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SLC18A3 promoted renal cancer
development through acetylcholine/cAMP signaling
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Abstract: Renal cancer displays a high metastatic potential and a poor response to chemotherapy. However, the
critical contributors to renal cancer development remain elusive. This study focused on acetylcholine (ACh) signal-
ing. We identified the vesicular acetylcholine transporter (SLC18A3) that upregulates in patients with renal cancer.
We further discovered that SLC18A3 enhanced the uptake of ACh, a classical neurotransmitter mediating synap-
tic transmission. The elevated ACh activated the protein kinase A (PKA)/cAMP-response element binding protein
(CREB) pathway, which contributed to renal cancer cell proliferation and invasive migration. Consistently, SLC18A3
overexpression caused sustained tumor growth and increased lung metastases in A489-bearing mice. In summary,
our study demonstrated that SLC18A3 contributed to cancer spread in an ACh/PKA/CREB-dependent manner,
which may drive the design of efficacious treatment strategies.
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Introduction

Renal cancer is a highly malignant neoplasm of
the urinary system, responsible for 102,000
annual deaths worldwide [1]. The current treat-
ment options include surgical excisions and
pharmaceutical interventions, such as chemo-
therapy, targeted therapy, and immunotherapy.
However, their efficacy remains modest [2]. A
notable proportion of patients with renal can-
cer experience chemoresistance and tumor
metastasis, which pose major hurdles to suc-
cessful therapy [3]. Once distant metastases
develop, the five-year survival rates drop to less
than 10% in patients with advanced renal cell
carcinoma [4]. Therefore, healthcare profes-
sionals need to better understand renal cancer
progression to devise treatment regimens for
disease eradication.

The tumor develops in an intricate, multistep
process, where the tumor microenvironment
(TME) components are considered pivotal regu-
lators. Besides the involvement of the immune
cells and the extracellular matrix, recent evi-
dence highlights that the neural system partici-
pates in the pathogenesis of malignancies

[5-7]. To ensure their survival, tumor cells may
drive neurogenesis and neural reprogramming
using multiple mechanisms. In turn, infiltrating
nerves have been proven to modify the behav-
ior of tumor cells and their metastatic capacity
[8]. The nervous system promotes tumor growth
in part by releasing neurotransmitters, includ-
ing ACh. ACh is a ubiquitous signaling molecule
involved in multiple pathological processes,
including infections, autoimmune disorders,
and neoplasia [9]. Upon synthesis, ACh is pack-
aged into vesicles by the vesicular acetylcholine
transporter (VAChT) and exocytosed into the
extracellular milieu, where ACh binds to its cog-
nate receptors and then orchestrates down-
stream pathways. Several components of the
ACh signaling contributed to tumor advance-
ment through complex functions [10]. For
instance, in gastric cancer, ACh induced the
expression of epithelial-mesenchymal transi-
tion (EMT) markers, highlighting the role of ACh
in malignant conversion and metastatic seed-
ing [11]. Ukegawa et al. reported that the activa-
tion of the m3 muscarinic acetylcholine recep-
tor (m3 mAChR) stimulated the p21Ras-ERK
pathway in a manner dependent on EGFR, thus
enhancing cell growth in colon cancer [12].
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What is more, clinical evidence shows that
VACHT upregulation correlated with an increas-
ed risk and recurrence in lung adenocarcinoma
[13]. Nevertheless, few studies have elucidated
the underlying mechanisms of ACh signaling in
tumorigenesis and the progression of renal
cancer.

In this study, we shed light on the ACh trans-
porter and found that the augmented expres-
sion of SLC18A3 (also known as VAChT) por-
tended a grim prognosis in patients with renal
cancer. We provided evidence that SLC18A3
accelerated cell proliferation and migration by
enhancing ACh uptake in patients with renal
cancer. Meanwhile, data from in vivo experi-
ments showed that SLC18A3 overexpression
caused an increase in tumor size and the num-
ber of metastases. Our study further unveiled
the molecular mechanism of SLC18A3-induced
tumor progression, which is dependent on the
PKA/CREB pathway. Importantly, the aberrant
expression of ACh/PKA/CREB correlated with
tumor development in the clinic. This finding
may help devise therapeutic strategies for renal
cancer.

Materials and methods
Cell culture and reagents

Human renal cell carcinoma (RCC) cell lines
(A489 and 786-0) were purchased from the
American Type Culture Collection (ATCC, USA)
and cultured in Roswell Park Memorial Institute
(RPMI) 1640 complete culture medium (Thermo
Fisher, USA), containing 10% fetal bovine serum
(FBS, Gibco, USA) at an atmosphere of 5% CO,,.
SLC18A3-overexpressing A489 and 786-0 cell
lines were established using COBIOER (China).
To regulate the expression level of the SLC18A3
gene, The pCMV plasmid was transfected using
Lipofect8000 (Thermo Fisher, USA) to induce
gene overexpression. The pCMV-SLC18A3-3 x
FLAG vectors were obtained from COBIOER
(China). SLC18A3-overexpressing A489 and
786-0 cell lines were determined using west-
ern blotting. ACh and H89 2HCI, a PKA inhibitor,
were purchased from Selleck (USA).

