTAAGA- 
ACCCGGATCAA-’3 & (R) 5’-TCAGATCTGTGAAC- 
GCCTTG-3’; GFAP - (F) 5’-GGAACATCGTGGTGA- 
AGACC-’3 & (R) 5’-AGAGGCGGAGCAACTATC- 
CT-3’; S100β - (F) 5’-TCAAAGAGCAGGAGGT- 
TGTG-’3 & (R) 5’-TCGTGGCAGGCAGTAGTAAC-3’; 
Tubb3 - (F) 5’-AGTGTGAAAACTGCGACTGC-’3 & 
(R) 5’-ACGACGCTGAAGGTGTTCAT-’3. 

Lentivirus preparation

SLC47A1 expression was silenced using lentivi-
ral vector producing short-hairpin RNA (shRNA) 
construct (sh#40 - TRCN0000138440, sh#56 
- TRCN0000135356; Sigma-AAldrich, USA). 
The sh-non-targeting (shNT) lentiviral vector 
was used as control. The CalPhos Mammalian 
Transfection Kit (Takara Bio, USA) was used in 
packaging the lentivirus in 293FT cells. The 
lentivirus-containing media was harvested and 
filtered (45 µm) after 72 h transfection. It was 
then concentrated 100-fold using a Lenti-X 
concentrator (Takara Bio, USA). Lentivirus pro-
duction was performed according to the manu-
facturer’s procedure.

Cell viability assay

GSCs (3 × 105 cells in a laminin-coated 6-well 
plate) were infected shNT, sh#40, and sh#56 
lentivirus. After 48 h, infected cells were 
reseeded (3000 cells/well; n = 6) in a 96-well 
plate and exposed to various concentrations  
of TMZ (Sigma-Aldrich, USA). Similarly, GSCs 
(3000 cells/well; n = 6) were also seeded in  
a 96-well plate. After 24 h, cells were co-treat-
ed with various doses of SLC47A1 inhibitor 
(Famotidine; Sigma-Aldrich, USA) and TMZ. Cell 
viability was assessed after 72 h TMZ exposure 
by using the alamarBlue® assay, as directed by 
the manufacturer. A Synergy HTX Multi-Mode 
Reader (BioTek Instruments Inc., USA) was 
used to measure the absorbance at a 590 nm 
wavelength. 

In vitro limiting dilution assay

ShRNA-knockdown GSCs were seeded in a 
96-well plate at decreasing cell densities (25, 
12, 6, 3, and 1 cell(s)/well; n = 30). Cells were 
supplemented with 10 µl growth media every 
after 3 days and maintained until 14 days. At 
the end of the incubation period, the plates 
were examined under a light microscope for 
tumor sphere formation. Positive wells were 
characterized as groups of cells larger than 20 
µm in diameter. The frequency of GSCs’ ca- 
pacity to generate tumorspheres was assessed 
using the Extreme Limiting Dilution Analysis 
(ELDA) program [18]. 

Dataset preparation 

The mRNA expression in GSCs under NBE and 
serum culture conditions were compared using 
Gene Expression Omnibus (GSE4536) dataset 
[19]. The dataset was normalized and trans-
formed (Log2 CPM+1) using the Integrated 
Differential Expression and Pathway analysis 
(iDEP) version 1.0 [20]. The TCGA_GBMLGG, 
CGGA, Gravendeel, and Ivy Glioblastoma Atlas 
Project (Ivy_GAP) datasets were obtained from 
the Gliovis website [21]. The 434 SLC-related 
genes were downloaded from the HUGO Gene 
Nomenclature Committee (HGNC; https://www.
genenames.org/).

Bioinformatics analysis

Heatmap and complete linkage clustering anal-
ysis were performed Java Tree View software 
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[22]. Volcano plot and log-rank were visualized 
using GraphPad Prism 8 for Windows (Graph- 
Pad Software, USA). Gene ontology (GO) and 
Kyoto Encyclopedia for Genes and Genome 
(KEGG) analyses of SLC47A1-related genes 
were annotated using the Database for An- 
notation, Visualization, and Integrated Dis- 
covery (DAVID) bioinformatics resources [23]. 
The TCGA_GBMLGG dataset was used to iden-
tify clusters (modules) of genes highly correlat-
ed with SLC47A1high and SLC47A1low and to 
relate modules to external sample phenotypes 
(grade, subtype, IDH status, MGMT status, 
1p19q codeletion status, age, and gender). 
Intramodular hub genes (MM > 0.9 and GS > 
0.7) were identified using the Weighted Gene 
Co-expression Network Analysis (WGCNA) [24]. 
Univariate and multivariate COX analyses of 
SLC47A1high and SLC47A1low expression were 
performed to identify independent variables 
associated with overall survival (OS) in TCGA_
GBMLGG and CGGA datasets using the R pack-
age [25]. Kaplan-Meier (KM) and Receiver 
Operating Characteristics (ROC) and GO and 
KEGG pathways were plotted using an SR plot 
(https://www.bioinformatics.com.cn/srplot), an 
online platform for data analysis and vis- 
ualization. 

