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Comprehensive analysis of the biological 2
function and immune infiltration of SLC38A2
in gastric cancer
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Abstract

Background Solute carrier family 38 member 2 (SLC38A2) has previously been reported to participate in
carcinogenesis. However, its expression and function in gastric cancer (GC) remain unclear. The present study aimed
to investigate the role of SLC38A2 in GC.

Methods The prognostic value and expression of SLC38A2 in GC was analyzed by combining bioinformatics and
experimental analyses. Colony formation, Cell Counting Kit-8, wound healing, Transwell and tumor formation assays
were performed to assess the biological function of SLC38A2. The cBioPortal, GeneMANIA and LinkedOmics databases
were mined to determine the underlying regulatory mechanisms of SLC38A2. The role of SLC38A2 in tumor immune
infiltration was explored using the TIMER database.

Results Our results demonstrated that SLC38A2 was upregulated and was correlated with a poor prognosis in

GC patients. SLC38A2 downregulation significantly inhibited the proliferation, invasion and migration of GC cells.
Abnormal genetic alteration and epigenetic regulation may contribute to the upregulation of SLC38A2 expression
levels in GC. The results of enrichment analysis demonstrated that SLC38A2 was associated with ‘hippo signaling’and
‘ubiquitinyl hydrolase activity’ The results also indicated that SLC38A2 may be a key factor in GC immune infiltration
and M2 macrophage polarization.

Conclusion Overall, these data identified that SLC38A2 may serve as a potential prognostic biomarker and
therapeutic target in GC.
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Background

Gastric cancer (GC) is a common type of cancer with a
mortality rate that was ranked the fifth highest globally
in 2018 [1]. Although modern treatments have improved
GC prognoses, the overall survival rate of patients with
GC remains low [2]. The poor prognosis of patients with
GC is related to a lack of therapeutic alternatives, par-
ticularly in chemotherapy-resistant patients [3]. Previous
studies have highlighted that tumor-infiltrating lympho-
cytes play an important role in regulating the efficiency
of immunotherapy and chemotherapy [4-6]. Therefore,
novel immune-related therapeutic targets, as well as
information regarding their immunological interactions
with GC, need to be investigated.

Amino acids are essential for cell protein synthesis,
proliferation, metabolism, signal transduction and stress
responses [7]. Specific cell membrane transporters can
accumulate amino acids to support various cellular bio-
chemical signaling pathways. Among them, solute car-
rier family 38 member (SLC38A) 2 is a secondary active
transporter powered by the Na* electrochemical gradi-
ent and is responsible for the transport of neutral amino
acids, especially glutamine [8]. Moreover, glutamine is
the main nutrient used by cancer cells in energy metabo-
lism [9], which indicates the importance of SLC38A2 in
cancer metabolism. Previous studies have reported that
abnormal SLC38A2 expression can induce cancer-like
metabolic characteristics and promote breast and pan-
creatic cancer [10, 11]. However, the biological function
and underlying mechanisms of SLC38A2 in GC remain
unclear.

The aim of the present study was to explore the expres-
sion level, prognostic value, potential regulatory mecha-
nism and protein interaction network of SLC38A2 in GC.
Furthermore, enrichment analysis of SLC38A2 in GC
was performed, and the correlation between SLC38A2
and tumor-infiltrating immune cells was analyzed. The
findings of the current research may provide a potential
molecular treatment target and a valuable immune infil-
tration factor for GC.

Materials and methods

Clinical tissue specimens

Tissue samples were collected from patients with GC at
the First Affiliated Hospital of Anhui Medical University
(Hefei, China). Patients were first consulted before all
data were collected with their consent. The present study
was approved by the Academic Committee of Anhui
Medical University (approval no. 20,150,232).

Cell culture

The human gastric mucosal cell line GES1 (control cell
line) and gastric cancer cell lines MKN45, AGS, MKN1
and HGC27 were purchased from The Cell Bank of Type
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Culture Collection of The Chinese Academy of Sciences.
Cells were cultured in RPMI-1640 medium or DMEM
(Biological Industries), supplemented with 10% FBS (Bio-
logical Industries). Before experiments were performed,
short tandem repeat assays were used to authenticate all
cell lines (Shanghai Biowing Applied Biotechnology Co.,
Ltd.).

Stable transfection

Human SLC38A2 short hairpin (sh)-RNA and empty
vector lentiviral particles were constructed by Qin-
gke Co., Ltd. The sh1-SLC38A2 target sequence was
5- CCTCCAATCCTCTGGCTATTT-3' and the sh2-
SLC38A2 target sequence was 5- CCTGAACAAT-
GAATTCCCATT-3! Lentiviruses were transfected into
the GC MKN45 and HGC27 cell lines according to the
manufacturer’s protocol. The stably transfected cells
were selected using 2 pg/ml puromycin (Beijing Solar-
bio Science & Technology Co., Ltd.) for at least 2 weeks.
The efficiency of transfection was assessed via western
blotting.

Reverse transcription-quantitative PCR (RT-qPCR)

TRIzol® (Beyotime Institute of Biotechnology) was used
to extract RNA from cells according to the manufac-
turer’s protocol. A ¢cDNA Reverse Transcription Kit
(Vazyme Biotech Co., Ltd.) was used to synthesize the
first-strand of c¢cDNA. Subsequently, qPCR was per-
formed using SYBR Green PCR Master Mix (Vazyme
Biotech Co., Ltd.). GAPDH was used as an internal refer-
ence gene. JPCR primers are presented in Table S1. The
2724% method was used to determine relative mRNA
expression levels.