Clinical specimens

Twenty-four renal tumor tissues were obtained
from Shaanxi Provincial People’s Hospital and
divided into metastatic and non-metastatic
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groups (n = 12 in each group) according to the
follow-up visits (5 years). The Ethical Committee
of Shaanxi Provincial People’s Hospital app-
roved the experimental protocols. The tran-
scriptome and patients’ information (526 renal
tumor tissues and 72 normal tissues) were
obtained from https://xenabrowser.net/. T-test
was performed using GraphPad 6.0 software.

Cell proliferation

Cell proliferation was assessed using the Cell
Counting Kit-8 (CCK-8) assay kit according
to the manufacturer’s instructions (Solarbio,
China). Briefly, A489 and 786-0 cells were pre-
treated with PBS, ACh, or H89 2HCI and trans-
ferred onto 96-well plates. After 24, 48, and 72
hours, CCK-8 solution (10 ul) was added to
96-well plates, which were cultured for another
hours. The cell density was determined by mea-
suring the absorbance at 450 nm using a
microplate reader (Thermo Fisher, USA).

Transwell assay

A489 and 786-0 cells were pre-treated with
ACh or H89 2HCI. Subsequently, 5 x 10* A489
or 786-0 cells were seeded in a Transwell
chamber (8 um, Thermo Fisher, USA) containing
a 300 pl culture medium (10% FBS). One mi
FBS-free culture medium was added to a
24-well plate. Twenty-four hours later, the
chamber was fixed with paraformaldehyde and
stained with crystal violet. Migrating cell num-
bers were determined under the microscope
(Leica, Germany).

Enzyme-linked immunosorbent assay (ELISA)

Total and intracellular ACh quantification were
conducted using a human acetylcholine ELISA
kit according to the manufacturer’s instructions
(Sangon, China). For the total ACh quantifica-
tion, 5 mg of tumor tissues were lysed by RIPA
lysis buffer (Solarbio, China). For the intracellu-
lar ACh quantification, 2 x 108 cells were col-
lected, washed with PBS, and lysed. All sam-
ples were centrifuged at 3000 rpm for 5 min at
4°C and then immediately analyzed to deter-
mine ACh concentration.

Western blotting

Equal amounts of proteins (20 ug) were loaded
into each lane and separated using electropho-
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resis. Subsequently, proteins were transferred
onto a PVDF membrane and blocked with a
blocking buffer (5% bovine serum albumin).
One hour later, samples were incubated over-
night at 4°C with the following primary anti-
bodies: anti-SLC18A3 (1:1000, NB100-91348,
Novus Biologicals, USA), anti-PKA (1:1000,
ab75991, Abcam, UK), and anti-phosphorylat-
ed CREB (1:1000, ab32096, Abcam, UK). Then,
the blots were incubated for one hour at room
temperature with horse radish peroxidase-
(HRP-) conjugated secondary antibodies and
visualized.

Immunohistochemistry and immunofluores-
cence

Paraffin sections were dewaxed, followed by a
sodium citrate antigen retrieval. Subsequently,
sections were blocked with a blocking buffer
(5% bovine serum albumin) for 30 minutes at
room temperature and incubated overnight at
4°C with the following primary antibodies: anti-
SLC18A3 (1:1000, NB100-91348, Novus
Biologicals, USA), anti-PKA (1:1000, ab75991,
Abcam, UK), and anti-phosphorylated CREB
(1:1000, ab32096, Abcam, UK). For the immu-
nofluorescence, the samples were incubated
with goat anti-rabbit secondary antibodies
(Thermo Fisher, USA) and stained with 4’,6-
diamidino-2-phenylindole (DAPI) (Solarbio, Ch-
ina). For the immunohistochemistry, the sam-
ples were incubated with HRP-conjugated sec-
ondary antibodies and visualized. Protein
expression was quantified using Image Plus Pro
6.0 software.