RNA-sequencing

GSCs (3 × 105 cells per well) were seeded in  
a laminin-coated 6-well plate. After 24 h, cells 
were transfected with either shNT or shSL-
C47A1 (sh#56) and cultured for 48 h. Cells 
were resuspended in TRIzol Reagent (Invitro- 
gen; CA, USA) and stored at -80°C before pro-
cessing and RNA sequencing. RNA extraction, 
library preparation, and sequencing were out-
sourced to LAS Co., Ltd. (Gimpo, South Korea). 
The data that support the findings of this stu- 
dy are openly available in NCBI Repository at 
http://www.ncbi.nlm.nih.gov/bioproject/100- 
9200, accession number: PRJNA1009200. 

Statistical analysis

GraphPad Prism Version 8.0 was used for the 
statistical analysis. A two-tailed t-test and a 
one-way ANOVA were used, respectively, to 
determine the statistical significance between 
and across groups. Tukey’s multiple compari-
son tests were then used to compare the 
results. All data were reported as mean ± 
Standard Error (SE). A P-value of 0.05 or lower 
was regarded as statistically significant.

Results

SLC47A1 mRNA is highly expressed in GSCs 
under NBE culture

To analyze the expression patterns of genes 
that regulate the stem cell character of GSCs, 
we compared the mRNA expression profiles of 
SLC47A1 and other 434 SLC-related genes in 
GCSs under NBE- and serum-media conditions 
from the public dataset GSE4536. Heatmap 
and clustering analysis revealed that SLC47A1 
is commonly upregulated in both NOB_1228 
and NOB_0308 GSCs under NBE conditions 
(Figure 1A, 1B). Further, SLC47A1 is one of the 
top-ranked SLC genes in NBE-cultured GSCs 
based on a log-rank test (Figure 1C, 1D) and 
volcano plot with Log2 Fold-change of > 1.5  
at P ≤ 0.05 (Figure 1E, 1F). Additionally, we 
showed that SLC47A1 mRNA expression was 
considerably higher in both NOB_1228 and 
NOB_0308 GSCs when cultured in NBE- as 
compared to serum condition (Figure 1G, 1H). 
To validate these findings, we next performed 
RT-qPCR to measure the basal expression lev-
els of SLC47A1 in NHA cells, non-stem cell  
glioma cell lines (A172, A1207, LN229, and 
U87MG), and GSC cell lines (GSC11, GSC20, 
GSC23, and GSC267). Compared to NHA  
cells and non-stem cell glioma cell lines, the 
SLC47A1 mRNA level is highly expressed in 
GSC cell lines (Figure 1I). In the meantime, we 
also compared the mRNA expression levels of 
SLC47A1 and stemness (CD15, CD133) and 
differentiation (S100B, GFAP, TUBB3) markers 
in GSC11 and GSC23 cells under NBE- and 
serum media-condition. SLC47A1 expression 
was observed to be upregulated in GSC11 cells 
when cultured in NBE condition. Similarly, stem-
ness markers CD15 and CD133 are significant-
ly expressed in GSCs under NBE culture condi-
tions, while differentiation markers S100B, 
GFAP, and TUBB3 are elevated in GSCs under 
serum-media conditions (Figure 1J). The results 
show that SLC47A1’s mRNA expression levels 
are significantly elevated in GSCs.

High expression of SLC47A1 is associated 
with malignancy and poor survival in glioma 
patients

To understand the clinical significance of 
SLC47A1, we compared the mRNA expression 
levels of SLC47A1 in TCGA_GBMLGG and CGGA 
datasets based on histology, grade, 1p/19q  
co-deletion status, IDH mutation status, and 
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Figure 1. SLC47A1 is highly expressed in GSCs and correlates with stemness markers in GSCs cultured in NBE 
conditions. (A, B) Complex heatmap illustrating the differential expression of 434 solute-carrier related genes in 
GSCs under NBE and FBS culture condition in GSE4536 dataset; (A) NOB_1228, (B) NOB_0308. (C, D) Log-rank 
fold-change of SLC47A1 GSCs under NBE and FBS culture condition in GSE4536 dataset; (C) NOB_1228, (D) 
NOB_0308. (E, F) Volcano plots for identifying genes with significant fold change under the NBE-culture condition 
compared with the FBS-culture condition in NOB_1228 and NOB_0308 cell lines. Upregulated genes (Log2 FC > 
1.5) are presented in red; Downregulated genes (Log2 FC < -1.5) are presented in blue; Not-significant genes are 
shown in black; (E) NOB_1228, (F) NOB_0308. (G, H) The comparison of SLC47A1 expression in GSCs under NBE 
and FBS culture conditions according to the GSE4536 dataset; (G), NOB_1228, (H) NOB_0308. Data are means 
± SEM (NBE, n = 10 or 11; FBS, n = 11 or 10). (I) RT-qPCR analysis on the SLC47A1 mRNA expression in non-stem 
cell glioma cell lines (A172, A1207, U87MG, LN229), glioma stem cell lines (GSC11, GSC20, GSC23, GSC267) and 
normal human astrocyte (NHA). (J) RT-qPCR analysis of SLC47A1, stemness (CD15, CD133), and differentiation 
(S100B, GFAP, TUBB3) markers in GSC11 and GSC23 cells under NBE and FBS media condition. *P < 0.05, **P < 
0.01, ***P < 0.0001, ****P < 0.0001; ns-not significant.

