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In recent years, cancer metabolism has attracted attention as a therapeutic target, and glutamine
metabolism is considered one of the most important metabolic processes in cancer. Solute carrier family
1 member 5 (SLC1A5) is a sodium channel that functions as a glutamine transporter. In various cancer
types, SLC1A5 gene expression is enhanced, and cancer cell growth is suppressed by inhibition of SLC1A5.
However, the involvement of SLC1A5 in clear cell renal cell carcinoma (ccRCC) is unclear. Therefore, in
this study, we evaluated the clinical importance of SLC1A5 in ccRCC using The Cancer Genome Atlas
database. Our findings confirmed that SLC1A5 was a prognosis factor for poor survival in ccRCC.
Furthermore, loss-of-function assays using small interfering RNAs or an SLC1A5 inhibitor (V9302) in
human ccRCC cell lines (A498 and Caki1) showed that inhibition of SLC1A5 significantly suppressed
tumor growth, invasion, and migration. Additionally, inhibition of SLC1A5 by V9302 in vivo significantly
suppressed tumor growth, and the antitumor effects of SLC1A5 inhibition were related to cellular
senescence. Our findings may improve our understanding of ccRCC and the development of new
treatment strategies for ccRCC.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Renal cell carcinoma (RCC) accounts for 2e3% of all cancers, and
the incidence of RCC increases each year. Additionally, RCC causes
more than 140,000 deaths annually, representing 1% of all cancer-
related deaths [1]. Despite improved treatment strategies,
including tyrosine-kinase inhibitors, mammalian target of rapa-
mycin (mTOR) inhibitors, and immune checkpoint inhibitors, to
treat advanced or metastatic RCC, the therapeutic effects of these
drugs are limited owing to acquired resistance. Cancer metabolism
is important for cancer progression and can be targeted for cancer
treatment. However, clear cell RCC (ccRCC), the most common type
of RCC, has different metabolic characteristics compared with other
cancers [2]. Therefore, there is a need to develop better therapeutic
strategies for patients with ccRCC to target metabolic pathways.
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In our previous study, we showed that the serine biosynthetic
pathwaywas associated with resistance to hypoxia-inducible factor
(HIF) 2a antagonists to avoid glycolysis dependency in advanced or
metastatic ccRCC [3]. Therefore, we speculated that it may be
necessary to focus on overall ccRCC metabolism to elucidate
metabolic mechanisms in cancer and develop novel cancer treat-
ments. However, measurement of metabolites using human clinical
specimens is challenging owing to difficulties with sample collec-
tion and storage. Haoxin et al. identified 225metabolites in 928 cell
lines representingmore than 20 cancer types in the Cancer Cell Line
Encyclopedia [4], and we analyzed data from RCC cell lines to create
a heat map showing the proliferative capacity of each RCC cell line
when cultured with glutamine, kynurenine, asparagine, and argi-
nine according to concentration (Fig. 1A). Interestingly, only
glutamine showed concentration-dependent proliferation effects.
Glutamine plays important roles in the metabolism of tumor cells,
such as energy production, amino acid production, nucleotide
biosynthesis. Although glutamine is a nonessential amino acid that
can be synthesized from glucose, the demand for glutamine far
exceeds its supply under tumorigenic conditions, and uptake of
glutamine from the extracellular environment is essential [5].
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:hyoshino@m3.kufm.kagoshima-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2022.04.068&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
https://doi.org/10.1016/j.bbrc.2022.04.068
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.bbrc.2022.04.068
https://doi.org/10.1016/j.bbrc.2022.04.068


Fig. 1. (A) Heat map showing the numbers of cells for various RCC cell lines following culture with different concentrations of glutamine, kynurenine, asparagine, and arginine.
(BeF) SLC1A5 mRNA expression in RCC clinical samples. Relative SLC1A5 mRNA expression is expressed in box plots. (G) Kaplan-Meier analysis using the OncoLnc dataset.
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Accordingly, glutamine metabolism may be targeted as a novel
clinical strategy for treating cancer.

Solute carrier family 1 member 5 (SLC1A5; also known as
alanine, serine, cysteine transporter 2) is a neutral amino acid
transporter belonging to the SLC1 family. SLC1A5 is a sodium
channel that acts as a high-affinity glutamine transporter [6], and
SLC1A5 expression is associated with the progression of multiple
types of tumors, including colorectal cancer, gastric cancer, breast
cancer, ovarian cancer, prostate cancer, and lung cancer [7e12]. In
100
addition, Cormerais et al. identified that SLC1A5 promoted tumor
growth independently of the amino acid transporter SLC1A7 (LAT1)
[13]. However, the association of SLC1A5 with ccRCC progression is
unclear. Additionally, novel SLC1A5 inhibitors have recently been
reported [14].