Xenograft mice model

Female 6~8 weeks old NOD-SCID mice were
obtained from Huafukang (China) and main-
tained in a specific-pathogen-free (SPF) room.
Mice were subcutaneously injected with 2 x
10° vector or SLC18A3-overexpressing A489
cells. Tumor volume was recorded every day (n
= 6 in each group). The tumor volume was cal-
culated as follows: tumor volume = length x
width2/2. After 40 days, the mice were sactri-
ficed, and the tumor tissues were collected for
protein evaluation assay. For the pulmonary
metastasis assay, 1 x 10° vector or SLC18A3-
overexpressing A489 cells were injected into
the tail veins of NOD-SCID mice (n = 6 in each
group). After 40 days, mice were sacrificed,
and pulmonary metastatic tumor nodules were
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assessed using hematoxylin & eosin (H&E)
staining and counted. All animal studies were
conducted following the Public Health Service
Policy and complied with the WHO guidelines
for the humane use and care of animals. The
Animal Ethics Committee of Shaanxi Provin-
cial People’'s Hospital monitored all animal
protocols.

Statistical analysis

Data were presented as mean = SEM, and each
experiment was performed at three indepen-
dent times. Differences were evaluated using a
T-test for two groups and one-way ANOVA for
three or more groups using Graphpad 6.0 soft-
ware. The Kaplan-Meier survival analysis was
used to evaluate the overall survival (*P < 0.05;
**pP < 0.01; ***P < 0.001; ns: no significant
difference).

Results
SLC18A3 was upregulated in renal cancer

Seeking to elucidate the mechanism of renal
cancer development, we compared the tran-
scriptome expression in 526 renal tumor tis-
sues with that in 72 normal tissues using the
TCGA database. One hundred thirty-four differ-
entially expressed genes (log, fold change > 5;
P < 0.05) were identified in the tumor and nor-
mal tissues (69 genes were downregulated and
65, upregulated; Figure 1A). To further deter-
mine the role of differentially expressed genes
in tumor progression, Cox proportional hazards
analysis was performed for the top 60 differen-
tially expressed genes (P < 0.05; top 60 upreg-
ulated and downregulated genes), and 15
genes (P < 0.05 in survival analysis) were iden-
tified as major regulators that influence the
overall survival in patients with renal cancer
(Figure 1B). In fact, among the 15 genes, a
series of oncogenes were involved in tumor pro-
gression, including TERT2, NPTX2, IL20RB, and
OR2A4. Intriguingly, we found that SLC18A3
displayed a high hazard ratio (1.306; P <
0.001), while its role in regulating tumor pro-
gression remains elusive. Therefore, we com-
pared SLC18A3 expression in 526 renal tumor
tissues with that in 72 normal tissues and
found that it was markedly upregulated in
tumor tissues (Figure 1C). To further validate
this result, using immunohistochemistry, we
examined SLC18A3 expression at the protein
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Figure 1. SLC18A3 was upregulated in renal cancer. A. Heat map of 134 differentially expressed genes (log2 fold change > 5, P < 0.05) were identified between
526 renal tumor and 72 normal tissues (downregulated 69, upregulated 65). B. COX proportional-hazards analysis of 15 genes in 526 patients with renal cancer.
C. The transcriptome expression of SLC18A3 in 526 renal tumor and 72 normal tissues. D. Immunohistochemistry of SLC18A3 in 12 para-carcinoma tissues and
24 renal tumor tissues from non-metastatic (n = 12) and metastatic (n = 12) patients. SLC18A3 expression was quantified and the scale bar was 50 ym. E. The
transcriptome expression of SLC18A3 in tumor tissues from 374 non-metastatic and 61 metastatic patients with renal cancer. F. Overall survival of 526 renal cancer
patients divided into high SLC18A3 (n = 261) and low SLC18A3 (n = 261) groups, analyzed by utilizing TCGA databases.
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level in 24 tumor tissues, which were divided
into para-carcinoma tissues, non-metastatic
and metastatic groups according to follow-up
visits. Accordingly, we observed a remarkable
increase in SLC18A3 expression in the meta-
static patients compared with the non-meta-
static or para-carcinoma ones (Figure 1D).
Elevated SLC18A3 expression was also found
in metastatic patients derived from TCGA data-
base (Figure 1E). Because of the strong expres-
sion of SLC18A3 in renal tumor tissues, espe-
cially in the metastatic group, we next assessed
whether SLC18A3 influenced the overall sur-
vival of patients. Thus, we divided 522 patients
with renal cancer from the TCGA database into
high (n = 261) and low (n = 261) SLC18A3
groups. Consistently, the “high SLC18A3” group
displayed a remarkably shortened survival ti-
me compared with the “low SLC18A3” group
(Figure 1F). Those results suggested that
SLC18A3 might serve as a potential prognostic
marker for renal cancer and play a role in regu-
lating renal cancer progression.