MGMT promoter methylation (Figures 2A, S1A). 
Results show that SLC47A1 expression is 

upregulated in GBM compared to low-grade gli-
omas. Furthermore, both the TCGA and CGGA 
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Figure 2. High expression of SLC47A1 is associated with malignancy and poor survival in glioma patients. (A) Cor-
relation between SLC47A1 mRNA expression and glioma histological features in TCGA dataset (n = 670). (B) Flow 
chart showing the patient population in the TCGA and CGGA cohorts. (C, D) Univariate (C) and multivariate (D) Cox 
regression analyses to evaluate the correlation of SLC47A1 expression with prognosis of glioma patients in the TCGA 
cohorts. (E, F) ROC curve and the risk score distribution stratified by SLC47A1 expression levels in patient survival 
status, grade, 1p/19q codeletion, and MGMT promoter methylation in the TCGA Training set (E), Validation set (F), 
and Test set (G). (H-J) Kaplan-Meier analysis for SLC47A1 high and low expressions in the TCGA Training set (H), 
Validation set (I), and Test set (J).

datasets demonstrate that the SLC47A1 gene 
is significantly upregulated in glioma patients 
with non-codel 1p/19q co-deletion status, IDH 
wildtype status, and unmethylated MGMT pro-
moter region status. To determine the prognos-
tic value of SLC47A1 expression in glioma 

patients in the TCGA and CGGA datasets, we 
conducted our analysis as described in the flow 
chart (Figure 2B). Univariate analysis revealed 
that SLC47A1 expression is a high-risk factor 
(TCGA - HR = 1.50; 95% CI = 1.40-1.60; P < 
0.001; CGGA - HR = 1.60; 95% CI = 1.40-1.70; 
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P < 0.001) in glioma patients. Other indepen-
dent predictive factors were age, gender, WHO 
grade, IDH status, 1p/19q co-deletion, MGMT 
status, and primary therapy (Figures 2C, S1B). 
SLC47A1 was similarly found to be indepen-
dently associated with overall survival after 
multivariate analysis (TCGA - HR = 1.03, 95% CI 
= 0.91-1.16; P = 0.669; CGGA - HR = 1.18, 95% 
CI = 1.06-1.31; P 0.002). This implies that 
SLC47A1 might function as an independent 
prognostic factor for glioma patients (Figures 
2D, S1C). Meanwhile, we also assessed the 
prognostic efficiency of SLC47A1 expression by 
operating a ROC curve in both TGCA and GCCA 
datasets (Figures 2E-G, S1D-F). The AUCs (Area 
under the ROC curve) for survival and SLC47A1 
are 0.741, 0.627, and 0.681 for the training set, 
testing set, and whole set, respectively in the 
TCGA dataset (Figure 2E-G). Similarly, the AUCs 
for survival and SLC47A1 expression in CGGA 
dataset are 0.741, 0.627, and 0.681 for the 
training set, testing set, and whole set, respec-
tively (Figure S1D-F). Our results indicate a 
good performance of SLC47A1 expression for 
survival prediction independent of other clinical 
factors (Grade, IDH status, 1p/19q codeletion, 
and, MGMT status). Kaplan-Meir survival curve 
analysis also shows that increased SLC47A1 
expression is associated with poorer patient 
survival in both TCGA and CGGA datasets 
(Figures 2H-J, S1G-I). ROC and Kaplan-Meir sur-
vival analyses on SLC47A1 expression of TCGA 
and CGGA whole sets are shown in Figure S1J, 
S1K. Together, our findings suggest that elevat-
ed SLC47A1 expression may be a predictive 
factor that can influence the prognosis and sur-
vival of glioma patients.