Accordingly, in this study, we investigated the role of SLC1A5 in
ccRCC in vitro and in vivo using an SLC1A5 inhibitor and evaluated
the mechanism underlying glutamine metabolism in ccRCC.
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2. Materials and methods

2.1. RCC cell lines and culture

We used human RCC cell lines A498, ACHN, Caki1, and Caki2 and
HK2 that were obtained from the American Type Culture Collection
(Manassas, VA, USA). Human RCC cell lines were grown in RPMI
1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (FBS; Equitech-Bio, Inc.,
Kerrville, TX, USA). HK2 cell line was grown in Keratinocyte Serum
Free Medium (Thermo Fisher Scientific) supplemented with
0.05mg/mL bovine pituitary extract and 5 ng/mL epidermal growth
factor. These cell lines were incubated as previously described [15].
2.2. RNA extraction and RT-qPCR

To extract total RNA, cultured cells were lysed with ISOGEN
(Nippon Gene, Tokyo, Japan) according to the manufacturer's pro-
tocol. The RNA concentration was measured with a spectropho-
tometer. To quantify SLC1A5 expression, a SYBR green qPCR-based
array approach was used as previously reported [16]. The primer
sets used to measure SLC1A5mRNA levels were as follows: forward
primer, 50-GAGCTGCTTATCCGCTTCTTC-30 and reverse primer, 50-
GGGGCGTACCACATGATCC-30. Beta-glucuronidase (GUSB) was used
as an endogenous control. The set consisted of a forward primer (50-
CGTCCCACCTAGAATCTGCT-30) and a reverse primer (50-TTGCTCA-
CAAAGGTCACAGG-30). The specificity of amplification was moni-
tored using the dissociation curve of the amplification product.
Gene expression levels compared with GUSB were calculated using
the 2�DDCT method.
2.3. Western blotting

Protein lysates were separated on NuPAGE LDS sample buffer
(Thermo Fisher Scientific). The following antibodies were used for
immunoblotting: anti-SLC1A5 (1:500 dilution; cat. no. 8057; Cell
Signaling Technology, Danvers, MA, USA), anti-b-actin (1:5000
dilution; cat.no. bs-0061R; Bios, Beijing, China), and anti-p21waf1/

cip1 (1:500 dilution; cat. no. 2947; Cell Signaling Technology). Sec-
ondary antibodies were peroxidase-conjugated anti-rabbit IgG
(1:5000 dilution; cat. no.7074S; Cell Signaling Technology) [15,17].
2.4. Small interfering RNA (siRNA) transfection

RCC cell lines were transfected with Lipofectamine RNAiMAX
transfection reagent and Opti-MEM (Thermo Fisher Scientific) with
10 nM siRNA [16]. For loss-of-function experiments, SLC1A5 siRNA
(cat nos. HSS109801 and HSS109802; Thermo Fisher Scientific) and
Negative Control siRNA (cat. no. D-001810-10; Dharmacon, Cam-
bridge, UK) were used.
2.5. Cell proliferation, migration, and invasion assays

A498 and Caki1 were seeded in 96-well plates at 1000 cells/
well. After 96 h, to evaluate cell proliferation, we used a XTT assays
(Roche Diagnostics GmbH, Mannheim, Germany) as described
previously [16]. Wound healing assays were used for cell migration
activity. Cell invasion assays were performed using modified Boy-
den chambers consisting of Matrigel-coated Transwell membrane
filter inserts with 8-mM pores in 24-well tissue culture plates (BD
Biosciences, San Jose, CA, USA). The experimental procedures were
performed as described in our previous study [18].
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2.6. Determination of the half-maximal inhibitory concentration
(IC50)

V-9302 was purchased from Selleck. For determination of the
IC50 value, cells were seeded into 96-well plates at a density of
1000 cells/well in triplicate and treated with various concentra-
tions of V-9302. After 96 h of incubation, cell proliferation was
measured using XTT assays according to the manufacturer's in-
structions. The IC50 value was calculated using a nonlinear 4-
parameter variable gradient equation software (GraphPad Prism,
ver. 8.00; GraphPad Software, San Diego, CA, USA).

