Bzl SPANDIDOS
7] ,§, PUBLICATIONS

ONCOLOGY REPORTS 55: 98, 2026

Sphingosine-1-phosphate receptor 1 enhances olfactory
receptor S1E1-mediated inhibition of proliferation
via Src/JNK signaling in prostate cancer cells
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Abstract. Olfactory receptors (ORs) are ectopically expressed
in multiple cancers and can regulate tumor cell behavior, yet
their clinical relevance and regulatory mechanisms remain
poorly defined. OR51El is highly expressed in prostate cancer
(PC) and suppresses tumor cell proliferation upon activa-
tion, but its expression alone does not correlate with patient
prognosis, suggesting additional regulatory factors. Using
transcriptomic analyses of The Cancer Genome Atlas and
Genotype-Tissue Expression datasets, functional screening of
G-protein-coupled receptors, and mechanistic studies in PC
cells, sphingosine-1-phosphate receptor 1 (S1IPR1) was identi-
fied as a key modulator of OR51E1 function. Activation of
ORS51E1 by nonanoic acid (NA) or butyric acid reduced PC
cell survival in an OR51E1-dependent manner, and this effect
was abolished in OR51E1 knockout cells. SIPR1 enhanced
ORS51E1-mediated signaling by increasing its surface
expression and amplifying downstream apoptotic responses.
Although ORS5IEI] activation induced cAMP signaling,
NA-induced cytotoxicity was independent of the canonical
Gs/olf-cAMP pathway and instead required Src and JNK acti-
vation, which was further potentiated by SIPR1. Clinically,
co-expression of OR51El and SI1PR1 was significantly
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associated with improved progression-free interval in
patients with prostate adenocarcinoma, particularly in stage II
disease, whereas OR51E1 expression alone showed no prog-
nostic value. Collectively, these findings define a previously
unrecognized OR51E1-S1PR1 signaling axis that suppresses
PC cell survival through Src/JNK-dependent mechanisms
and highlight GPCR-mediated regulation of ectopic olfactory
receptors as a determinant of tumor behavior and patient
outcome.

Introduction

Olfactory receptors (ORs) constitute the largest family of
G-protein-coupled receptors (GPCRs), accounting for ~400
and 1,200 intact genes in humans and mice, respectively (1-3).
In olfactory sensory neurons, activation of ORs triggers
dissociation of the olfactory Ga protein (Golf) from its Gy
subunit, followed by activation of type III adenylyl cyclase
and an increase in intracellular cAMP. Elevated cAMP levels
induce the opening of cAMP-gated Ca?* channels, which in
turn trigger membrane depolarization and the generation of
action potentials (4-7).

Most ORs are expressed in the nasal olfactory epithelium,
but accumulating evidence indicates that they are also present
in various non-nasal tissues (8,9). This ectopic expression
suggests potential roles for ORs beyond smell perception,
mediating diverse physiological processes (10-15). For
example, OR17-4 is expressed in human spermatozoa and
plays an essential role in efficient fertilization by mediating
sperm chemotaxis toward the oocyte (10-12). The mouse
olfactory receptor MOR23 (a homolog of human OR10J5)
has been shown to promote skeletal muscle regeneration by
regulating myoblast adhesion and migration, underscoring
the role of ORs in tissue remodeling and repair (13). OR78 in
renal juxtaglomerular cells responds to short-chain fatty acids
derived from gut microbiota, linking microbial signals to renin
secretion and systemic blood pressure regulation (14). In the
liver, OR10J5 senses the plant-derived compound a-cedrene
and regulates hepatic lipid metabolism and steatosis through
the cAMP-PKA signaling pathway, suggesting a metabolic
role for ORs in energy homeostasis (15).
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Notably, studies have reported that ORs are abnormally
expressed in various tumor cells, including those in breast
cancer (16), melanoma (17), colon cancer (18), bladder
cancer (19), neuroendocrine carcinomas (20), liver cancer (21),
lung cancer (22) and brain cancer (23). In these cancers,
ORs can regulate cell invasion, migration, proliferation and
apoptosis through their own signaling cascades involving
both canonical and non-canonical signaling pathways (24).
Olfactory receptor SIE1 (ORS51E]) is one of the most abun-
dantly expressed ectopic ORs in various tissues, including
small intestine neuroendocrine carcinoma (25,26), lung carci-
noid (27) and prostate carcinoma (24,28-30). Because OR51E1
is highly expressed in prostate tissues, it has also been referred
to as prostate-specific GPCR2 (28). Interestingly, OR51E1
gene expression is significantly higher in prostate cancer
(PC) tissues than in normal prostate tissues (28-30), although
no correlation between ORS51E1 expression and survival of
patients with PC has been identified. Furthermore, studies have
shown that activation of OR51EI by short- and medium-chain
fatty acid ligands, such as butyrate, triggers intracellular
signaling cascades characterized by elevated cAMP levels
and PKA activation. This signaling promotes the upregula-
tion of cell cycle inhibitors, including p21 and p27, as well as
the tumor suppressor p53, leading to cell cycle arrest (29,30).
However, the precise molecular mechanisms underlying these
effects remain to be fully elucidated.