Western blotting

Western blotting was used to determine protein expres-
sion levels. Briefly, cells were lysed at 4°C for 30 min using
RIPA cell lysis buffer (Beyotime Institute of Biotechnol-
ogy) containing 1 mmol/l PMSF and then centrifuged
at 13,800 x g for 10 min at 4°C. A BCA kit (Beyotime
Institute of Biotechnology) was used to determine the
protein concentration. Total protein (20 pg protein/lane)
from each sample was separated via SDS-PAGE on a
10% gel. Separated protein was subsequently transferred
to 0.45 um PVDF membranes (MilliporeSigma). Mem-
branes were then incubated in 5% nonfat milk for 1 h at
room temperature and then incubated with the primary
anti-SLC38A2 antibody (1:1,000; cat. no. sc-166,366;
Santa Cruz Biotechnology, Inc.) overnight at 4°C. After
washing with TBS with Tween-20, the membrane was
incubated for 2 h at room temperature with the second-
ary antibody (1:5,000; cat. no. ab6728; Abcam). Chemilu-
minescence was used to visualize the membranes.
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Immunohistochemistry (IHC)

IHC was performed using a specific kit (Boster Biological
Technology) according to the manufacturer’s protocol.
The percentage of positive tumor cells and the intensity
of their staining were used to estimate SLC38A2 protein
expression levels. The final IHC scores were determined
according to the immunostaining intensity (negative, 0;
weak, 1; moderate, 2; and strong, 3) and the percentage
of positively stained cells (negative, 0; 0-25%, 1; 26—50%,
2; 51-75%, 3; and 76—-100%, 4). Scores from 0 to 7 repre-
sented low SLC38A2 expression levels and scores from 8
to 12 were regarded as high expression levels. The stain-
ing procedure and results were independently evaluated
by two pathologists.

Colony formation assay

Cell proliferation was assessed using a colony formation
assay. Into 6-well microplates ~200 cells/well were seeded
and incubated at 37°C in 5% CO,. After 2 weeks, the cells
were fixed using 4% paraformaldehyde (Biomiky) for
30 min and stained with crystal violet for 30 min at room
temperature. Subsequently, the cells were imaged using a
microscope.

Cell Counting Kit-8 (CCK-8) assay

Cell proliferation was also assessed using a CCK-8 assay
kit (Beyotime Institute of Biotechnology) according to
the manufacturer’s protocol. After plating the cells with
different treatments in 96-well plates, CCK-8 reagent was
added to each well for 4 h in a 37°C incubator according
to the manufacturer’s instructions. Cell proliferation was
determined by assessing the absorbance at 450 nm using
a microplate reader.

Migration assay

The wound healing assay was used to assess cell migra-
tory ability. Cells (~5.0x10° cells/well) were seeded into
6-well plates and cultured to achieve>80% confluence. A
200 pl pipette tip was then used to form a scratch in each
well. After washing twice with PBS, serum-free medium
was added. Images were taken with a light microscope
(magnification, x40; Olympus Corporation) at 0 and 48 h
after the scratch had been formed.

Invasion assay

The Transwell assay was used to assess cell invasive abil-
ity. Cells (~1.0x10°) were seeded into the upper cham-
ber, which had been precoated with Matrigel and heated
to 37°C. The lower chamber was filled with 750 pl
DMEM supplemented with 10% FBS. After 24 h of incu-
bation at 37°C in 5% CO,, the invading cells were fixed
with 4% paraformaldehyde for 20 min and stained with
crystal violet for 20 min at room temperature. Cells were
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imaged using a light microscope (magnification, x100;
Olympus Corporation).

In vivo experiments

A total of 12 healthy, male BALB/c nude mice (age, 4-6
weeks) were purchased from the Experimental Animal
Center of Anhui Medical University. The sh-SLC38A2
and corresponding sh-negative control transfected
MKN45/HGC27 cells were injected subcutaneously into
the ipsilateral armpit of nude mice. The mice were raised
in a specific pathogen-free environment at 18-22 °C,
with a humidity of 50-60% under a 12-h light/dark cycle
and fed sterile food. All mice had free access to food and
water. Tumor sizes were measured every 4 days. The mice
were sacrificed by cervical dislocation after 16 days, and
tumors were excised to assess their volume (when the
heart stopped completely, the mouse was determined to
be dead). No mice died accidentally during the experi-
ment. The Ethics Committee of the First Affiliated Hos-
pital of Anhui Medical University approved the animal
experiments performed in the present study (approval
no. 20,150,234). Also, all the procedures were complied
with Directive 2010/63/EU in Europe.

Public database analysis

The UALCAN database was used to analyze the Can-
cer Genome Atlas (TCGA) data to identify the expres-
sion level of SLC38A2 in GC tumors and normal tissues
(Group cutoff for separating patients into SLC38A2 high
and low expression groups was set as median) [12]. The
Kaplan-Meier Plotter database was used to assess the
prognostic value and levels of SLC38A2 using a Mann-
Whitney U-test and the False discovery rate setted at 5%
in R software environment [13]. cBioPortal was used to
assess SLC38A2 gene copy number variations and muta-
tions (one-way analysis of variance, P-value<0.0001)
[14, 15]. The protein-protein network of SLC38A2 was
constructed using the GeneMANIA database [16]. The
GeneMANIA algorithm uses an association-by-associa-
tion approach to derive predictions from a combination
of potentially heterogeneous data sources [16]. More-
over, the LinkedOmics [17] database was mined to find
SLC38A2 co-expressed genes based on the Spearman’s
rank correlation coefficient and the results were displayed
using a volcano plot and heatmap. Linear regression
between SLC38A2 and its top three positively/negatively
associated genes and M2 macrophage cell markers was
confirmed using the GEPIA2 database (P-value<0.05)
[18]. Moreover, enrichment analysis using Gene Ontology
(GO) annotations and Kyoto Encyclopedia of Genes and
Genomes (KEGG) [19] pathways was performed using
LinkedOmics (Select tool: Gene Set Enrichment Analy-
sis; Rank Criteria: P-value; Simulations: 500 times) [17].
LinkedOmics was also searched via gene set enrichment
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analysis (GSEA) to explore microRNA- (miRNAs/miRs)
and transcription factor-target enrichment [17]. Further-
more, the Tumor Immune Estimation Resource (TIMER)
database was used [20] to analyze correlations between
immune cell infiltration, including CD8+T cells, CD4+T
cells and B cells, and SLC38A2 expression. The correla-
tion coefficients were determined using Spearman’s rank
correlation coefficient test (P-value<0.05).