SLC18A3 facilitated ACh uptake to regulate
cell behavior

Motivated by the previously mentioned results
that high expression of SLC18A3 correlated
with a poor prognosis in patients with renal
cancer, we next sought to explore the mecha-
nism of renal cancer progression induced by
SLC18A3. To do this, first, we established
SLC18A3 overexpression in renal cancer cell
lines A489 and 786-O (Figure 2A). Subse-
quently, we conducted CCK-8 and Transwell
assay to evaluate the influence of SLC18A3 on
cell proliferation and migration. However, no
obvious difference was observed between
SLC18A3 overexpression and vector group
(Figure 2B and 2C). SLC18A3, a member of the
vesicular ACh transporter family, encodes a
transmembrane protein that transports ACh
into intracellular presynaptic secretory vesi-
cles. Notably, ACh is an ester of acetic acid and
choline, which acts as a neurotransmitter and
has been reported to promotes lung carcinoma
cell proliferation [14]. Thus, we supposed that
high expression of SLC18A3 might increase
ACh uptake efficiency in tumor cells, resulting
in proliferative characteristics induced by in-
tracellular ACh. To validate our hypothesis, we
treated the vectorand SLC18A3-overexpressing
A489 and 786-0 cells for 48 hours with ACh.
Then, we examined the intracellular ACh con-
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centration using an ACh ELISA kit. As expec-
ted, increased intracellular ACh was observed
in SLC18A3-overexpressing A489 and 786-0
cells (Figure 2D). More importantly, ACh
enhanced cell proliferation and migration in
SLC18A3-overexpressing A489 and 786-0
cells, while limited pro-tumor effects were
observed in vector A489 and 786-0 cells
(Figure 2E and 2F). Subsequently, we examined
the expression of ACh in 24 clinical renal tumor
tissues. Intriguingly, both the non-metastatic
and metastatic groups displayed similar ACh
concentrations in tumor tissues (Figure 2G),
while tumor cells from the metastatic group
showed increased intracellular ACh accumula-
tion (Figure 2H) compared with the non-meta-
static group. Given the higher SLC18A3 expres-
sion in the metastatic group and the pro-tumor
effects induced by the SCL18A3/ACh axis in
vitro, we concluded that SLC18A3 served as an
ACh transporter, promoting ACh uptake in renal
cancer cells, thereby causing sustained tumor
growth and metastasis in vivo.

ACh mediated PKA/CREB signaling activation

To elucidate the mechanism underlying ACh-
induced cell proliferation/migration, we next
divided 526 patients with renal cancer into a
“high SLC18A3” group (n = 263) and a “low
SLC18A3” group (n = 263). The mMRNA expres-
sion of those patients with renal cancer was
analyzed using the TCGA database. Four hun-
dred and forty-nine differentially expressed
genes (294 upregulated and 155 downregulat-
ed) were identified (Figure 3A). Next, utilizing
the Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis, the major path-
ways involved with SLC18A3 were determined
(Figure 3B). In agreement with our aforemen-
tioned results, SLC18A3 was involved in neuro-
active ligand-receptor interaction (ACh) associ-
ated signaling. More importantly, SLC18A3 also
participated in modulating the cAMP signaling
pathway, a crucial driver of tumor development.
To determine the role of CAMP signaling in re-
gulating renal cancer progression, the major
cAMP molecule PKA was detected in A489 and
786-0 cells using western blotting. Notably,
SLC18A3-overexpressing A489 and 786-0
cells treated with ACh exhibited an obvious
upregulation of PKA (Figure 3C), suggesting
that intracellular ACh mediated the activation
of cAMP signaling in renal cancer. Compelling
studies have demonstrated that PKA could
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Figure 2. SLC18A3 facilitated ACh uptake to regulate cell behavior. (A) Western blotting of SLC18A3 in vector and SLC18A3 overexpression A489/786-0 cells.
(B) Cell proliferation of vector and SLC18A3 overexpression A489/786-0 cells, determined by CCK-8 analysis. (C) Relative migrating cells of vector and SLC18A3
overexpression A489/786-0 cells, determined by Transwell assay. The scale bar was 50 um. (D) Intracellular ACh quantification in vector and SLC18A3 overexpres-
sion A489/786-0 cells treated with ACh (5 uM, 48 hours) or not. (E) Cell proliferation of vector and SLC18A3 overexpression A489/786-0 cells treated with ACh (5
UM, 48 hours) or not, determined by CCK-8 assay. (F) Relative migration cells of vector and SLC18A3 overexpression A489/786-0 cells treated with ACh (5 uM, 48
hours) or not, determined by Transwell assay. (G) ACh quantification in 24 tumor tissues from non-metastatic (n = 12) and metastatic (n = 12) patients. (H) Tumor
cells were isolated from 24 tissues in (G), and intracellular ACh were quantified.
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Figure 3. ACh mediated PKA/CREB signaling activation. (A) 526 renal cancer patients were divided into high SLC18A
group (n = 263) and low SLC18A3 group (n = 263), and differentially expression genes were determined. Volcano
plot of 449 significant differentially expressed genes identified through differential analysis with 294 genes up-
regulated and 155 genes downregulated, respectively. (B) KEGG enrichment analysis was conducted in 526 renal
cancer patients, divided into high SLC18A group (n = 263) and low SLC18A3 group (n = 263). (C) Western blotting of
PKA in vector and SLC18A3 overexpression A489/786-0 cells treated with ACh (5 uM, 48 hours) or not. (D) Western
blotting of CREB in vector and SLC18A3 overexpression A489/786-0 cells treated with ACh (5 uM, 48 hours), H89
(2HCI) (10 nM, 48 hours) or not. (E and F) SLC18A3 overexpression A489/786-0 cells were treated with ACh (5 uM)
combining H89 (2HCI) (10 nM) or not. Cell proliferation (E) and relative migration cells (F) were determined using
CCK-8 and Transwell assay. (G) Immunofluorescence of PKA and CREB in 24 tumor tissues from non-metastatic (n
= 12) and metastatic (n = 12) patients. Protein expression was quantified and the scale bar was 50 um.