2.7. Xenograft analysis

A 100-mL suspension containing 3 � 10⁶ A498 cells were mixed
with 100 mL Matrigel matrix (Corning, Bedford, MA, USA). The
suspensions were injected subcutaneously into the flanks of female
nude mice (BALB/c nu/nu, 6e8 weeks old). After the tumors
exceeded 100 mm3, the mice were divided into 2 groups and
treated with daily i.p. injections of vehicle (saline) or V-9302
(25 mg/kg) from day 15. All animal experiments handled in
accordance with the Declaration of Helsinki, and the National In-
stitutes of Health guide for the care and use of Laboratory animals.
All animal experiments were approved by the animal care review
board of Kagoshima University (approval no. MD20103).

2.8. Immunohistochemistry

Immunostaining was carried out on tissues using the Ultra-
Vision Detection System (Thermo Fisher Scientific) according to the
manufacturer's protocol. Primary rabbit polyclonal antibodies
against Ki-67 (cat. no. 12202; Cell Signaling Technology) were
diluted 1:500. Slides were treated with biotinylated goat anti-
rabbit antibodies, and diaminobenzidine hydrogen peroxidase
was used as the chromogen. Counterstaining was conducted with
0.5% hematoxylin, and immunostaining was evaluated as previ-
ously described [19].

2.9. Cellular reactive oxygen species (ROS) assay

Cellular ROS assays were performed using a DCFDA/H2DCFDA-
Cell ROS Assay Kit (cat. no. ab113851; Abcam, Cambridge, UK) ac-
cording to the manufacturer's protocol. Briefly, human RCC cells
were seeded at 1 � 10⁵ cells/well 96-well plates, stained with
DCFDA the next day, and counted using a microplate reader.

2.10. b-Galactosidase staining assay

b-Galactosidase staining assays were performed using a senes-
cence b-galactosidase staining kit (cat. no. 9860; Cell Signaling
Technology) according to the manufacturer's protocol. Briefly, cells
were treatedwith a fixation solution (pH 6.0), and then amixture of
stains containing X-Gal was added. Cells were incubated overnight
in a CO2-free dry incubator. For quantification, six random micro-
scopic fields of view were used, and stained cells were counted.

2.11. Statistical analysis

The relationships between two groups were analyzed using
Mann-Whitney U tests. The relationships between 3 variables and
numerical values were analyzed using Bonferroni-adjusted Mann-
Whitney U tests. Spearman's rank tests were used to evaluate the
correlation between two variables. Patients were divided into 2 or 3
groups based on the number of patients in the cohort, and differ-
ences between the two groups were evaluated by log-rank tests. All
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analyses were carried out using Expert StatView software, version
5.0 (SAS Institute, Cary, NC, USA). The Cancer Genome Atlas (TCGA)
cohort database of 522 patients with ccRCC was used to assess the
clinical relevance of our findings. This study followed the guidelines
for publication provided by TCGA. Kaplan-Meier analysis was used
to analyze overall survival (OS) with data from the OncoLnc dataset
(http://www.oncolnc.org).

3. Results

3.1. Clinical significance of SLC1A5 expression in ccRCC

SLC1A5 is required for glutamine uptake and is associated with
various cancers. Moreover, SLC1A5 is a prognostic factor for poor
survival in ccRCC. Therefore, we investigated the importance of
SLC1A5 expression in patient data from TCGA database. SLC1A5
mRNA levels were significantly higher in patients with deep inva-
sion, lymph node metastases, and distant metastases (P < 0.05;
Fig. 1BeD). Although there were no significant differences in
SLC1A5 mRNA expression levels between RCC and normal samples
(P ¼ 0.113), the RCC samples tended to show higher expression
(Fig. 1E). Moreover, SLC1A5 mRNA expression levels were signifi-
cantly higher in high-grade RCC than in low-grade RCC (P < 0.001;
Fig. 1F). Kaplan-Meier analysis showed that patients with high
SLC1A5 mRNA expression had lower OS than patients with low
SLC1A5 expression (P ¼ 0.00039; Fig. 1G). These results are
consistent with previous reports showing that SLC1A5 is a prog-
nostic factor for poor survival in ccRCC, indicating that SLC1A5 may
also be a therapeutic target in ccRCC.

3.2. SLC1A5 knockdown suppressed ccRCC cell proliferation,
migration, and invasion in vitro

Next, we examined SLC1A5 mRNA levels in ccRCC cell lines and
showed that SLC1A5 was highly expressed in A498 and Caki1 cells
(Fig. 2A). Therefore, we used these two cell lines for loss-of-
function assays. We employed 2 different si-SLC1A5 molecules
that effectively downregulated SLC1A5 mRNA and protein expres-
sion in both cell lines (Fig. 2B). Suppression of SLC1A5 significantly
blocked cell proliferation, migration, and invasion (Fig. 2CeE). In
invasion assays using A498 cells, SLC1A5 knockdown blocked in-
vasion in vitro.