In the present study, the expression and prognostic signifi-
cance of ORS51El and other GPCRs in PC were analyzed.
Using nonanoic acid (NA)-induced cAMP production as a
functional readout, we found that sphingosine-1-phosphate
receptor 1 (S1PR1) can regulate OR51El-mediated signaling
and tumor suppression. The present findings provide mecha-
nistic insights into the tumor-suppressive effects of OR51E1
in PC and suggest the existence of specific GPCR-mediated
regulatory mechanisms for ectopic olfactory receptors.

Materials and methods

Cell culture and reagents. LNCaP cells were obtained from
the Korean Cell Line Bank, and Dul45 and PC3 cells were
purchased from the American Type Culture Collection.
LNCaP, DU145 and PC3 cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum
(FBS; Hyclone; Cytiva), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 20 mM HEPES at 37°C in a humidified
5% CO, incubator. Hana3A cells, generously provided by
Professor Hiroaki Matsunami (Duke University School of
Medicine), were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% FBS, penicillin and strep-
tomycin. Butyric acid (BA) and NA were purchased from
MilliporeSigma. TC-G1006 (cat. no. 4747) was purchased
from Tocris Bioscience. Anti-S1PR1 (cat. no. 55133-1-AP) and
anti-PARPI (cat. no. 51-6639GR) antibodies were purchased
from Proteintech Group, Inc. and BD Biosciences, respec-
tively. Anti-ERK1/2 (cat. no. 9102), anti-phospho-ERK1/2
(T202/Y204) (cat. no. 4370), anti-SRC (cat. no. 2109),
anti-phospho-SRC (Tyr416; cat. no. 6943), anti-JNK
(cat. no. 9252), anti-phospho-JNK (T183/Y185; cat. no. 4668),
anti-p38 MAPK (cat. no. 8690) and anti-phospho-p38 MAPK
(T180/Y182; cat. no. 4511) antibodies were purchased

from Cell Signaling Technology, Inc. Anti-f-Actin-HRP
(cat. no. sc-47778) and anti-rabbit IgG HRP-conjugated
(cat. no. ASO14) antibodies were purchased from Santa
Cruz Biotechnology, Inc. and ABclonal Biotech Co., Ltd.,
respectively.

Plasmids. Human GPCR cDNAs were obtained from the
Missouri S&T cDNA Resource Center and cloned into
pENTR/D-TOPO vectors (Invitrogen; Thermo Fisher
Scientific, Inc.) as previously described (31). If necessary,
a stop codon was introduced via site-directed mutagenesis.
N-terminal lucy-flag-rho tag of OR51E1 was a kind gift from
Jennifer L. Pluznick (32). Flag, and Myc tags were cloned at
the N-terminus of each GPCR using one-step sequence- and
ligation-independent cloning (33). GPCRs were subcloned
into pcDNA3.1 or pLenti-CMV-Puro-DEST (Addgene, Inc.;
cat. no. 17452; a gift from Eric Campeau & Paul Kaufman)
vectors using the Gateway cloning system (Invitrogen;
Thermo Fisher Scientific, Inc.), following the manufacturer's
instructions. pGL4.29[luc2P/CRE/Hygro] reporter plasmid
was purchased from Promega Corporation (cat. no. E8471).
GloSensor-22F plasmid was purchased from Promega
Corporation (cat. no. E2301) for measuring cAMP production.
For CRISPR-Cas9 gene editing, non-targeting control sgRNA
and guide RNAs targeting OR51E1 were designed using
the OmniGuide RNA Design Tool (GenScript; https:/www.
genscript.com/tools/gRNA-design-tool) and were cloned into
the lentiCRISPR-v2 vector (Addgene, Inc.; cat. no. 52961; a
gift from Feng Zhang).

Generation of stably transduced cells using lentivirus.
Lentiviral particles were produced using the ViraPower
Lentiviral Expression System (cat. no. K4960-00; Thermo
Fisher Scientific, Inc.). Lenti-X 293T cells were co-transfected
withthe lentiviral expression vectors pLenti-CM V-Puro-S1PR1
(custom lentiviral expression construct encoding human
S1PR1) or pLentiCRISPR-v2 encoding ORS51El-targeting
sgRNA or a non-targeting control, together with the packaging
plasmids (pLP1, pLP2 and pVSVG), using Lipofectamine 2000
according to the manufacturer's instructions. Viral superna-
tants were collected 48 h post-transfection and filtered through
a 0.45-ym membrane. Viral titers were determined using
HT1080 cells, and LNCaP cells were transduced at a multi-
plicity of infection (MOI) of 5 in the presence of polybrene
(8 ug/ml; MilliporeSigma). Transduced cells were selected
with puromycin (1 xg/ml) for 7 days to establish pooled stable
cell populations. OR51E1-knockout and non-targeting control
LNCaP cells were generated by lentiviral transduction using
lentiCRISPR constructs encoding sgOR5IEI #1, sgOR5IE]
#2, or a non-targeting control sgRNA (sgCTL). The sgRNA
target sequences were as follows: sgORSIE]I #1: 5“TAGCAG
ACAAGCATCAAAC-3'; sgORS5SIE] #2: 5-GGCCATAGA
CGACATTGACC-3" sgCTL: 5-ACGGAGGCTAAGCGT
CGCAA-3' (34). Following puromycin selection for 12 days,
knockout efficiency was functionally validated by assessing
NA-induced CRE-luciferase reporter activity. To assess the
mutation of OR51E1 target, PCR was conducted using the
primers 5'-CCTCCCTGGTTTAGAAGAGGC-3' and 5-GGA
TGCGCTGTCGAATCTCC-3". The resulting PCR amplicon
was digested with Bsrl (New England BioLabs, Inc.) for
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ORSIEL target #1 and Hpall (Fermentas; Thermo Fisher
Scientific, Inc.) for OR51EL1 target #2 to confirm the knockout
of OR51E].

Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA was extracted and purified from cultured cells using
the RNeasy Mini Kit (Qiagen, Inc.). First-strand cDNA was
synthesized with the ReverTra Ace® RT-qPCR Kit (Toyobo
Life Science) according to the manufacturer's instructions.
Quantitative PCR was performed using the Brilliant SYBR
Green QPCR Master Mix (Agilent Technologies, Inc.). The
thermocycling conditions were as follows: Initial denaturation
at 95°C for 3 min, followed by 40 cycles of denaturation at
95°C for 15 sec, annealing at 60°C for 30 sec, and extension
at 72°C for 30 sec. Gene expression levels were normalized to
the housekeeping gene B-actin, and relative quantification was
performed using the 2224 method (35). The primer sequences
used for amplification were as follows: Actin forward, 5'-GGA
AATCGTGCGTGACATTAAG-3' and reverse, 5-AGCTCG
TAGCTCTTCTCCA-3"; and ORSIE1 forward, 5'-CCGCCA
TTGGCCTGGACTCA-3' and reverse, 5-CCAAGATGACGG
GCAGCGGA-3.

Cell proliferation assay. Cell proliferation was assessed
using the Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Inc.). Cells were seeded in 96-well microplates at a density of
15,000 cells per well. For pathway inhibitor experiments, cells
were pre-treated for 1 h with the indicated pathway inhibi-
tors (SQ-22536, 100 uM (cat. no. 568500; MilliporeSigma;
PubChem ID 5270); SU6656, 10 uM (cat. no. 572635;
MilliporeSigma; PubChem ID 5312137); dasatinib, 10 nM
(cat. no. CDS023389; MilliporeSigma; PubChem ID 3062316);
SP600125, 10 uM (cat. no. HY-12041; MilliporeSigma;
PubChem ID NSC75890); SB203580, 10 uM (cat. no. S1076;
Selleck Chemicals; PubChem ID 176155); U0126, 1 uM
(cat. no. HY-12031A; MilliporeSigma; PubChem ID 3006531);
AG490, 10 uM (cat. no. HY-12000; MilliporeSigma; PubChem
ID 5328779), followed by incubation with or without NA for
48 h. Subsequently, 10 ul of CCK-8 reagent was added to
each well and incubated for 4 h at 37°C. Absorbance was
measured at 450 nm using an EnVision microplate reader
(PerkinElmer, Inc.).

Apoptosis assay. LNCaP cells were plated in 12-well plates
and treated with the indicated compounds for 24 h. After treat-
ment, both the supernatant and adherent cells were collected
using Accutase and resuspended in 100 ul of DPBS containing
0.1% BSA (cat. no. 11945; SERVA Electrophoresis GmbH)
and annexin binding buffer (10 mM HEPES/NaOH, pH
7.4, 140 mM NacCl, 2.5 mM CaCl,). Cells were stained with
10 ug/ml propidium iodide and 40 ul of Annexin V Ready
Flow conjugates (Invitrogen; Thermo Fisher Scientific, Inc.)
for 15 min at room temperature in the dark. Stained cells were
analyzed by FACS Canto II (BD Biosciences), and data were
processed using FlowJo software (version 10; BD Biosciences).

cAMP assay. Intracellular cAMP levels were measured using
the pGloSensor-22F cAMP reporter plasmid (cat. no. E2301;
Promega Corporation). Hana3A cells were plated in 24-well
plates 24 h prior to transfection. One day before the assay,
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cells were transfected with plasmids encoding ORS51E1
(20 ng), RTP1s (5 ng), the indicated GPCRs (5 ng), and the
GloSensor-22F (50 ng) reporter using Lipofectamine 2000
(1 ul per well; Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's instructions. The following
day, cells were detached using DPBS containing EDTA and
resuspended in CO,-independent medium (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 0.1% BSA and
800 pg/ml D-luciferin. Cells were transferred to white 96-well
microplates (cat. no. 3917; Corning, Inc.) and incubated at
room temperature for 2 h. Luminescence, reflecting intracel-
lular cAMP levels, was measured using a TriStar2 microplate
reader (Berthold Technologies GmbH) with a 540-nm filter.