Statistical analysis

All in vitro and in vivo data are based on three indepen-
dent experiments. A Student’s t-test was used to analyze
significant differences between two groups. Statistical
differences among more than two groups were analyzed
using one-way ANOVA followed by a Tukey’s post hoc
test. The Kaplan-Meier method was used to estimate
survival analyses. All statistical analyses were performed
using Prism 8.0 (GraphPad Software, Inc.) and SPSS 21.0
software (IBM Corp). P<0.05 was considered to indicate
a statistically significant difference.

Results

SLC38A2 is upregulated and is associated with a poor
prognosis in GC patients

By analyzing TCGA data in the GEPIA database, we
found that the expression levels of multiple SLC38A
family members (including SLC38A2, SLC38A4,
SLC38A5, SLC38A6, SLC38A7, SLC38A8, SLC38A9, and
SLC38A10) were significantly upregulated in GC tumor
tissues (Fig. S1). Subsequently, the results of RT-qPCR
experiments demonstrated that the mRNA expression
levels of SLC38A2, SLC38A3 and SLC38A4 were sig-
nificantly overexpressed in GC tumor tissues (Fig. 1A).
Further prognostic analyses indicated that SLC38A2
and SLC38A4 overexpression were associated with poor
prognosis in GC patients (Fig. 1B). Considering the bio-
logical role of SLC38A2 in GC remains unclear, SLC38A2
was selected as the primary molecular target for subse-
quent experiments. IHC, western blotting and RT-qPCR
indicated that expression of SLC38A2 was significantly
elevated in GC tissues compared to normal adjacent tis-
sues (Fig. 1C and D). Remarkably, the SLC38A2 expres-
sion level has been found to be significantly higher in
poorly differentiated than in well differentiated can-
cer tissues. Furthermore, SLC38A2 protein and mRNA
expression levels were higher in MKN45, AGS, MKN1
and HGC27 cell lines than in the GESI cell line (Fig. 1D).

SLC38A2 promotes tumor cell proliferation, invasion and
migration in GC in vitro and in vivo

To assess the role of SLC38A2 in GC, two shRNAs
(sh1-SLC38A2 and sh2-SLC38A2) were used to silence
SLC38A2. Plate colony formation assays showed that
knockdown of SLC38A2 significantly reduced cell
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proliferation (Fig. 2A). The results of CCK-8 analysis also
demonstrated that knockdown of SLC38A2 in MKN45
and HGC27 cells significantly reduced cell viability. The
OD value of MKN45 cells with knockdown of SLC38A2
increased to an average of 2.42 and 2.17 after 96 h, which
was significantly lower than that of the control group of
3.40. The OD value of HGC27 cells with knockdown of
SLC38A2 increased to an average of 2.29 and 2.08 after
96 h, which was significantly lower than that of the con-
trol group of 3.54 (Fig. 2B). Transwell and wound healing
assays were subsequently used to explore its role in cell
invasion and migration, respectively. The knockdown of
SLC38A2 suppressed GC invasion and migration (Fig. 2C
and D). To further validate the effect of SLC38A2 expres-
sion in vivo, a xenograft tumor model was constructed
in nude mice. The results demonstrated that SLC38A2
knockdown significantly reduced tumor induction and
formation (Fig. 2E).

Regulatory network of SLC28A2 in GC

The genetic alteration of SLC38A2 in GC was previously
demonstrated via cBioPortal. The results of the pres-
ent study demonstrated that SLC38A2 was altered in 25
(10%) patients with GC (Fig. 3A). In GC, amplification
was significantly correlated with SLC38A2 expression
levels in the TCGA PanCancer Atlas, Nature 2014 and
Firehose Legacy databases (Fig. 3B). Furthermore, 18
long noncoding RNAs, 74 miRNAs and 109 transcrip-
tion factors related to SLC38A2 were identified using
the Gene-Cloud of Biotechnology Information database
(Fig. 3C). Moreover, using the GeneMANIA database, 20
proteins were identified via protein-protein interaction
analysis (Fig. 3D). For bioinformatics analysis steps see
Fig. S2.

Enrichment analysis and co-expression profiles of SLC28A2
in GC

To better understand the role of SLC38A2 in GC devel-
opment, the LinkedOmics database was used to analyze
SLC38A2 co-expressed genes. The results demonstrated
that SLC38A2 was positively correlated with 12,767
genes, whereas it was negatively correlated with 7,458
genes in the GC dataset (Fig. 4A). The top 50 genes,
which were significantly positively or negatively asso-
ciated with SLC38A2, were assessed using a heatmap
(Fig. 4B) and the precise values are presented in Table S2.
The top three genes that were positively associated with
SLC38A2 expression were oxysterol binding protein-like
8, trafficking protein particle complex subunit 6B and
CDK17, whereas the top three genes negatively associ-
ated with SLC38A2 expression were 2’-deoxynucleoside
5’-phosphate N-hydrolase 1, MAPK regulated corepres-
sor interacting protein 2 and transmembrane and ubiq-
uitin-like domain containing 1 (TMUB1). Subsequently,
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Fig. 1 SLC38A2 is overexpressed and predicts poor prognosis of patients in GC. (A) The mRNA expression level of various SLC39A family members
between tumor and normal tissues in GC (*P<0.05, **P<0.01). (B) The prognostic value of SLC38A2 and SLC38A4 in GC patients (HR: hazard ratio). (C)
Representative IHC staining images of SLC39A2 expression in normal, well and poorly differentiated cancer tissues. (D) SLC38A2 expression level in GC
tumor tissues and corresponding normal tissues (*P < 0.05); (E) SLC38A2 expression level in human gastric mucosal cells (GEST) and GC cell lines (*P < 0.05,

*¥P<0.01,**P<0.001)

GEPIA2 was used to confirm the relationships between
SLC38A2 and these six co-expressed genes (Fig. 4C and
D).