3.3. Inhibition of SLC1A5 had antitumor effects in vitro and in vivo

Treatment of A498 and Caki1 cells with the SLC1A5 inhibitor
V9302 yielded IC50 values of 17.7 and 24.6 mM, respectively
(Fig. 3A). Cell migration and infiltration were also significantly
suppressed in loss-of-function assays using V9302 (Fig. 3B and C).
Next, the effects of SLC1A5 inhibition were evaluated in vivo. In a
subcutaneous xenograft model of A498 cells, intraperitoneal
administration of V9302 reduced tumor growth by more than 50%
compared with control treatment (Fig. 3D). Furthermore, V9302
administration reduced body weight loss by approximately 4%
comparedwith that in the control group (Fig. S1). Immunochemical
staining showed that Ki-67 expression was significantly reduced in
tumors from the V9302 group compared with those from the
control group (Fig. 3E). These results suggested that inhibition of
SLC1A5 by V9302 treatment resulted in antitumor effects in vitro
and in vivo.

3.4. SLC1A5 inhibition increased ROS levels and induced cellular
senescence

Next, we investigated the antitumor mechanisms of SLC1A5
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inhibition. Glutathione, located downstream of the glutamine
metabolic pathway, is known to reduce ROS, and decreased gluta-
mine uptake owing to SLC1A5 inhibition may inhibit glutathione
production, thereby increasing ROS. SLC1A5 knockdown tended to
increase ROS, although the difference was not significant compared
with the control (Fig. S2). Notably, elevated ROS induces cell
senescence and cell cycle arrest; therefore, we hypothesized that
the antitumor effects of SLC1A5 inhibition may involve these
mechanisms. Staining of senescent cells with b-galactosidase was
significantly enhanced by SLC1A5 knockdown (Fig. 4A). Addition-
ally, protein levels of the cellular senescence marker p21 were
increased (Fig. 4B), and SLC1A5 inhibition by V9302 promoted cell
senescence (Fig. 4C and D). Immunochemical staining of tumors
resected from mice also showed a significant increase in p21
expression in the V9302 group compared with that in the control
group (Fig. S3).

4. Discussion

Cancer cells reprogram metabolism for energy production and
biosynthesis [20]. In particular, the Warburg effect, which prefer-
entially uses glycolysis over oxidative phosphorylation of mito-
chondria for energy production even under aerobic conditions, is
well known [21]. Mutations in von Hippel-Lindau are observed in
more than half of ccRCC cases, resulting in increased HIF expression
and suppression of mitochondrial function [22]. Thus, ccRCC is
considered ametabolic disease, and targetingmetabolismmay lead
to new therapeutic strategies for ccRCC. Indeed, in this study, we
found a strong correlation between glutamine and cell proliferation
in RCC cell lines [4].

Glutamine is an energy source that releases nitrogen, which is
required for the production of many amino acids during conversion
to glutamic acid [5]. Therefore, various glutamine-derived amino
acids contribute to the survival of cancer cells. In several studies,
oncogene expression is associated with increased demand for
glutamine. For example, a link between oncogenic RAS and gluta-
mine dependency has been reported in colon [23] and lung [24]
cancers. When inhibiting glutamine metabolism, targeting the
glutamine transporter SLC1A5may bemore effective than targeting
mitochondrial glutaminase, an enzyme that converts glutamine to
glutamate [14]. Moreover, blocking signaling upstream of gluta-
mine metabolism may block multiple glutamine metabolism-
related processes. Our current results indicated that SLC1A5 was a
prognostic factor for poor survival in ccRCC, consistent with pre-
vious reports [25], and that inhibition of SLC1A5 suppressed tumor
progression both in vitro and in vivo. To the best of our knowledge,
this is the first report of SLC1A5 function in ccRCC.