mediate the CREB upregulation to stimulate development, we added H89 2HCI to SLC18A3-
cell proliferation and migration [14, 15]. Thus, overexpressing A489 and 786-0 cells treated
we further examined the expression of CREB with ACh and assessed cell proliferation and
in renal cancer cells. As expected, increased migration. As expected, treatment with H89
CREBwasobservedin SLC18A3-overexpressing 2HCI suppressed cell proliferation (Figure 3E)
A489 and 786-0 cells treated with ACh, while and migration (Figure 3F), revealing that the
treatment with H89 2HCI, a PKA inhibitor, sup- SLC18A3/ACh axis promoted renal cancer de-
pressed CREB upregulation (Figure 3D). Those velopment through PKA/CREB signaling. More-
results suggested that SCL18A3/ACh axis over, using immunofluorescence, we examined
mediated PKA/CREB signaling activation in PKA/CREB expression in renal tumor tissues
renal cancer. Next, to further confirm the role of obtained from non-metastatic and metastatic
PKA/CREB signaling in regulating renal cancer patients. Upregulated PKA and CREB (Figure
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Figure 4. SLC18A3 promoted renal tumor progression in vivo. (A) Tumor volume of subcutaneous vector/SLC18A3
overexpression A489 bearing mice. (B) Intracellular ACh quantification of tumor cells from vector/SLC18A3 over-
expression A489 bearing mice. (C) Immunofluorescence of PKA and CREB in tumor tissues from vector/SLC18A3
overexpression A489 bearing mice. Protein expression was quantified and the scale bar was 50 um. (D) Metastatic
pulmonary tumor nodule quantification in mice injected with vector or SLC18A3 overexpression A498 cells (1 x 106,
day 40). (E) H&E staining of lung tissues in (D). The scale bar was 200 pm.

3G) were observed in tumor tissues obtained
from metastatic patients compared with non-
metastatic ones. Collectively, those results
suggested that intracellular ACh mediated
PKA/CREB signaling activation to promote
renal cancer progression.

SLC18A3 promoted renal tumor progression
in vivo

Our in vitro findings have suggested that
SLC18A3/ACh promoted cell proliferation. We
became interested in evaluating the influence
of SLC18A3 on tumor progression in vivo.
Vector and SLC18A3-overexpressing A489
cells were subcutaneously inoculated into
NOD-SCID mice. Intriguingly, we found a rapid
tumor growth trend in mice bearing SLC18A3-
overexpressing A489 cells compared with the
mice bearing vector cells (Figure 4A). In line
with the in vitro results, tumor cells isolated
from mice bearing SLC18A3-overexpressing
A489 cells revealed a higher intracellular ACh
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level compared with mice bearing vector cells
(Figure 4B), suggesting that SLC18A3 promot-
ed ACh uptake of tumor cells in vivo. Similarly,
at the protein level, PKA and CREB were upreg-
ulated in mice bearing SLC18A3-overexpressing
A489 as evidenced by immunofluorescence
(Figure 4C). Subsequently, we further evaluat-
ed the effects of SLC18A3 on the pulmonary
metastasis of renal cancer cells. We injected
vector cells or SLC18A3-overexpressing A498
cells (1 x 1068 cells) into the tail vein of mice.
After 40 days, mice were sacrificed, and con-
secutive sections of lung tissues were subject-
ed to hematoxylin & eosin staining. We exam-
ined and counted all the metastatic tumor nod-
ules to assess pulmonary metastasis. In agree-
ment with the in vitro Transwell assay, cells with
SLC18A3 overexpression formed more meta-
static tumor nodules than vector cells (Figure
4D and 4E), indicating a pro-metastasis role of
SLC18A3 in renal cancer. Collectively, our
experiments proved that SLC18A3 contributed
to the acceleration of renal cancer cell prolifer-
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ation and migration, resulting in sustained
tumor progression in vivo.