LinkedOmics was used to examine GO annotations
and KEGG pathways. ‘Hippo signaling’ and ‘cargo load-
ing into vesicle’ were identified as the two most impor-
tant terms for biological processes (Fig. 5A), whereas
‘ubiquitinyl hydrolase activity’ and ‘notch binding’ were
the most abundant molecular function terms (Fig. 5B).
The top two cellular component terms were ‘cornified
envelope’ and ‘ubiquitin ligase complex’ (Fig. 5C). KEGG
pathway analysis demonstrated that the related pathways
were ‘Hippo signaling pathway’ and ‘dilated cardiomyop-
athy’ (Fig. 5D).

Furthermore, miRNAs and transcription factor targets
of SLC38A2 in GC were analyzed using LinkedOmics.

The top five miRNA targets of SLC38A2 were as follows:
(i) TGAATGT (miR-181a, miR-181b, miR-181c and miR-
181d); (ii) TTGCACT (miR-130a, miR-301 and miR-
130b); (iii) GCACTTT (miR-17-5p, miR-20a, miR-106a,
miR-106b, miR-20b and miR-519d); (iv) TAGGTCA
(miR-192 and miR-215); and (v) GACTGTT (miR-212
and miR-132) (Table 1). Moreover, transcription fac-
tor enrichment analysis revealed that SLC38A2 expres-
sion was associated with SOX5_01, V$FOXO4 01 and
V$PR_02.

Correlation analysis of SLC38A2, immune infiltration level
and representative immune marker genes in GC

Cancer occurrence and progression are linked to
immune infiltration in the tumor microenvironment.
Therefore, the TIMER database was used to investigate
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the association between SLC38A2 expression and
immune infiltration in GC. The results demonstrated that
SLC38A2 was significantly correlated with tumor purity
in GC (p=-0.132; P=1.01x10"% Fig. 6A). Moreover,
SLC38A2 expression was also significantly correlated
with the infiltration levels of CD8+T cells (p=0.279;
P=3.16x10"%), macrophages (p=0.303; P=1.63x10""),
myeloid dendritic cells (p=0.142; P=5.76x10"3), neu-
trophils (p=0.335; P=2.31x10""), natural killer cells
(p=0.288; P=1.11x10"%) and regulatory T cells (Tregs;
p=031; P=6.76x10"1%) (Fig. 6A). The association
between SLC38A2 expression and M2 macrophage
markers was also examined and the results demonstrated

that SLC38A2 expression was significantly associ-
ated with colony stimulating factor 1 receptor (p=0.21;
P=1.4x10"°), CD163 (p=0.26; P=1.3x10"7) and man-
nose receptor C-type 1 (p=0.29; P=2.2x10"°) (Fig. 6B).
Subsequently, the association between SLC38A2
expression and the status of tumor-infiltrating immune
cells, based on the levels of immune marker genes in
GC, was investigated. The immune cells analyzed in GC
tissues included CD8+cells, B cells, tumor-associated
macrophages (TAMs), neutrophils and dendritic cells.
Moreover, different subsets of T cells, including T cells
(general), T helper (Th)l, Th2, Th17 and Tregs, were
also examined. The association between immune marker
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Fig. 4 Analysis of SLC38A2 co-expressed genes in GC. (A) The volcano plot of SLC38A2 and its correlated genes was analyzed using LinkedOmics;
(B) The heatmap of SLC38A2 correlated genes: The top 50 positively correlated significant genes(left-panel); The top 50 negatively correlated significant
genes(right-panel). (C) Linear regression relationships between SLC38A2 and its top three positive genes: (i) SLC38A2 and OSBPLS; (i) SLC38A2 and TRAP-

PC6B; (iii) SLC38A2 and CDK17 (p-values=0 means that it is lower than 2.22e-

16); (D) Linear regression relationship between SLC38A2 and its top three

negative genes: (i) SLC38A2 and c60rf108; (i) SLC38A2 and FAM195A; (ijii) SLC38A2 and TMUB.

genes and SLC38A2 expression with or without tumor
purity is presented in Table 2. The results demonstrated
that SLC38A2 expression was markedly associated with
the markers of specific immune cells as follows: T cells,
CD3D (p=-0.315; P=3.37x10"'%), CD3E (p=-0.335;
P=2.15x10"11), CD2 (p=-0.303; P=1.72x10"%); B cells,
CD19 (p=-0.218; P=1.73x10"°), CD79A (p=-0.268;
P=1.08x10"7); TAMs, C-C motif chemokine ligand 2
(p=-0.205; P=5.18x10"°), IL10 (p=-0.254; P=5.38x10"7);

neutrophils, C-C motif chemokine receptor 7 (p=-0.292;
P=6.92x10"°); dendritic cells, blood dendritic cell anti-
gen-1 (p=-0.285; P=1.63x10"%); Th1, T-box expressed
in T cells (p=-0.254; P=5.52x10"7), STAT4 (p=-0.245;
P=1.32x10"%), TNF-a (p=-0.281; P=2.62x10"®%); Tregs,
forkhead box P3 (p=-0.241; P=1.94x10"°%; and T
exhaustion cell, granzyme B (p=-0.254; P=5.41x10"").
These results suggested that there may be an important
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Table 1 The miRNAs, and transcription factor-target networks of
SLC38A2 in GC.