SLC47A1 is overexpressed in classical and 
mesenchymal GBM subtypes and upregulated 
in cellular tumors

We then used the TCGA dataset to evaluate 
SLC47A1 preferential expression in GBM sub-
types. The expression of SLC47A1 is signi- 
ficantly higher in the classical and mesenchy-
mal subtypes compared to the proneural sub-
type (Figure 3A). Furthermore, SLC47A1 has a 
strong association with classical and mesen-
chymal markers, according to Pearson’s corre-
lation analysis (Figure 3B). Hence, Gene-set 
Enrichment Analysis (GSEA) back-upped these 
findings (Figure 3C). We then next used the Ivy-
GAP dataset to determine the GBM anatomical 

region that favors SLC47A1 expression. Results 
show that SLC47A1 expression is significantly 
upregulated in the cellular tumor (CT) region 
(Figure 3D, 3E). Meanwhile, the Gravendeel 
dataset was used to assess the mRNA expres-
sion of SLC47A1 with CIMP and EGFR status 
(Figure 3F, 3G). Results show that SLC47A1  
is highly expressed in non-G-CIMP and EGFR 
amplification samples. Collectively, these find-
ings indicate that upregulation of SLC47A1 
mRNA expression is associated with classical 
and mesenchymal GBM subtypes and prefer-
entially expressed in the tumor’s CT region.

SLC47A1 expression is associated with bio-
logical processes and pathways that support 
tumor growth

We next performed correlation analysis on  
the TCGA_GBMLGG dataset to gain a better 
understanding of the biological processes and 
signaling pathways associated with SLC47A1 
expression. 1299 genes are significantly corre-
lated with SLC47A1 expression (Pearson’s  
R ≥ 0.40). Using DAVID functional annotation, 
we found that these genes are related to  
biological processes like fibril organization, 
immune response, signal transduction, integ-
rin-mediated signaling, angiogenesis, extracel-
lular matrix organization, positive regulation of 
cell migration, and negative regulation of the 
apoptotic process. Meanwhile, KEGG pathway 
analysis shows that these genes are involved in 
ECM-receptor interaction, TNF signaling path-
ways, cytokine-cytokine interaction, and focal 
adhesion (Figure 4A). To further determine the 
role of high SLC47A1 expression in glioma, we 
performed WGCNA analysis using the TCGA_
GBMLGG dataset. The findings reveal a total  
of 2297 protein-coding genes grouped into 9 
modules that are related to the levels of 
SLC47A1 expression. Among these modules, 5 
modules (MEgreen, MEbrown, MEblue, MEpink, 
MEgrey) are positively correlated with high 
SLC47A1 expression, and phenotypes high-
grade glioma, classical subtype, IDH-wildtype, 
1p/19q non-codeletion, and unmethylated 
MGMT promoter region (R = 0.3-0.6; P < 
0.0001) (Figure 4B). Interestingly, these mod-
ules contain gene sets that are related to differ-
ent biological processes such as translation, 
cell cycle, cell proliferation, adhesion, angio-
genesis, migration and apoptosis, and immune 
and inflammatory response (Figure 4C-G). 
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Figure 3. SLC47A1 is upregulated in classical and mesenchymal GBM subtypes and enriched in the central tumor 
region. (A) Comparison of SLC47A1 mRNA levels among the groups with GBM subtypes in the TCGA database  
(CL - Classical, ME - Mesenchymal, PN - Proneural). (B) The correlation analysis between SLC47A1 expression with 
classical, mesenchymal, proneural GSC markers in the TCGA dataset. (C) GSEA analysis of SLC47A1 expression with 
glioma subtypes in TCGA dataset. (D) Comparison of SLC47A1 mRNA expression in different GBM regions using  
the IvyGAP dataset (LE, n = 19; IT, n = 24; CT, n = 111; PNZ, n = 26; PAN, n = 40; HBV, n = 22; MVP, n = 28).  
LE - leading edge; IT - infiltration tumor; CT - cellular tumor; PNZ - perinecrotic zone; PAN - pseudopalisading cells 
around necrosis; HBV - hyperplastic blood vessels; MVP - microvascular proliferation. (E) Heatmap of SLC47A1 
expression signatures in IvyGAP dataset. (F, G) The expression of SLC47A1 in the Gravendeel dataset based on (E) 
CIMP status and (F) EGFR amplification status. *P < 0.05 **P < 0.01;***P < 0.001, ****P < 0.0001, ns - not 
significant.

Figure 4. High expression of SLC47A1 influences important biological processes and pathways in glioma. (A) DAVID 
functional annotation of genes associated with SLC47A1 in TCGA_GBMLGG using Pearson R correlation (R > 0.4). 
(B) Module-trait-relationship between high and low SLC47A1 with glioma WHO grade, subtype, IDH, 1p19q code-
letion, and MGMT promoter methylation status analyzed by WGCNA analysis. (C-G) DAVID functional enrichment 
analysis of biological processes (BP) and Kyoto Encyclopedia of Genes and Genomes pathways (KEGG) in (C) Green, 
(D) Brown, (E) Blue, (F) Pink, and (G) Grey Module genes. 
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KEGG pathways analysis also revealed that 
these gene sets are associated with p53, focal 
adhesion, PI3K-Akt, ECM-receptor interaction, 
and cytokine-cytokine interaction (Figure 4C- 
G). Clearly, we show that high expression of 
SLC47A1 not only serve as a solute transporter 
but also influences various biological process-
es and signaling pathways that are important in 
glioma progression.