Discussion

Cancer cells take over the microenvironment to
maximize their survival advantages. As a com-
mon feature of the TME, the nerves have been
intimately linked to the malignant etiology of
tumors [16]. This study complemented the pre-
vious findings underscoring that SLC18A3 par-
ticipated in modulating the aggressive traits of
renal cancer cells in an ACh-dependent man-
ner. Meanwhile, we showed that high SLC18A3/
ACh levels were related to a greater tumor bur-
den in patients with renal cancer. By connect-
ing ACh signaling with tumor progression, our
work opens new perspectives for future renal
cancer research.

ACh, as a regulator of tumor behaviors, has
long been under intense investigation. Re-
search has converged to suggest that ACh
could be auto-synthesized and released as a
facilitator in several tumor types [17, 18]. ACh
was proved to stimulate the tumor’s sphere for-
mation and increase the expression of stem-
ness markers in gastric cancer, indicating its
role in maintaining a stem cell phenotype [19].
Additionally, extensive literature stated that
enzymes and receptors involved in ACh signal-
ing contributed to the aggressive traits of tumor
cells, while ACh transporters have received less
attention [20]. However, evidence showed that
SLC18A3 was robustly expressed in clinical
samples from patients with lung cancer [21].
Moreover, the blockade of the vesicular trans-
porter activity of SLC18A3 showed the growth-
inhibitory effects on lung cancer in vitro and in
vivo [22]. In a recent investigation on head and
neck cancer, SLC18A3 was identified as part of
the gene expression signature associated with
angiolymphatic invasion, which predicted dis-
ease relapse and unfavorable survival [22, 23].
Our study revealed an elevated expression of
SLC18A3 in renal tumor tissues, which moti-
vated us to postulate that SLC18A3 may modu-
late the development of renal cancer. On this
basis, we demonstrated that SLC18A3 promot-
ed cell proliferation and migration, thus fueling
renal cancer growth. We further attributed the
pro-tumoral properties of SLC18A3 to the
enhancement of ACh uptake. Our study report-
ed for the first time that SLC18A3, the vesicular
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transporter responsible for ACh packaging,
contributed to renal cancer progression.

cAMP, the first discovered second messenger,
is produced in response to the stimulation of a
plethora of hormones and neurotransmitters. It
has been well documented that cAMP modu-
lates the transcription of various target genes,
mainly through PKA and its downstream effec-
tors, to orchestrate correct cellular responses
[24]. cAMP-PKA signaling is pervasively activat-
ed in human neoplasms, and uncontrolled PKA
activation is frequently reported to contribute
to neoplastic transformation, angiogenesis,
and apoptotic events, ultimately dictating the
fate of a tumor [25]. PKA is, therefore, exploited
as a relevant biological target, and inhibitors of
PKA are currently being applied singly or in
combination with a medication to effectively
treat cancer [26]. In line with the aforesaid find-
ings, our study confirmed that PKA endowed
renal cancer cells with enhanced ability of pro-
liferation and migration, which could be
reversed by PKA blockade. Importantly, we
emphasized the implication of PKA signaling
in SLC18A3-induced renal cancer progression,
as indicated by the upregulation of PKA in
SLC18A3-overexpressing cells. KEGG enrich-
ment analysis also demonstrated that SLC18A3
modulates the cAMP signaling pathway. The
pro-tumor role of PKA involves multiple sub-
strates. Tonucci and colleagues found that PKA
facilitated tumor metastasis via the phosphory-
lation of CDC42 interacting protein 4 (CIP4), an
orchestrator of membrane deformation and
actin polymerization [27]. FAK was another PKA
target that conferred invasive capacity to pros-
tate cancer cells [28]. We proposed that ACh
treatment significantly augmented PKA expres-
sion in renal cancer cells and activated CREB, a
tumor co-conspirator participating in cell sur-
vival and glucose metabolism. Our study fur-
ther validated that SLC18A3 delivered a signal
through the PKA/CREB pathway, leading to sus-
tained tumor growth and increased metastatic
lesions in murine xenograft models. Based on
the aforementioned results, our study under-
scored the relevance of SLC18A3 in renal can-
cer progression. First, our analysis of the TCGA
database suggested that SLC18A3 expression
indicated renal cancer, with high values pre-
dicting unfavorable outcomes. Second, we pro-
vided evidence that SLC18A3 promoted the
proliferative properties and migratory capacity
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of renal cancer cell lines in mice models. Third,
our experiment indicated a novel pathway wh-
ereby SLC18A3 stimulated tumor growth via
ACh/PKA/CREB signaling. Fourth, we found
that the aberrant expression of ACh/PKA/CREB
was correlated with metastasis in the clinic,
which might provide potential biomarkers to
monitor renal cancer progression.