Enriched  Gene set Leading NES FDR
category edge
number
miRNA TGAATGTMIR-181 AMIR- 197 23326 0
Target 181B,MIR-181 CMIR-
181D
TTGCACTMIR-130 AMIR- 157 22749 0
301,MIR-130B
GCACTTTMIR-17- 221 22371 0
5PMIR-20 A MIR-
106 AMIR-106B,MIR-
20B,MIR-519D
TAGGTCAMIR- 19 2.0650 0
192,MIR-215
GACTGTTMIR- 71 1.9937 0
212,MIR-132
Transcrip-  VSEVIT_06 9 19211 0
tion Factor
Target
KRCTCNNNNMANAGC_ 35 - 0
UNKNOWN 2.1931
V$SOX5_01 72 1.8762 0.00037417
TTGTTT_VSFOXO4_01 672 1.7899 0.00066030
VSPR_02 41 1.7836 0.00070895

association between SLC38A2 expression and GC

immune infiltration.

Discussion

The high incidence and mortality rate of GC has driven
the search for novel tumor biomarkers and therapeu-
tic targets. However, no universal therapeutic molecular

target is currently available. Metabolic remodeling is a
distinctive feature of malignant tumors [21]. Internal
characteristics of tumor cells and external microenviron-
mental pressures jointly promote the formation of novel
metabolic phenotypes of malignant tumor cells [22]. Glu-
tamine is an important metabolite in tumor occurrence
and development [23]. Recent studies have emphasized
the important role of glutamine-dependent mechanisms
in malignant tumors. Furthermore, inhibitors of gluta-
mine transport and metabolism have been proposed as
potential antitumor therapeutics [24, 25]. SLC38A2 is
characterized as an important membrane protein that
is closely implicated in glutamine transport [7]. It can
therefore be hypothesized that SLC38A2 has a distinct
role in GC progression.

The results of the present study demonstrated that
SLC38A2 was highly expressed in GC tissues, which was
associated with a poor prognosis in patients with GC.
Subsequently a stable SLC38A2 knockdown cell line was
used to perform in vivo and in vitro experiments to inves-
tigate the biological role of SLC38A2 in GC. The results
demonstrated that SLC38A2 enhanced GC cell prolifera-
tion and metastasis in vitro, as well as GC tumor forma-
tion in vivo. Moreover, SLC38A2 gene mutations, copy
number alterations and amplifications were investigated
to determine the mechanisms underlying SLC38A2
upregulation in GC tissues. The results demonstrated that
amplification, rather than genetic mutations, increased
SLC38A2 expression levels. Furthermore, miRNAs and
transcription factors are key epigenetic regulators of gene
expression [26]. Therefore, miRNAs and transcription
factors, which may potentially regulate SLC38A2, were
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Fig. 6 The correlation between SLC38A2 expression and immune infiltration in GC. (A) Correlation of SLC38A2 expression with tumor purity and
infiltrating levels of B cells, CD8+T cells, CD4+T cells, macrophages, neutrophils and dendritic cells in GC; (B) Correlation between SLC38A2 expression

and macrophage related gene markers

determined using bioinformatics analysis and Cytoscape
was used to visualize the SLC38A2 regulatory network.
However, additional work is needed to properly charac-
terize the regulatory network of SLC38A2.

The co-expressed gene profiles of SLC38A2 demon-
strated that TMUB1 was one of the most negatively
associated genes in GC and was first reported by Della
Fazia et al. [27]. TMUBLI is a ubiquitin-like protein that
translocates from the nucleus to the cytoplasm and is
involved in numerous biological processes [28]. A recent
study reported that TMUBI1 can promote hepatoma cell
apoptosis by enhancing the ubiquitination and degrada-
tion of the p63 protein [29]. Considering the similarity
in localization and function of SLC38A2 and TMUB], it
can be hypothesized that TMUB1 may directly bind and
ubiquitinate the SLC38A2 protein. However, the intrinsic

relationship between TMUB1 and SLC38A2 still needs
further exploration. To understand the biological func-
tion of SLC38A2, GO and KEGG enrichment analyses
were performed in the present study. The ‘hippo signal-
ing pathway’ was identified as the main biological func-
tion and pathway of enrichment. Previous studies have
demonstrated the role of the Hippo signaling pathway in
tissue regeneration, organ development, stem cell self-
renewal and tumorigenesis [30, 31]. Furthermore, the
Hippo signaling pathway cascade has been reported to be
involved in cancer metabolic reprogramming [32]. To the
best of our knowledge the SLC38A2 and Hippo signaling
pathway have not previously been reported, and this will
therefore be the focus of future work.