CRE-luciferase reporter assay. LNCaP cells were seeded in
6-well cell culture plates at 4x10° cells per well and transfected
with the pGL4.29[luc2P/CRE/Hygro] reporter plasmid (400 ng;
cat. no. E8471; Promega Corporation) using Lipofectamine
2000 4 pl per well; Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's instructions. After 48 h, cells
were detached and replated into 96-well white plates. The
following day, cells were starved with assay buffer (phenol
red-free DMEM containing 0.1% BSA) overnight. After starva-
tion, cells were treated with NA for 12 h at 37°C. Luciferase
activity was measured using the Steady-Glo® Luciferase Assay
System (10 ul per well; Promega Corporation) for 5 min at room
temperature in the dark using a TriStar2 LB 942 multimode
microplate reader (Berthold Technologies GmbH).

Detection of cell surface expression of GPCRs.
For ELISA, Hana3A cells were transfected with
pcDNA-Lucy-FLAG-Rho-ORS51El1 in 96 well plates. A total of
2 days after transfection, cells were fixed with 4% paraformalde-
hyde for 15 min at room temperature under non-permeabilizing
conditions. Cells were incubated with anti-FLAG antibody
(cat. no. F1804; MilliporeSigma; 1:4,000) at 4°C overnight,
followed by incubation with an HRP-conjugated anti-mouse
antibody (cat. no. A9044; MilliporeSigma; 1:40,000) for 1 h in
the dark. Cells were washed three times with PBS containing
1% BSA, incubated with TMB substrate (cat. no. 34028; Thermo
Fisher Scientific, Inc.), and the reaction was stopped with sulfuric
acid. Absorbance was measured at 450 nm using an EnVision
Multilabel Plate Reader (Perkin Elmer, Inc.). For flow cytometry,
LNCaP cells were dissociated using Accutase (cat. no. A6964;
MilliporeSigma). Cells were incubated with an anti-S1PR1 rabbit
polyclonal antibody (1:1,000) or control rabbit IgG (1:1,000)
for 1 h at 4°C, followed by incubation with a FITC-conjugated
anti-rabbit IgG secondary antibody (1:1,000) for 30 min at 4°C.
Staining was performed in PBS containing 1% BSA. Cells were
analyzed using a BD FACSCanto II cytometer equipped with a
488 nm laser and a 525/50 nm bandpass filter for FITC detec-
tion. At least 10,000 live events were collected per sample. Single
cells were identified by forward scatter area (FSC-A) versus
forward scatter height (FSC-H) gating, followed by exclusion of
debris using FSC-A vs. side scatter area. Fluorescence-positive
populations were gated based on unstained controls and fluo-
rescence-minus-one controls for FITC. A viability dye was not
used, and Fc-blocking was not applied because the cell lines used
do not express Fc receptors under our culture conditions. Data
were analyzed using FlowJo software.
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Western blot analysis. Total protein was extracted using radio-
immunoprecipitation assay lysis buffer (50 mM Tris-HCI,
pH 7.4; 150 mM NaCl; 1% NP-40; 0.5% sodium deoxycho-
late; 0.1% SDS; 1 mM EDTA) supplemented with protease
inhibitors (phenylmethyl sulfonyl fluoride, 10 mM; pepstatin,
1 mM; leupeptin, 1 mM; benzamide, 1 mM) and phosphatase
inhibitors (sodium orthovanadate, 1 uM; B-glycerol phosphate,
10 mM; sodium pyrophosphate, 10 mM; sodium fluoride,
10 mM). Protein concentrations were determined using a
Bio-Rad protein assay kit (Bio-Rad Laboratories Inc.). Equal
amounts of proteins (25 ug per sample) were separated by
SDS-PAGE using 10% acrylamide gels and transferred onto
nitrocellulose membranes. Membranes were blocked with 5%
non-fat milk in TBS containing 0.1% Tween-20 for 1 h and
then incubated at 4°C overnight with the following primary
antibodies: anti-FLAG (1:4,000), phospho-Src (1:1,000), Src,
phospho-SAPK/JINK (1:1,000), SAPK/INK, phospho-p38
MAPK (1:1,000), p38 MAPK, phospho-ERK (1:1,000),
ERK (1:1,000), PARP1 (1:2,000) and B-actin (1:20,000).
Immunoreactive bands were detected using a chemilumi-
nescent imaging system (AE-9150 Ez-Capture 1I; ATTO
Corporation). Band intensities were quantified using ImageJ
software (version 1.54p; National Institutes of Health).

Expressionand survivalanalysis.Geneexpressiondata for pros-
tate adenocarcinoma (PRAD) and normal prostate tissue were
obtained from the UCSC Xena Browser (https://xenabrowser.
net/) using the dataset ‘The Cancer Genome Atlas (TCGA)
TARGET Genotype-Tissue Expression (GTEx) transcript
expression by RSEM using UCSC TOIL RNA-seq recompute’.
Transcript abundance was reported as RSEM transcripts per
million (TPM). All TCGA and GTEx samples were processed
through the UCSC TOIL RNA-seq recompute pipeline, which
applies a uniform workflow for read alignment, quantification,
normalization and quality control, thereby minimizing batch
effects and enabling direct comparison of expression values
between tumor and normal tissues. OR51E1 expression levels
were compared between GTEXx prostate samples and TCGA
PRAD samples, including stratification by pathological stage
where indicated. Expression levels were visualized using
violin plots, and progression-free interval was assessed using
Kaplan-Meier survival analysis. All analyses were performed
using R software (version 4.1.2; R Foundation for Statistical
Computing).