Conclusion

We demonstrated that SLC18A3 signaled th-
rough the ACh/PKA/CREB pathway, thus facili-
tating cell proliferation and metastasis in renal
cancer. Our findings raise the tantalizing possi-
bility that targeting the autonomic nervous sys-
tem may be a feasible treatment modality for
renal cancer.

Acknowledgements

We are grateful of all participants in Shaanxi
Provincial People’s Hospital.

The study was approved by the ethical commit-
tee of Shaanxi Provincial People’s Hospital.
Informed consent was obtained from all sub-
jects involved in this study. All animal experi-
ments in this study were approved by the
Shaanxi Provincial People’s Hospital, in compli-
ance with the Guide for the Care and Use
of Laboratory Animals published by the US
National Institutes of Health (NIH publication
no. 85-23, revised 1996), and all methods are
reported in accordance with ARRIVE guidelines
(https://arriveguidelines.org) for the reporting
of animal experiments.

Disclosure of conflict of interest

None.

Abbreviations

SLC18A3, vesicular acetylcholine transporter;
ACh, acetylcholine; PKA, Protein kinase A;
CREB, cAMP-response element binding protein;
TME, tumor microenvironment; VAChT, vesicu-
lar acetylcholine transporter; EMT, epithelial-
mesenchymal transition; ATCC, American Type
Culture Collection; RPMI, Roswell Park Memo-
rial Institute; FBS, fetal bovine serum; ELISA,
Enzyme-linked immunosorbent assay; SPF,
Specific Pathogen Free; CIP4, CDC42 interact-
ing protein 4.

4288

Address correspondence to: Wan-Li Duan, Depart-
ment of Urology, Shaanxi Provincial People’s Hos-
pital, No. 256 Youyi Western Road, Xi'an 710068,
Shaanxi Province, China. E-mail: Duanwanli0426@
163.com

References

[1]  Gupta K, Miller JD, Li JZ, Russell MW and Char-
bonneau C. Epidemiologic and socioeconomic
burden of metastatic renal cell carcinoma
(mRCC): a literature review. Cancer Treat Rev
2008; 34: 193-205.

[2] Jonasch E, Gao J and Rathmell WK. Renal cell
carcinoma. BMJ 2014; 349: g4797.

[3] Gray RE and Harris GT. Renal cell carcinoma:
diagnosis and management. Am Fam Physi-
cian 2019; 99: 179-184.

[4] Park WH and Eisen T. Prognostic factors in re-
nal cell cancer. BJU Int 2007; 99: 1277-1281.

[5] WangK, Zhao XH, Liu J, Zhang R and Li JP. Ner-
vous system and gastric cancer. Biochim Bio-
phys Acta Rev Cancer 2020; 1873: 188313.

[6] Jeong S, Zheng B, Wang H, Xia Q and Chen L.
Nervous system and primary liver cancer. Bio-
chim Biophys Acta Rev Cancer 2018; 1869:
286-292.

[7] Simé M, Navarro X, Yuste VJ and Bruna J. Auto-
nomic nervous system and cancer. Clin Auton
Res 2018; 28: 301-314.

[8] Silverman DA, Martinez VK, Dougherty PM, My-
ers JN, Calin GA and Amit M. Cancer-associat-
ed neurogenesis and nerve-cancer cross-talk.
Cancer Res 2021; 81: 1431-1440.

[9] Cox MA, Bassi C, Saunders ME, Nechanitzky R,
Morgado-Palacin I, Zheng C and Mak TW. Be-
yond neurotransmission: acetylcholine in im-
munity and inflammation. J Intern Med 2020;
287: 120-133.

[10] Jobling P, Pundavela J, Oliveira SM, Roselli S,
Walker MM and Hondermarck H. Nerve-cancer
cell cross-talk: a novel promoter of tumor pro-
gression. Cancer Res 2015; 75: 1777-1781.

[11] YangT, He W, Cui F, Xia J, Zhou R, Wu Z, Zhao Y
and Shi M. MACC1 mediates acetylcholine-in-
duced invasion and migration by human gas-
tric cancer cells. Oncotarget 2016; 7: 18085-
18094.

[12] Ukegawa JI, Takeuchi Y, Kusayanagi S and Mi-
tamura K. Growth-promoting effect of musca-
rinic acetylcholine receptors in colon cancer
cells. J Cancer Res Clin Oncol 2003; 129: 272-
278.

[13] Shao JX, Wang B, Yao YN, Pan ZJ, Shen Q and
Zhou JY. Autonomic nervous infiltration posi-
tively correlates with pathological risk grading
and poor prognosis in patients with lung ade-
nocarcinoma. Thorac Cancer 2016; 7: 588-
598.