Recently, numerous studies have indicated the
importance of immune cell infiltration in gastric
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Table 2 Correlation analysis between SLC38A2 and related genes and markers of immune cells in STAD in TIMER.
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Description Gene markers Purity None
Cor P Cor P
CD8+Tcell CD8A -0.22 1.54e-05 0.128 127e-02
CD8B -0.121 1.82e-02 0.042 4.12e-01
T cell (general) CD3D -0.315 3.37e-10 0.039 4.54e-01
CD3E -0.335 2.15e-11 0.06 248e-01
CcD2 -0.303 1.72e-09 0.121 1.80e-02
B cell cD19 -0.218 1.73e-05 0.076 142e-01
CD79A -0.268 1.08e-07 0.029 5.73e-01
Monocyte CD86 -0.286 1.45e-08 0.195 1.36e-04
CD115 (CSF1R) -0.208 4.29e-05 0.189 220e-04
TAM ccL2 -0.205 5.81e-05 0.065 2.04e-01
CD68 -0.159 1.87e-03 -0.012 8.13e-01
IL10 -0.254 5.38e-07 0.269 1.09e-07
M1 Macrophage INOS (NOS2) -0.094 6.63e-02 -0.062 2.28e-01
IRF5 -0.111 3.03e-02 0.11 325e-02
COX2(PTGS2) -0.126 1.40e-02 0.256 430e-07
M2 Macrophage D163 -0.19 1.93e-04 0.297 3.64e-09
VSIG4 -0.166 1.17e-03 0.167 1.10e-03
MS4A4A -0.191 1.85e-04 0.204 637e-05
Neutrophils CD66b (CEACAMB) 0.021 6.8%-01 0.199 945e-05
CD11b (ITGAM) -0.164 1.34e-03 0.183 336e-04
CCR7 -0.292 6.92e-09 0.149 3.66e-03
Natural killer cell KIR2DL1 -0.077 1.37e-01 0.197 1.09e-04
KIR2DL3 -0.132 1.03e-02 0.119 209e-02
KIR2DL4 -0.165 1.25e-03 0.149 3.55e-03
KIR3DL1 -0.077 1.37e-01 0.197 1.09e-04
KIR3DL2 -0.161 1.61e-03 0.187 248e-04
KIR3DL3 -0.02 7.73e-01 0.089 834e-02
KIR2DS4 -0.122 1.76e-02 0.158 202e-03
Dendritic cell HLA-DPB1 -0.293 5.78e-09 -0.009 8.59%-01
HLA-DQB1 -0.282 2.11e-08 -0.002 9.76e-01
HLA-DRA -0.276 447e-08 0.042 420e-01
HLA-DPA1 0.276 4.32e-08 0.004 9.38e-01
BDCA-1(CD1C) -0.285 1.63e-08 0.081 1.17e-01
BDCA-4(NRP1) -0.173 721e-04 045 2.58e-20
CD11c (ITGAX) -0.224 1.03e-05 0.231 534e-06
Th1 T-bet (TBX21) -0.254 5.25e-07 0.138 721e-03
STAT4 -0.245 1.32e-06 0.293 586e-09
STAT1 -0.104 4.20e-02 0.292 6.80e-09
IFN-y (IFNG) -0.19 1.99e-04 0.125 147e-02
TNF-a (TNF) -0.281 2.62e-08 0.056 2.75e-01
Th2 GATA3 -0.174 6.38e-04 0.15 342e-03
STAT6 0011 8.36e-01 0.238 281e-06
STAT5A -0.132 1.01e-02 0.276 4.80e-08
IL13 -0.002 9.71e-01 -0.031 543e-01
Tfh BCL6 -0.135 8.61e-03 0.375 424e-14
IL21 -0.136 8.08e-03 0.124 157e-02
Th17 STAT3 -0.071 1.65e-01 0421 1.00e-17
IL17A -0.122 1.73e-02 -0.052 309e-01
Treg FOXP3 -0.241 1.94e-06 0.084 1.01e-01
CCR8 -0.168 1.02e-03 0.232 4.8%-06
STAT5B -0.023 6.61e-01 0.352 1.70e-12
TGFB (TGFB1) -0.169 9.50e-04 0.234 4.11e-06
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Table 2 (continued)

Page 12 of 13

Description Gene markers Purity None
Cor P Cor P
T cell exhaustion PD-1 (PDCD1) -0.175 6.21e-04 0.096 6.24e-02
CTLA4 -0.197 1.10e-04 0.233 438e-06
LAG3 -0.227 7.57e-06 0.048 347e-01
TIM-3 (HAVCR2) -0.245 1.35e-06 0.197 1.18e-04
GZMB -0.254 541e-07 0.077 1.34e-01

Cor: Correlation coefficient; P: P value; TAM: Tumor-associated macrophages; Th1: T-helper cell 1; Th2: T-helper cell 2; Tfh: Follicular helper T cell; Th17: T-helper cell

17; Treg: Regulatory T cell

cancer occurrence and development [32]. There, the role
of SLC38A2 in the infiltration of GC immune cells was
another focus of the present study. The results demon-
strated that the infiltration of CD8+T cells, macrophages,
myeloid dendritic cells, neutrophils and natural killer
cells were positively correlated with SLC38A2 expression,
suggesting the importance of SLC38A2 in regulating
GC tumour immunity. Tumor-associated macrophages
(TAMs) are a major tumorigenic immune cell infiltrated
in the tumorous environment. Macrophages play a dual
role in tumor-bearing hosts: M1 macrophages are gen-
erally involved in antitumor immune response, while
M2 favorite tumor progression. Accumulating evidence
has demonstrated that higher densities of macrophages,
especially those with an M2 phenotype, are strongly
associated with worse clinical outcomes in a variety of
malignancies[33]. Infiltrating TAMs with M2 phenotype
are considered as new therapeutic targets for the treat-
ment of malignant tumors[34]. In our study, we found
that SLC38A2 expression was positively correlated with
M2 macrophage markers, suggesting that high SLC38A2
expression might promote M2 macrophage polariza-
tion in GC. However, the specific mechanism by which
SLC38A2 regulates M2 polarization has remained elu-
sive, which is the next step in our study. What’s more,
emerging as one of breakthroughs for cancer therapy,
immunotherapy has become an effective treatment
modality after surgery, chemotherapy, radiotherapy, and
targeted therapy. Based on all the aforementioned analy-
ses, we hypothesized that SLC38A2 could be a novel tar-
get of cancer immunotherapy in GC.