Glutamine metabolism regulates ROS through the synthesis of
glutathione, an antioxidant [5]. SLC1A5 inhibition promotes ROS
generation in breast cancer [14]. However, our current results
showed that SLC1A5 knockdown tended to increase ROS, with a
significant difference. Although SLC1A5 is a main transporter of
glutamine, the enzyme also regulates alanine, serine, cysteine,
threonine, and asparagine [6]. Therefore, inhibition of SLC1A5 may
affect not only glutamine metabolism but also the metabolism of
various amino acids in ccRCC. In fact, SLC1A5 inhibition by V9302
affects other metabolites, such as N-acetylserine, creatine phos-
phate, GSSG, and 4-hydroxynonenal-glutathione [14]. The
involvement of glutamine in many metabolic pathways and the
diverse effects of V9302 on glutamine and other metabolites may
explain the discrepancies in the results for ROS levels. Notably,
cancer cells require glutamine to avoid treatment-induced senes-
cence owing to chemotherapy and radiation therapy [26]. Our re-
sults showed that inhibition of SLC1A5 promoted p21-mediated
cellular senescence. Additionally, p21 expression was increased in
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Fig. 2. Effects of SLC1A5 knockdown in RCC cells. (A) Comparison of mRNA expression levels of SLC1A5 in RCC cell lines by RT-qPCR (n ¼ 3). *P < 0.0001. (B) The knockdown
efficiency of si-SLC1A5 was verified by evaluating SLC1A5 mRNA expression using RT-qPCR and SLC1A5 protein levels using western blot analysis (n ¼ 3). *P < 0.0001. (C) Cell
proliferation was evaluated using XTT assays (n ¼ 6). *P < 0.0001. (D) Cell migration activity was measured using wound healing assays (n ¼ 3). *P < 0.0001. Scale bar, 250 mm. (E)
Cell invasion activity was measured using Matrigel invasion assays. Invasive cells were counted and compared (n ¼ 3). *P < 0.01. Scale bar, 100 mm. In all experiments, si-SLC1A5
transfectants were compared with mock or si-control transfectants.
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tumors resected from mice, although b-galactosidase staining was
not definitive. Previous reports have indicated that increased ROS is
also associated with cellular senescence [27] and that mTOR is
essential for p53-mediated cell senescence (phosphatase and ten-
sin homolog loss-induced cellular senescence) in other cancers
[28]; however, this mechanism was not observed in the current
study. Therefore, further research is needed to improve our un-
derstanding of glutamine-regulated mechanisms in ccRCC.

In this study, we administered V9302, a newly developed
SLC1A5 inhibitor, in mice. However, no mice survived following
daily intraperitoneal administration of 75 mg/kg V9302, consistent
with a previous study [14]. Accordingly, we administered a lower
dose of the inhibitor (25mg/kg) in this study. This low dose induced
sufficient antitumor effects, but also resulted in significant weight
103
loss. Because evaluation of the IC50 in vitro showed a steep graph,
V9302 may have a narrow therapeutic dose range, and side effects
may occur at other concentrations; thus, the glutamine inhibitory
effects of V9302 may affect both tumor and normal tissues. Further
studies on changes in metabolites other than glutamine and on
normal cells are needed to improve the efficacy and safety of
SLC1A5-targeted treatments. Additionally, the mechanisms
through which SLC1A5 inhibition exerts antitumor effects, as re-
ported in other cancer types, e.g., apoptosis, induction of auto-
phagy, and inactivation of mTOR signaling, need to be studied in
ccRCC [14].

In summary, our study showed that high SLC1A5 expressionwas
associated with prognosis for poor survival in ccRCC. Furthermore,
inhibition of SLC1A5 promoted cell senescence and elicited



Fig. 3. Effects of V9302 in vitro and in vivo. (A) Calculated IC50 values for A498 and Caki1 cells (n ¼ 6). (B) Cell invasion activity was measured using Matrigel invasion assays. Invasive
cells were counted and compared (n ¼ 3). *P < 0.01. Scale bar, 100 mm. (C) Cell migration activity was measured using wound healing assays (n ¼ 3). *P < 0.0001. Scale bar, 250 mm.
(D) Comparison of tumor volumes after intraperitoneal injection of V9302 (25 mg/kg, daily; n ¼ 5 mice/group). *P < 0.01, Mann-Whitney U test. Photographs show resected tissues
in a 41-day xenograft mouse model. (E) Comparison of tumors stained with Ki-67 after resection from mice (n ¼ 3). *P < 0.0001. Scale bars, 200 mm (100 � ) and 50 mm (400 � ).
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Fig. 4. Relationship between SLC1A5 and cellular senescence in RCC cells. (A) Senescence induction by si-SLC1A5 transfection was confirmed by b-galactosidase staining (n ¼ 6).
*P < 0.01; **P < 0.001. Scale bar, 100 mm. (B) Western blot analysis of p21waf1/cip1 expression in RCC cells transfected with si-SLC1A5. (C) Comparison of b-galactosidase staining
between the control and V9302 groups (n ¼ 6). *P < 0.0001. Scale bar, 100 mm. (D) Western blot analysis of p21waf1/cip1 expression in RCC cells treated with V9302. Experiments were
repeated at least three times. SA-b-gal, senescence-associated b-galactosidase.
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antitumor effects. These results may improve our understanding of
ccRCC and facilitate the development of novel treatment strategies
for ccRCC.
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