Statistical analysis. All experimental data are presented as the
mean + standard error of the mean (SEM). Statistical signifi-
cance was determined using unpaired two-tailed Student's
t-test, or two-way ANOVA followed by Tukey's multiple
comparison test, as appropriate. P<0.05 was considered to
indicate a statistically significant difference. Analyses were
performed using GraphPad Prism 9 software (GraphPad
Software; Dotmatics).

Results

ORS5IEI suppresses PC cell proliferation, but its expression
is not associated with patient survival. Among patients with
cancer, OR51EI expression is markedly higher in PRAD than
in other cancer types (Fig. S1). To assess the effect of OR51E1

on PC cell survival, LNCaP cells were treated for 48 h with
its saturated fatty acid ligands, NA and BA, and cell viability
was measured. Consistent with previous studies (29,30), both
NA and BA reduced LNCaP cell survival in a dose-dependent
manner (Fig. 1A). To directly assess the role of OR51El in
mediating NA-induced effects, OR51El knockout LNCaP
cells were generated using CRISPR/Cas9-mediated gene
editing. Successful knockout of OR51E1 was validated using
restriction enzymes that target the PAM sites for sgOR5IE] #1
and #2 (Fig. S2A and B). In addition, CRE-luciferase reporter
assay showed a significant decrease in NA-induced reporter
activity in ORS1E1 knockout cells generated with two inde-
pendent guide RNA (sgORS5IE] #1 and #2), compared with
control cells expressing a non-targeting sgRNA (sgCTL)
(Fig. S2C). This confirms the effective ablation of NA-induced
ORSIEL signaling. Notably, NA-induced reduction in cell
viability observed in control LNCaP cells was completely
abolished in OR51EI1-knockout cells (Fig. 1B), demonstrating
that NA-mediated growth inhibition is strictly dependent on
ORSIE] expression. Consistent with this finding, NA-induced
cytotoxicity was observed exclusively in LNCaP cells, which
express ORS1E1, but not in DU145 or PC3 cells, which lack
ORS51E] expression (Fig. 1C and D). These results demon-
strated that activation of ORS51EI by its agonist suppresses PC
cell proliferation and that this anti-survival effect in PC cells
is dependent on the presence of ORS1EL.

Previous studies have reported that OR51EL is significantly
overexpressed in PC tissues compared with normal prostate
tissues (28-30). To validate this observation, RNA-seq data
from TCGA and the Genotype-Tissue Expression (GTEx)
project were analyzed. The analysis confirmed a significant
increase in OR51E1 mRNA expression in all stages of PC
tissues relative to normal prostate tissues (Fig. 1E). However,
ORS5I1E1 expression levels revealed no significant associa-
tion with overall survival (Fig. 1F), progression-free interval
(Fig. 1G), disease-specific survival (Fig. S3A), or disease-free
interval (Fig. S3B). These findings led us to hypothesize that
although ORS51ELI is an overexpressed anti-survival GPCR in
PC, it may require interactions with other regulatory GPCRs
to exert its tumor-suppressive effects. To test this possibility,
a screening was performed to identify GPCRs that modulate
ORS5I1El-mediated signaling.

SIPRI enhances ORSIEI-mediated cAMP signaling
through increased surface expression. Previous studies have
shown that class A GPCRs can interact with ectopically
expressed ORs, suggesting a potential regulatory role in OR
expression and signaling (23,36-39). To identify GPCRs that
could potentially regulate OR5S1EL1 signaling in PC, class A
GPCRs were ranked based on their expression levels in the
TCGA PRAD dataset. Receptors in the top quartile were
then selected for functional screening, with the aim of prior-
itizing GPCRs that are robustly expressed in tumor tissues
and more likely to act as physiologically relevant modulators
of ORSI1EL signaling (Fig. 2A). To evaluate their effects on
ORSIE]l signaling, Hana3A cells were co-transfected with
ORS5I1E1 and each selected GPCR, and then measured cAMP
production upon stimulation with NA. Hana3A cells are a
293T-derived line that stably express RTP1, RTP2, REEP1
and Goolf-accessory proteins that facilitate OR trafficking
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Figure 1. ORSIEI agonists reduce LNCaP cell viability, but expression alone does not predict patient outcome. (A) LNCaP cells were treated with increasing
concentrations (0.1-1 mM) of NA or BA for 48 h, and cell viability was measured using the Cell Counting Kit-8 assay. Values were normalized to untreated
controls. (B) The effect of NA on cell viability was assessed in control and OR51E1 knockout LNCaP cells after 48 h of NA (0.5 mM) treatment. (C) Relative
ORS1El mRNA expression in LNCaP, DU145, and PC3 prostate cancer cell lines was assessed by reverse transcription-quantitative PCR. Expression levels
were normalized to (3-actin. Representative PCR products were visualized by agarose gel electrophoresis. (D) LNCaP, DU145 and PC3 cells were cultured
with various concentrations of NA for 48 h, and cell viability was measured. Data represent the mean + SEM of three independent experiments. Statistical
significance was determined using an unpaired Student's t-test. (E) ORS1EI expression across pathological stages of prostate cancer. OR51E1 mRNA expres-
sion levels were compared between normal prostate tissues from the GTEx dataset and prostate adenocarcinoma samples from TCGA stratified by pathological
stage: Stage I (T2b), Stage II (T2b and T2c), Stage III (T3a and 3b), and Stage IV (T4). Transcript expression values (RSEM TPM) were obtained from the
UCSC Xena Browser using the TCGA-TARGET-GTEx TOIL RNA-seq recompute dataset. Statistical significance was determined using an unpaired Student's
t-test. (F and G) Kaplan-Meier survival curves for (F) overall survival and (G) progression-free interval stratified by ORS1E1 expression levels. Red and
blue lines indicate high- and low-expression groups, respectively. Survival probabilities were compared using the log-rank test, and P-values are shown in
each panel. "P<0.05, “P<0.01, ""P<0.001 and “*"P<0.0001. OR51EI, olfactory receptor 51E1; BA, butyric acid; NA, nonanoic acid; GTEx, Genotype-Tissue
Expression; TCGA, The Cancer Genome Atlas; ns, not significant.