Conclusion

The present study explored the expression level, clini-
cal value, regulatory factors and biological function of
SLC38A2 in GC, as well as its association with immune
infiltration. The results demonstrated that SLC38A2
potentially promoted tumor development in GC, includ-
ing tumor growth, metastasis and immune infiltration.
Therefore, these data suggest that SLC38A2 may serve
as a potential novel diagnostic and therapeutic target for
GC.

Abbreviations
SLC38A2  Solute carrier family 38 member 2
GC gastric cancer

TCGA the Cancer Genome Atlas

KEGG Kyoto Encyclopedia of Genes and Genomes
GO Gene Ontology

TIMER Tumor Immune Estimation Resource

TAM tumor-associated macrophage

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512876-023-02689-4.

Supplementary Material 1

Supplementary Material 2. Fig. S1. Expression of multiple SLC38A family
members in GC tumor tissue in the TCGA database.

Supplementary Material 3. Supplementary Table S1. Primers used in this
study.

Supplementary Material 4. Supplementary Table S2. The top 50 positively/
negatively associated genes with SLC38A2.

Supplementary Material 5. Fig. S2. Steps of bioinformatics analysis of
SLC38A2.

Acknowledgements
Thanks for the funding support of the National Natural Science Foundation of
China and the Construction of National and Provincial Key Clinical Specialty.

Author Contribution

Liang Zhu conceived and designed the experiments. Liang Zhu, Zhengguang
Wang and Wenxiu Han extracted the data and performed the analysis, Liang
Zhu and Aman Xu wrote the manuscript. Liang Zhu and Aman Xu revised the
manuscript. All authors read and approved the final manuscript.

Funding

This study was funded by the National Natural Science Foundation of China
(No. 81572350) and the Construction of National and Provincial Key Clinical
Specialty (No. Z155080000004).

Data Availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved and supervised by the Ethics Committee of the
First Affiliated Hospital of Anhui University (approval number (approval no.
20150232) and complied with the Declaration of Helsinki. All patients signed
written informed consent.


http://dx.doi.org/10.1186/s12876-023-02689-4
http://dx.doi.org/10.1186/s12876-023-02689-4

Zhu et al. BMC Gastroenterology (2023) 23:74

Ethics approval for animal experiments

Statement for accordance. The animal experimental protocols were performed
in accordance with Directive 2010/63/EU in Europe. All animal experimental
methods are reported in accordance with ARRIVE guidelines (Animal Research:
Reporting of In Vivo Experiments) for the reporting of animal experiments.
Also, the animal experimental protocols performed in accordance with the
relevant guidelines and regulations set by the Animal Ethics Committee of the
First Affiliated Hospital of Anhui University.

Statement for approval. The animal experimental protocols were approved by
the Animal Ethics Committee of the First Affiliated Hospital of Anhui University
(approval no. 20150234).

Consent for publication
Not applicable.

Competing Interest
The authors report no conflicts of interest in this work.

Received: 16 November 2022 / Accepted: 22 February 2023
Published online: 14 March 2023

References

1. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. Cancer J Clin. 2018,68(6):394-424.

2. AjaniJA Lee J, Sano T, Janjigian YY, Fan D, Song S. Gastric adenocarcinoma.
Nat reviews Disease primers. 2017;3:17036.

3. ShiWJ, Gao JB. Molecular mechanisms of chemoresistance in gastric cancer.
World J Gastrointest Oncol. 2016;8(9):673-81.

4. Waniczek D, Lorenc Z, Snietura M, Wesecki M, Kopec A, Muc-Wierzgor M.
Tumor-Associated Macrophages and Regulatory T Cells Infiltration and the
Clinical Outcome in Colorectal Cancer. Archivum immunologiae et therapiae
experimentalis. 2017;65(5):445-54.

5. Zhang H, Liu H, Shen Z, Lin C, Wang X, Qin J, et al. Tumor-infiltrating neutro-
phils is prognostic and predictive for postoperative adjuvant Chemotherapy
Benefit in patients with gastric Cancer. Ann Surg. 2018;267(2):311-8.

6. Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic 3-catenin signalling
prevents anti-tumour immunity. Nature. 2015;523(7559):231-5.

7. Menchini RJ, Chaudhry FA. Multifaceted regulation of the system A trans-
porter Slc38a2 suggests nanoscale regulation of amino acid metabolism and
cellular signaling. Neuropharmacology. 2019;161:107789.

8. Broer S.The SLC38 family of sodium-amino acid co-transporters. Pflug Arch:
Eur J Physiol. 2014;466(1):155-72.

9. Reinfeld BI, Madden MZ, Wolf MM, Chytil A, Bader JE, Patterson AR, et al. Cell-
programmed nutrient partitioning in the tumour microenvironment. Nature.
2021,593(7858):282-8.

10. Morotti M, Zois CE, El-Ansari R, Craze ML, Rakha EA, Fan SJ, et al. Increased
expression of glutamine transporter SNAT2/SLC38A2 promotes glutamine
dependence and oxidative stress resistance, and is associated with worse
prognosis in triple-negative breast cancer. Br J Cancer. 2021;124(2):494-505.

11, Parker SJ, Amendola CR, Hollinshead KER, Yu Q, Yamamoto K, Encarnacion-
Rosado J, et al. Selective alanine transporter utilization creates a Targetable
Metabolic Niche in Pancreatic Cancer. Cancer Discov. 2020;10(7):1018-37.

12. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez |, Chakravarthi B, et al. UALCAN: a portal for facilitating Tumor
Subgroup Gene expression and survival analyses. Volume 19. New York, NY:
Neoplasia; 2017. pp. 649-58. 8.