RNA-Seq investigation of SLC47A1 inhibition 
in GSCs

To further explore the downstream mechanism 
of SLC47A1 in GSCs, RNA sequencing analysis 
was performed in SLC47A1 knockdown and 
non-targeting control GSC11 and GSC23 cells. 
There are 7 (C2orf91, CD8B, FAM156A, GRIA4, 
HSPA8, JCHAIN, SYCE3) and 8 (FAM220A, 
CCN2, CCN1, LIF, EGR1, CCL2, GHRL, IL4R)  
significantly downregulated genes in SLC47A1 
knockdown GSC11 and GSC23 cells, respec-
tively (Figure 5A, 5B). To investigate the biolo- 
gical functions of the downregulated genes  
(Log2 Fold-Change < -0.4) in this study, we con-
ducted functional annotation analysis by gene 
ontology (Figure 5C, 5D). The most significantly 
enriched biological processes in knockdown 
cells are related to SLC47A1’s primary func-
tions such as hydrogen ion transmembrane 
transport, ion transport, and response to xeno-
biotic stimulus. Interestingly, we also found that 
genes related to mitotic cell cycle, cell division, 
response to hypoxia, negative regulation of the 
apoptotic process, angiogenesis, positive regu-
lation of cell migration, inflammatory response, 
signal transduction, and positive regulation of 
cell proliferation are downregulated in SLC47A1 
knockdown GSCs. Meanwhile, the KEGG path-
way analysis was performed to identify the 
potential signaling pathways (Figure 5E, 5F). 
The results indicate that genes associated  
with pathways including oxidative phosphoryla-
tion, chemical carcinogenesis, Rap1 signaling, 
cell cycle, TNF signaling, Hippo signaling, focal 
adhesion, apoptosis, cytokine-cytokine interac-
tion, and MAPK signaling pathways are down-
regulated in SLC47A1 knockdown GSCs. The 
association of these biological processes and 
pathways based on RNA-seq results corrobo-
rates with our findings in the in-silico analysis in 
Figure 4. Notably, analyzing the associated bio-
logical processes and pathways in the signifi-
cantly downregulated genes in SLC47A1 knock-

down cells is related to immune response 
(Figure S2E, S2F). Meanwhile, the upregulated 
genes upon SLC47A1 knockdown are associat-
ed with biological processes (Figure S2A, S2B) 
such as regulation of the apoptotic process, 
negative regulation of cell proliferation, cell dif-
ferentiation, negative regulation of cell migra-
tion and lipid metabolic process, and pathways 
(Figure S2C, S2D) such as TNF, NFKB, TGFB, 
p53, FOXO, MAPK, and amino acid metabolism 
pathways. These results suggest that SLC47A1 
is not only involved in transmembrane trans-
port as its primary function but also involved in 
various biological processes and pathways that 
are important to the progression of gliomas. 

SLC47A1 knockdown suppresses self-renewal 
activity in GSC

To investigate the role of SLC47A1 in GSCs, we 
used a shRNA lentivirus to knockdown of 
SLC47A1 in the GSC11 and GSC23 cell lines. 
We verified the shRNA knockdown efficiency 
using RT-qPCR (Figure 6A, 6B). Next, we inves-
tigated the effect of SLC47A1 knockdown on 
the viability of GSC11 and GSC23 cells. Cell 
viability in both GSC11 and GSC23 cells is 
slightly reduced (10-20%) after knockdown 
when compared to control cells (Figure 6C, 6D). 
Meanwhile, SLC47A1 knockdown inhibited GSC 
tumorsphere formation ability when compared 
to nontargeting shRNA-treated cells (Figure 
6E-I). We also looked at the expression of  
the stemness surface marker CD133. CD133 
expression was likewise reduced in SLC47A1 
knockdown cells compared to controls (Figure 
6J, 6K). These results imply that SLC47A1 may 
also play a role in GSC self-renewal property.