and function, and are widely used for heterologous OR  suppressed it (Fig. 2B). Notably, SIPR1 produced the strongest
expression studies (36-39). enhancement despite being a Gai-coupled receptor, which

Among the GPCRs tested, LPAR2, EDNRA, S1PR1, typically does not directly increase cAMP levels, highlighting
ATGRI1, LPAR1 and GPR146 significantly enhanced it as a key candidate for further study. Co-expression of
NA-induced cAMP production, whereas GPR176 and FFAR2  ORS5I1El with increasing amounts of SIPR1 plasmid DNA
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Cancer Genome Atlas PRAD. Violin plots show median TPM values for each GPCR. (B) Hana 3A cells were transfected with Rho-Flag-ORS51El alone or
co-transfected with individual candidate GPCRs from (A) NA (1 mM)-induced cAMP production was measured using the Glosensor-22F cAMP reporter
assay and normalized to OR51El-only controls. Data were analyzed by an unpaired Student's t-test. (C) Dose-dependent effect of SIPR1 on OR51E1 signaling.
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non-permeabilized conditions in the presence or absence of co-transfected SIPR1. Surface expression was calculated by subtracting optical density values
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receptor; PRAD, prostate adenocarcinoma; TPM, transcripts per million; ns, not significant.



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

led to a dose-dependent enhancement of NA-induced cAMP
signaling (Fig. 2C). By contrast, co-expression of OR51E1
with dopamine receptor D2 (DRD2), another Gai-coupled
receptor, failed to augment NA-induced cAMP production
(Fig. S4), confirming that the effect is specific to SIPRI rather
than a general property of Gai-coupled GPCRs.

NA did not induce cAMP responses in cells transfected
with an empty vector, whereas robust cAMP production was
observed in cells overexpressing OR51E1 (Fig. 2D), indicating
that NA-induced cAMP signaling is specifically mediated by
ORS51EIL. OR51El-mediated cAMP responses increased in a
dose-dependent manner at higher NA concentrations (1-2 mM)
and were further enhanced by S1PR1 co-expression (Fig. 2D).
To assess potential reciprocal regulation, SIPR1 signaling was
examined in the presence of OR51EL. In S1PR1-expressing
cells, forskolin-induced cAMP production was suppressed by
S1P, and co-expression of ORS51E1 did not alter this suppres-
sion (Fig. 2E), indicating that OR51E1 does not modulate
S1PR1 signaling. Finally, to investigate the mechanism by
which SIPR1 enhances ORS51EI signaling, OR51EI surface
expression under non-permeabilized conditions was measured
using an ELISA. ORS51E1 was tagged with a Lucy-Flag-Rho
sequence, which promotes OR surface trafficking (32,40,41).
Co-expression of S1PR1 significantly increased the surface
localization of ORS1E1 (Fig. 2F). By contrast, OR51E1
mRNA levels were unaffected by SIPR1 co-expression
(Fig. S5), suggesting that SIPR1 enhances OR51E1 function
primarily by facilitating post-transcriptional trafficking to the
plasma membrane rather than by transcriptional upregulation
in Hana3A cells.

SIPRI expression enhances ORSIEI-mediated inhibi-
tion of PC cell survival. To examine the role of SIPR1 in
ORS51El-mediated inhibition of PC cell survival, LNCaP cells,
which lack detectable S1PR1 expression (Fig. S6A), were
transfected with an SIPR1 expression construct. NA-induced
inhibition of cell survival was significantly enhanced in
S1PRI1-transfected LNCaP cells, but notin cells transfected with
DRD?2 (Fig. 3A). Similarly, BA enhanced OR51El-mediated
inhibition of LNCaP survival only in the presence of SIPR1
(Fig. S7). To further clarify the mechanism, a stable LNCaP
cell line overexpressing SIPR1 (LNCaP-S1PR1) was gener-
ated via lentiviral transduction. Flow cytometric analysis
confirmed robust surface expression of SIPRI in these cells
(Fig. S6B). NA treatment led to a dose-dependent decrease in
cell survival, with a more pronounced effect in LNCaP-S1PR1
cells compared with parental cells (Fig. 3B). These findings
suggested that SIPR1 expression enhances the anti-survival
effect of ORS51E1 activation in PC cells. To determine
whether reduced cell survival was attributable to apoptosis,
Annexin-V/PI staining was performed. NA treatment induced
both early and late apoptosis in a dose-dependent manner,
and this effect was significantly amplified in LNCaP-S1PR1
cells (Figs. 3C and S8). Consistently, NA treatment
increased caspase-3 activation and PARPI cleavage, with
more pronounced effects observed in the presence of SIPR1
(Fig. 3D and E).