13. Szdsz AM, Lanczky A, Nagy A, Forster S, Hark K, Green JE, et al. Cross-validation
of survival associated biomarkers in gastric cancer using transcriptomic data
of 1,065 patients. Oncotarget. 2016;7(31):49322-33.

Page 13 of 13

14.  Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2012;2(5):401-4.

15. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative
analysis of complex cancer genomics and clinical profiles using the cBioPor-
tal. Sci Signal. 2013;6(269):pl1.

16.  Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P et
al. The GeneMANIA prediction server: biological network integration for
gene prioritization and predicting gene function.Nucleic acids research.
2010;38(Web Server issue):W214-20.

17. Vasaikar SV, Straub P, Wang J, Zhang B. LinkedOmics: analyzing multi-
omics data within and across 32 cancer types. Nucleic Acids Res.
2018;46(D1):D956-d63.

18. Tang Z Kang B, Li C,Chen T, Zhang Z. GEPIA2: an enhanced web server for
large-scale expression profiling and interactive analysis. Nucleic Acids Res.
2019;47(W1):W556-w60.

19.  Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M.

KEGG: integrating viruses and cellular organisms. Nucleic Acids Res.
2021;49(D1):D545-D51.

20. LiT,FanJ,Wang B, Traugh N, Chen Q, Liu JS, et al. TIMER: a web server for
Comprehensive Analysis of Tumor-Infiltrating Immune cells. Cancer Res.
2017;77(21):108-€10.

21, Lin HH, Chung Y, Cheng CT, Ouyang C, FuY, Kuo CY, et al. Autophagic reliance
promotes metabolic reprogramming in oncogenic KRAS-driven tumorigen-
esis. Autophagy. 2018;14(9):1481-98.

22. Faubert B, Solmonson A, DeBerardinis RJ. Metabolic reprogramming and
cancer progression. Volume 368. New York, NY: Science; 2020. 6487.

23.  Michalak KP, Mackowska-Kedziora A, Sobolewski B, Wozniak P. Key roles of
glutamine pathways in reprogramming the Cancer metabolism. Oxidative
Med Cell Longev. 2015;2015:964321.

24.  Gross MI, Demo SD, Dennison JB, Chen L, Chernov-Rogan T, Goyal B, et al.
Antitumor activity of the glutaminase inhibitor CB-839 in triple-negative
breast cancer. Mol Cancer Ther. 2014;13(4):890-901.

25.  Altman BJ, Stine ZE, Dang CV. From krebs to clinic: glutamine metabolism to
cancer therapy. Nat Rev Cancer. 2016;16(10):619-34.

26. Jiang W, Mitra R, Lin CC, Wang Q, Cheng F, Zhao Z. Systematic dissection of
dysregulated transcription factor-miRNA feed-forward loops across tumor
types. Brief Bioinform. 2016;17(6):996-1008.

27. Della Fazia MA, Castelli M, Bartoli D, Pieroni S, Pettirossi V, Piobbico D, et al.
HOPS: a novel cAMP-dependent shuttling protein involved in protein synthe-
sis regulation. J Cell Sci. 2005;118(Pt 14):3185-94.

28. Della-Fazia MA, Castelli M, Piobbico D, Pieroni S, Servillo G. The ins and outs of
HOPS/TMUBT in biology and pathology. FEBS J. 2021;288(9):2773-83.

29. FuH, ZhangY, Chen J, Zhou B, Chen G, Chen P Tmub1 suppresses Hepatocel-
lular Carcinoma by promoting the ubiquitination of ANp63 isoforms. Mol
therapy oncolytics. 2020;18:126-36.

30.  Zanconato F, Cordenonsi M, Piccolo S. YAP/TAZ at the roots of Cancer. Cancer
Cell. 2016;29(6):783-803.

31. Dey A Varelas X, Guan KL. Targeting the Hippo pathway in cancer, fibrosis,
wound healing and regenerative medicine. Nat Rev Drug Discovery.
2020;19(7):480-94.

32. Zhang X, Zhao H, LiY, Xia D, Yang L, Ma Y, et al. The role of YAP/TAZ activity in
cancer metabolic reprogramming. Mol Cancer. 2018;17(1):134.

33. KomoharaY, Fujiwara Y, Ohnishi K, Takeya M. Tumor-associated macrophages:
potential therapeutic targets for anti-cancer therapy. Adv Drug Deliv Rev.
2016;99(Pt B):180-5.

34.  Mills CD, Lenz LL, Harris RA. A breakthrough: Macrophage-Directed Cancer
Immunotherapy. Cancer Res. 2016;76(3):513-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Comprehensive analysis of the biological function and immune infiltration of SLC38A2 in gastric cancer
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Clinical tissue specimens
	﻿Cell culture
	﻿Stable transfection
	﻿Reverse transcription-quantitative PCR (RT-qPCR)
	﻿Western blotting
	﻿Immunohistochemistry (IHC)
	﻿Colony formation assay
	﻿Cell Counting Kit-8 (CCK-8) assay
	﻿Migration assay
	﻿Invasion assay
	﻿﻿In vivo﻿ experiments
	﻿Public database analysis
	﻿Statistical analysis

	﻿Results
	﻿SLC38A2 is upregulated and is associated with a poor prognosis in GC patients
	﻿SLC38A2 promotes tumor cell proliferation, invasion and migration in GC ﻿in vitro﻿ and ﻿in vivo﻿
	﻿Regulatory network of SLC28A2 in GC
	﻿Enrichment analysis and co-expression profiles of SLC28A2 in GC
	﻿Correlation analysis of SLC38A2, immune infiltration level and representative immune marker genes in GC

	﻿Discussion
	﻿Conclusion
	﻿References