Inhibition of SLC47A1 potentiates the effect of 
TMZ in GSC

We next assessed the effect of the chemother-
apeutic drug TMZ in GSCs when SLC47A1 is 
inhibited by shRNA knockdown or using Famo- 
tidine, a potential MATE1/SLC47A1 inhibitor 
[26]. SLC47A1 knockdown and TMZ co-treat-
ment significantly reduced cell viability in a 
dose-dependent manner relative to control 
(Figure 7A, 7B). On the other hand, treatment 
of Famotidine alone did not cause a significant 
decrease in cell viability of GSC11 and GSC23 
cells (Figure S3A, S3B). Interestingly, co-treat-
ment with TMZ and a SLC47A1 inhibitor reduced 
cell viability significantly in a dose-dependent 
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Figure 5. RNA sequencing analysis between SLC47A1 knockdown and non-target control GSC11 and GSC23 cells. 
(A, B) Volcano plot of the differentially expressed genes in the GSC11 (A) and GSC23 (B) knockdown cells. The red 
color indicates differentially expressed genes with high expression, while the blue color indicates low expression. 
(C, D) Gene Ontology analysis on the differentially expressed genes between SLC47A1 knockdown and non-target 
control GSC11 (C) and GSC23 (D) cells. (E, F) KEGG pathway analysis on the differentially expressed genes between 
SLC47A1 knockdown and non-target control GSC11 (E) and GSC23 (F) cells.

manner when compared to the control. (Figure 
7C, 7D). The synergistic anticancer effect of 
TMZ and SLC47A1 inhibitor co-treatment in 
GSC11 and GSC23 cells was further confirmed 
by SiCoDEA [27], a standalone web tool for 
evaluating and visualizing data on multi-drug 
combination response (Figure 7E-H). These 
findings show that inhibition of SLC47A1 can 
potentiate the effect of TMZ in GSC cells.

Discussion

Membrane transporters are required for the 
movement of hormones, neurotransmitters, 
xenobiotics, and essential metabolites such as 
sugars, amino acids, and nucleosides across 
cell or organelle membranes [5]. However, 
because tumor cells require more energy and 
nutrients to maintain internal homeostasis, the 
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Figure 6. SLC47A1 knockdown suppresses stemness in GSC. (A, B) RT-qPCR analysis showing SLC47A1 knockdown after transfection with shRNA in GSC11 (A) and 
GSC23 (B). Data are means ± SEM (n = 3). (C, D) Cell viability of GSC11 (C) and GSC23 (D) after 96 h post-transfection of SLC47A1 shRNA. Data are means ± SEM 
(n = 6). (E-I), Effects of SLC47A1 knockdown on neurosphere formation in GSC11 and GSC23. Scale bars representative image is 100 μm. (J, K) mRNA expression 
levels of CD133 after shRNA knockdown of SLC47A1 in GSC11 (J) and GSC23 (K). Data are means ± SEM (n = 3). *P < 0.05 **P < 0.01;***P < 0.001, ****P < 
0.0001, ns - not significant.
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Figure 7. Inhibition of SLC47A1 potentiates the effect of TMZ in GSC. (A) Dose-response viability (%) of SLC47A1 
K/D GSC11 (A) and GSC23 (B) cells treated with various concentrations of TMZ (25, 50, 100, 200, 300, 400, 500 
µM) assessed by alamarBlue assay after 72 h exposure. (C, D) Cell viability (%) of GSC11 (C) and GSC23 (D) after 
72 h co-treatment of increasing doses of TMZ (25, 50, 100, 200, 300, 400, 500 µM) and Famotidine (SLC47A1 
inhibitor; 50, 100, 200 µM). (E-H) Dose-response curve and Isobologram (Loewe-log logistic [1] model) of TMZ and 
SLC47A1 inhibitor co-treatment in GSC11 and GSC23 cells. *P < 0.05 **P < 0.01;***P < 0.001, ****P < 0.0001, 
ns - not significant.

expression of membrane transporters is often 
dysregulated [28]. Here, we investigated the 
role of multidrug and toxin extrusion transport-
er gene SLC47A1 in GSC. The SLC47A1 gene, 
which encodes the multidrug and toxin extru-

sion protein 1 (MATE1), regulates the coupled 
organic cation efflux in various tissues includ-
ing the kidney, liver, adrenal gland, skeletal 
muscle, testis, and in the first-trimester placen-
ta [8]. Our data show that SLC47A1 is one of the 
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differently expressed membrane transporters 
in GSCs in the GSE4536 dataset. According to 
reports, NBE-cultured GSCs maintain their 
capacity for self-renewal in a manner compara-
ble to that of regular NSCs. GSCs cultured on 
serum-containing media, on the other hand, 
lose their ability to self-renew, differentiate, 
and exhibit gene expression profiles that are 
not similar to NSCs or the initial GBMs from 
which they were derived, and are neither clono-
genic nor tumorigenic [19]. RT-qPCR validation 
on the SLC47A1 mRNA expression is signifi-
cantly higher in GSC cell lines compared to non-
stem cell gliomas and NHA cells. This implies 
that SLC47A1 expression may aid in tumorigen-
esis and GSC self-renewal ability. 