To assess whether SIPR1 activation further modulates
ORSI1EL function, the effect of NA on apoptosis was examined
in the presence or absence of TC-G1006, a selective SIPR1
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agonist. TC-G1006 significantly potentiated NA-induced
apoptosis only in SIPR1-overexpressing cells, indicating that
ligand-induced S1PRI1 activation enhances OR51E1-mediated
apoptosis (Figs. 4A and S9A-C). Notably, TC-G1006 alone did
not induce apoptosis in either parental or SIPR1-expressing
cells, suggesting that SIPR1 activation alone is insufficient to
trigger PC cell apoptosis but can potentiate the effect of NA. In
LNCaP-S1PRI1 cells, TC-G1006 also potentiated NA-induced
growth inhibition, and this effect was abolished by co-treat-
ment with either pertussis toxin or NIBR-0213, a selective
antagonist of SIPR1 (Fig. 4B), confirming that the enhance-
ment requires ligand-induced S1PR1 activation. However,
neither pertussis toxin nor NIBR-0213 reversed NA-induced
growth inhibition in LNCap-S1PR1 cells, indicating that SIPR 1
augments ORS51EI function not only through agonist-induced
activation but also via its basal activity, independent of Gi
signaling. Taken together, these findings demonstrate that both
S1PR1 expression and activation enhance OR51E1-mediated
proliferation inhibition and apoptosis in PC cells.

Co-expression of OR51EI and SIPRI correlates with improved
prognosis in patients with PC. To assess the clinical relevance
of S1IPR1 and ORS5IE] in PC, RNA-seq data from the TCGA
PRAD cohort were analyzed. Patients were stratified into
four groups based on ORS51E1 and SIPR1 mRNA expression
levels: High expression of both (OHSH), high OR51E1 and
low S1PR1 (OHSL), low OR51E1 and high SIPR1 (OLSH),
and low expression of both (OLSL). Progression-free interval
differed significantly among the four groups, with the OHSH
group showing the highest survival probability and the OLSL
group the lowest (Fig. 5A). When patients were divided
into the ‘both high (OHSH)’ group versus all other groups
combined, the OHSH group again exhibited significantly
improved progression-free interval (Fig. 5B). Stage-stratified
analyses revealed that high OR51E1-SI1PR1 co-expression
was significantly associated with improved progression-free
interval in stage II patients (Fig. 5C), while a similar trend
was observed in stage III patients but did not reach statistical
significance (Fig. 5D). Analyses of stage I and IV patients
were limited by small sample sizes, precluding definitive
conclusions (Fig. S10). Collectively, these results suggested
that co-expression of OR51E1 and S1PR1 is associated with
improved prognosis in PC regardless of tumor stages.

These clinical observations are consistent with the experi-
mental findings that OR51E1 suppresses PC cell survival
and that SIPR1 enhances OR51El-mediated apoptosis.
Collectively, these results suggested that SIPR1 co-expression
potentiates the tumor-suppressive function of OR51E1 and
contributes to improved clinical outcomes in PC. Targeting
this axis may represent a novel therapeutic strategy to limit
disease progression.

SIPRI enhances ORS5IEI-mediated Src-JNK signaling to
inhibit PC cell survival. To investigate the downstream
signaling pathways involved in NA-induced cell death in PC,
LNCaP cells were pretreated with pharmacological inhibitors
targeting key nodes of the canonical Gs/olf-cAMP pathway
and alternative signaling pathways. Inhibition of adenylate
cyclase with SQ22536, which blocks canonical Gs/olf-
mediated cAMP production, failed to rescue NA-induced
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Figure 3. SIPR1 enhances OR51El-mediated cytotoxicity and apoptosis in LNCaP cells. (A) LNCaP cells were transfected with an empty vector, SIPR1, or
DRD?2. After 48 h, cells were treated with NA (0.5 mM) for an additional 48 h, and cell viability was measured using the Cell Counting Kit-8 assay. (B) LNCaP
cells were transduced with lentivirus encoding SIPR1 and selected with puromycin (1 xg/ml). Cell viability of parental LNCaP and LNCaP-S1PR1 cells was
measured 48 h after treatment with increasing concentrations of NA (0.1-1 mM). (C) Apoptosis was assessed in LNCaP cells treated with NA for 48 h using
annexin V/PI staining. Apoptotic cells were quantified as the percentage of annexin V-positive cells (early apoptosis) and annexin V/PI double-positive cells
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was analyzed by western blotting in NA-treated cells. Band intensities were quantified using ImageJ software. Data represent the mean + SEM of at least

three independent experiments. Statistical significance was determined using an unpaired Student's t-test. ‘P<0.05, “P<0.01 and *“P<0.001. S1PR1, sphingo-
sine-1-phosphate receptor 1; OR51ELl, olfactory receptor 51E1; DRD2, dopamine receptor D2; NA, nonanoic acid; PI, propidium iodide; ns, not significant.