Am J Cancer Res 2022;12(9):4279-4289


mailto:Duanwanli0426@163.com
mailto:Duanwanli0426@163.com

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

SLC18A3 and acetylcholine/cAMP signaling in renal cancer

Xu R, Shang C, Zhao J, Han Y, Liu J, Chen K and
Shi W. Activation of M3 muscarinic receptor by
acetylcholine promotes non-small cell lung
cancer cell proliferation and invasion via
EGFR/PI3K/AKT pathway. Tumour Biol 2015;
36: 4091-4100.

Shaywitz AJ and Greenberg ME. CREB: a stimu-
lus-induced transcription factor activated by a
diverse array of extracellular signals. Annu Rev
Biochem 1999; 68: 821-861.

Hanoun M, Maryanovich M, Arnal-Estapé A
and Frenette PS. Neural regulation of hemato-
poiesis, inflammation, and cancer. Neuron
2015; 86: 360-373.

Yu H, Xia H, Tang Q, Xu H, Wei G, Chen Y, Dai X,
Gong Q and Bi F. Acetylcholine acts through
M3 muscarinic receptor to activate the EGFR
signaling and promotes gastric cancer cell pro-
liferation. Sci Rep 2017; 7: 40802.

Friedman JR, Richbart SD, Merritt JC, Brown
KC, Nolan NA, Akers AT, Lau JK, Robateau ZR,
Miles SL and Dasgupta P. Acetylcholine signal-
ing system in progression of lung cancers.
Pharmacol Ther 2019; 194: 222-254.

Nguyen PH, Touchefeu Y, Durand T, Aubert P,
Duchalais E, Bruley des Varannes S, Varon C,
Neunlist M and Matysiak-Budnik T. Acetylcho-
line induces stem cell properties of gastric
cancer cells of diffuse type. Tumour Biol 2018;
40: 1010428318799028.

Chen J, Cheuk IWY, Shin VY and Kwong A. Ace-
tylcholine receptors: key players in cancer de-
velopment. Surg Oncol 2019; 31: 46-53.

Song P, Sekhon HS, Fu XW, Maier M, lJia Y,
Duan J, Proskosil BJ, Gravett C, Lindstrom J,
Mark GP, Saha S and Spindel ER. Activated
cholinergic signaling provides a target in squa-
mous cell lung carcinoma. Cancer Res 2008;
68: 4693-4700.

Lau JK, Brown KC, Thornhill BA, Crabtree CM,
Dom AM, Witte TR, Hardman WE, McNees CA,
Stover CA, Carpenter AB, Luo H, Chen YC, Shi-
flett BS and Dasgupta P. Inhibition of choliner-
gic signaling causes apoptosis in human bron-
chioalveolar carcinoma. Cancer Res 2013; 73:
1328-1339.

4289

(23]

[24]

(25]

[26]

[27]

(28]

Metzger K, Moratin J, Freier K, Hoffmann J, Za-
oui K, Plath M, Stogbauer F, Freudlsperger C,
Hess J and Horn D. A six-gene expression sig-
nature related to angiolymphatic invasion is
associated with poor survival in laryngeal
squamous cell carcinoma. Eur Arch Otorhino-
laryngol 2021; 278: 1199-1207.

Zhang H, Kong Q, Wang J, Jiang Y and Hua H.
Complex roles of cCAMP-PKA-CREB signaling in
cancer. Exp Hematol Oncol 2020; 9: 32.
Naviglio S, Caraglia M, Abbruzzese A, Chiosi E,
Di Gesto D, Marra M, Romano M, Sorrentino A,
Sorvillo L, Spina A and llliano G. Protein kinase
A as a biological target in cancer therapy. Ex-
pert Opin Ther Targets 2009; 13: 83-92.
Tortora G and Ciardiello F. Protein kinase A as
target for novel integrated strategies of cancer
therapy. Ann N Y Acad Sci 2002; 968: 139-
147.

Tonucci FM, Aimada E, Borini-Etichetti C, Pari-
ani A, Hidalgo F, Rico MJ, Girardini J, Favre C,
Goldenring JR, Menacho-Marquez M and
Larocca MC. Identification of a CIP4 PKA phos-
phorylation site involved in the regulation of
cancer cell invasiveness and metastasis. Can-
cer Lett 2019; 461: 65-77.

Cheng, Gao XH, Li XJ, Cao QH, Zhao DD, Zhou
JR, Wu HX, Wang Y, You LJ, Yang HB, He YL, Li
YR, Bian JS, Zhu QY, Birnbaumer L and Yang Y.
Depression promotes prostate cancer invasion
and metastasis via a sympathetic-cCAMP-FAK
signaling pathway. Oncogene 2018; 37: 2953-
2966.

Am J Cancer Res 2022;12(9):4279-4289