Accordingly, some studies show that high 
SLC47A1 expression is a good prognostic fac-
tor for endometrial, lung, renal and pancreatic 
cancers [29, 30]. On the contrary, it can also 
influence poor outcomes in metastatic colorec-
tal and non-small cell lung cancers [31, 32]. 
Here, we also show that SLC47A1 is significant-
ly expressed in high-grade gliomas. Additionally, 
patients with gliomas that exhibit such high 
expression have a poor outcome. These find-
ings imply that SLC47A1 may serve as a marker 
for the prognosis of GBM patients. We also 
investigated the SLC47A1 expression patterns 
in the various subtypes of GBM to better under-
stand the significance of SLC47A1 expression 
in GBM [33, 34]. We found that SLC47A1 is 
upregulated in both classical and mesenchy-
mal subtypes. The classical subtype has abnor-
mal alterations such as Chr.7 amplification, 
Chr.10 loss, inactivation of the RB pathway, and 
a localized 9p21.3 homozygous deletion. 
Furthermore, the classical subtype has high 
levels of expression of Sonic hedgehog path-
ways, Notch signaling pathways, and the neural 
precursor and stem cell marker NES [35]. In a 
recent study, the Hedgehog receptor Patched 
(Ptch1) is overexpressed in adrenocortical car-
cinoma which influences the upregulation of 
SLC47A1 [15]. On the other hand, the classical 
subtype has a high level of EGFR amplification 
and is infrequent with other GBM subtypes 
[35]. In the present study, we found that 
SLC47A1 is increased in GBM with EGFR ampli-
fication using the Gravendeel dataset. Mean- 
while, we also found that SLC47A1 is highly 
expressed in the mesenchymal GBM subtype. 
Extensive necrosis and inflammation, increased 

expression of TNF superfamily and NF-B path-
way genes, loss of the tumor suppressor genes 
p53, NF1, and PTEN, and overexpression of 
interstitial and angiogenesis genes are all  
characteristics of the mesenchymal subtype. 
Mesenchymal subtypes have the lowest prog-
nosis of all GBM subtypes. Recently, it was 
found that VEGF-A, VEGF-B, ANG1, and ANG24 
genes are highly expressed in the mesenchy-
mal subtype [35]. 

In this study, in-silico analysis revealed that 
high expression of SLC47A1 is related to vari-
ous biological processes like translation, cell 
cycle, cell proliferation, adhesion, angiogene-
sis, migration and apoptosis, and immune and 
inflammatory response. KEGG pathways asso-
ciated with high SLC47A1 expression include 
p53, focal adhesion, PI3K-Akt, ECM-receptor 
interaction, and cytokine-cytokine interaction. 
There are specific predictive core genes in the 
cell cycle, the JAK-STAT pathway, and DNA 
repair in the classical subtype. Meanwhile, cer-
tain prognostic genes in the mesenchymal sub-
type are linked to the PI3K/Akt, MAPK, ERK, 
and Wnt pathways, as well as the transition of 
mesenchymal cells [35]. Taken together, we 
show that high SLC47A1 expression is associ-
ated with biological processes and signaling 
pathways that are important for glioma pro-
gression and malignancy. Our findings in the in-
silico analysis corroborate our RNA-seq analy-
sis. However, further in vitro and in vivo studies 
are required to confirm the function of SLC47A1 
and how it affects certain biological processes 
and signaling pathways that are crucial for the 
advancement of gliomas. 

We also found that SLC47A1 could influence 
self-renewal ability in GSCs. We show that the 
sphere-forming ability and the expression of 
the stemness marker, CD133, are reduced 
when SLC47A1 expression is inhibited. Seve- 
ral studies show that expression of MATE1/
SLC47A1 could support cancer stem cells and 
promote chemoresistance. For example, bone 
marrow stem cells (CD34+) of CML patients 
have higher expression of influx (SLC22A) and 
efflux transporters (ABCB1, ABCG2, ABCC1, 
SLC47A1, SLC47A2) could result in infectivity  
of imatinib treatment [36]. Similarly, in breast 
cancer stem cells, overexpression of extrusion 
transporters (MATE1 and PMAT) confers resis-
tance to metformin treatment [37]. The co-
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expression of MATE1/SLC47A1 with ABC efflux 
transporters increases cell detoxification and 
excretory mechanism [8]. GSCs are more resis-
tant to chemotherapy and radiation than non-
stem glioma cells. A lack of or abnormal DNA 
repairs mechanisms, such as an increase in 
MGMT which repairs TMZ-induced DNA dam-
age, and overexpression of anti-apoptotic sig-
nals are examples of resistance mechanisms in 
GBM. In addition, lower cellular accumulation 
of chemotherapeutics is caused by enhanced 
ABC efflux transporter expression [38]. 

In the present study, we also found that  
shRNA knockdown or pharmacological inhibi-
tion of SLC47A1/MATE1 and co-treatment of 
chemotherapeutic drug TMZ has reduced the 
viability of GSCs. Recently, it was found that 
inhibition of SLC47A1 inhibited the proliferation 
and migration ability of uveal melanoma cells 
(MUM-2B) in vitro [39]. Meanwhile, Cimetidine 
and Famotidine are both histamine H2 receptor 
antagonists [40] and are potential inhibitors for 
SLC47A1 [11]. In a recent study, famotidine can 
serve as a radioprotector for rectal mucosa in 
prostate cancer patients treated with radio-
therapy [41]. A previous study found that cimeti-
dine can act as an anti-adhesive and an anti-
migratory agent for glioma cells, and could 
complement the cytotoxic TMZ to combat both 
proliferating and migrating GBM cells. In vivo, 
analysis revealed that combined cimetidine 
and TMZ treatment significantly increase sur-
vival in the orthotopic xerograph model [42]. 
Here, we show that inhibiting SLC47A1, either 
by shRNA or pharmacological inhibitor, could 
potentiate the effect of TMZ in GSCs. Hence, 
further studies are needed to elucidate the 
molecular mechanism of how SLC47A1 expres-
sion can influence tumorigenicity and treat-
ment resistance in GSCs.

The expression and activation of SLC47A1 are 
regulated by several transcription factors 
including Sp1, AP-1, HNF4a, NRF2, and PPAR 
[43, 44]. These transcription factors are in- 
volved in the regulation of several important 
oncogenes and tumor suppressors, as well as 
genes involved in fundamental cellular activi-
ties such as proliferation, differentiation, the 
DNA damage response, apoptosis, tumor in- 
vasion, senescence, dedifferentiation, aerobic 
glycolysis, inflammation and angiogenesis [45-
49]. On the other hand, over 980 single nucleo-

tide polymorphisms (SNPs) had been identified 
in the SLC47A1. These polymorphic sites influ-
ence the loss of function or decrease the tran-
scription and transport activity of SLC47A1 
[50]. Similarly, the transport activity of SLC- 
47A1/MATE1 is dependent on the environmen-
tal pH [44]. MATE1 exchanges its substrates 
against the proton gradient. Consequently, sub-
strate uptake is driven by an in-to-out proton 
gradient with a maximum uptake activity at an 
extracellular pH of 8.5 [51]. Acidification of the 
extracellular environment improves the export 
function of MATE1, while extracellular alkalini-
zation or intracellular acidification increases 
the uptake of substrates [52]. Hence, further 
studies are required to confirm the clinical  
relevance of the various transcription factors, 
polymorphism, and environmental pH that 
influence the regulation and function of SLC- 
47A1 genes in gliomagenesis.

In summary, our study suggests that SLC47A1 
is a potential prognostic biomarker to charac-
terize gliomas. Importantly, SLC47A1 influenc-
es the stemness properties in GSCs and molec-
ular and pharmacological inhibition of SLC47A1 
can sensitize the effect of the chemotherapeu-
tic drug TMZ. Understanding the molecular 
function of SLC47A1 in GSCs could be an ave-
nue to improve or develop more efficient treat-
ment strategies for GBM.
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Figure S1. (A) Correlation between SLC47A1 mRNA expression and glioma histological features and prognostic bio-
markers in CGGA dataset (n = 1013). (B, C) Univariate (B) and multivariate (C) Cox regression analyses to evaluate 
the correlation of expression with prognosis of glioma patients in the CGGA cohorts. (D-F) ROC curve and the risk 
score distribution stratified by SLC47A1 expression levels in patient survival status, grade, 1p/16q codeletion, and 
MGMT promoter methylation in the CGGA Training set (D), Validation set (E), and Test set (F). (G-I) Kaplan-Meier anal-
ysis for SLC47A1 high and low expressions in the CGGA Training set (G), Validation set (H), and Test set (I). (J) ROC 
curve and the risk score distribution stratified by SLC47A1 expression levels in patient survival status in TCGA and 
CGGA Whole set. (K) Kaplan-Meier analysis for SLC47A1 high and low expressions in the TCGA and CGGA Whole set.
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Figure S2. RNA sequencing analysis between SLC47A1 knockdown and non-target control GSC11 and GSC23 cells. 
(A, B) Gene Ontology analysis on the differentially upregulated genes between SLC47A1 knockdown and non-target 
control GSC11 (A) and GSC23 (B) cells. (C, D) KEGG pathway analysis on the differentially upregulated genes be-
tween SLC47A1 knockdown and non-target control GSC11 (C) and GSC23 (D) cells. (E, F) Gene Ontology and KEGG 
pathway analysis on the significantly downregulated genes between SLC47A1 knockdown and non-target control 
GSC11 (E) and GSC23 (F) cells.
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Figure S3. (A, B) Cell viability (%) of GSC11 (A) and GSC23 (B) after 72 h treatment with various concentrations of 
SLC47A1 inhibitor, Famotidine (3, 6, 12, 25, 50, 100, 200 µM).