inhibition of proliferation (Fig. 6A). Similarly, inhibition of
PK A with H-89 and inhibition of the exchange protein directly
activated by cAMP (EPAC) with ESI-09 did not attenuate
NA-induced suppression of proliferation. By contrast, inhibi-
tion of Src kinase with SU6656 significantly but only partially
restored cell viability in NA-treated cells. These results indi-
cated that canonical Gs/olf-cAMP signaling is dispensable for
ORS51E1-mediated anti-survival effects and instead support
the involvement of an alternative Src-dependent signaling
pathway in NA-induced PC cell death.

To further delineate the underlying mechanisms, activation
of key signaling pathways including Src, INK, p38 MAPK and
ERK, was examined following NA treatment. Immunoblotting

revealed a rapid increase in Src phosphorylation, peaking at
15 min (Fig. S11A and B), and a gradual increase in JNK
phosphorylation up to 1 h (Fig. S11C). Phosphorylation of p38
MAPK was also detected as early as 5 min after NA treat-
ment (Fig. S11D), whereas ERK phosphorylation remained
unchanged (Fig. S11E).

To determine which pathway contributes to NA-induced
inhibition of proliferation, cells were treated with NA in the
presence of specific inhibitors: SU6656 and Dasatinib (Src
inhibitors), SP600125 (JNK inhibitor), U0126 (MEK/ERK
inhibitor), SB203580 (p38 inhibitor) and AG490 (JAK/STAT3
inhibitor). NA-induced cell death was attenuated by SU6656,
dasatinib and SP600125, but not by SB203580, U0126, or
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Figure 4. Activation of SIPRI enhances OR51El-mediated apoptosis in
LNCaP cells. (A) LNCaP and LNCaP-S1PR1 cells were treated with NA,
TC-G1006 (a selective SIPR1 agonist), or both for 48 h, and apoptosis was
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measured using the CCK-8 assay. Data represent the mean + SEM of at least
three independent experiments. Statistical analysis was performed using
two-way ANOVA with Tukey's multiple comparison test. ‘P<0.05, “P<0.01
and “"P<0.0001. S1PR1, sphingosine-1-phosphate receptor 1; OR51E1,
olfactory receptor S1El; NA, nonanoic acid; PI, propidium iodide; DMSO,
dimethyl sulfoxide; PTX, pertussis toxin; ns, not significant.

AG490 (Fig. 6B), indicating that Src and JNK, but not p38,
ERK, or STAT3, play a role in NA-mediated inhibition
of proliferation. Although NA robustly activated p38, its
inhibition did not affect cell viability, suggesting that p38 is
dispensable in this context.

Consistent with the enhanced apoptosis observed in
S1PR1-overexpressing LNCaP cells, NA-induced JNK phos-
phorylation was more pronounced in LNCaP-S1PR1 cells
than in parental cells (Fig. 6C). Moreover, SU6656 treat-
ment reduced NA-induced JNK phosphorylation (Fig. 6D),
indicating that JNK activation occurs downstream of Src
signaling. Both SU6656 and dasatinib partially restored cell
viability and suppressed NA-induced apoptosis in LNCaP cells
regardless of SIPR1 expression (Fig. 6E and F; Fig. S12A-C),
confirming the critical role of the Src-JNK axis in mediating
NA-induced apoptosis. Taken together, these findings demon-
strated that NA-induced inhibition of proliferation in PC
cells is mediated primarily through Src activation followed
by JNK phosphorylation, rather than through classical G
protein-cAMP signaling.

Discussion

Previous studies have reported that certain ORs overexpressed
in cancer can exert either pro-tumorigenic or anti-tumorigenic
effects (42-45). However, a clear relationship between OR
overexpression and patient survival has rarely been estab-
lished. ORSI1EL is highly expressed in PC cells and has been
identified to inhibit cancer cell proliferation (29,30). Consistent
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with these findings, it was confirmed that NA- or BA-induced
reduction in cell survival occurred specifically in LNCaP cells,
which endogenously express OR51E1 (Fig. 1A). Importantly,
this anti-survival effect was abrogated in OR51E1-knockout
LNCaP cells, demonstrating that NA-mediated suppression of
proliferation is dependent on the presence of OR51E1 (Fig. 1B).
By contrast, NA-induced cytotoxicity was not observed in
DU145 or PC3 PC cell lines, which lack OR51E1 expression
(Fig. 1C and D). Although ectopic overexpression of OR51El
in these cell lines would provide a direct test of whether
ORS5I1El-mediated anti-survival effects are broadly conserved
across PC models, such experiments were beyond the scope of
the present study. Nevertheless, the current data provide strong
evidence that ORS51EI is required for NA-induced suppression
of proliferation in PC cells that express this receptor.

In the present analysis of the TCGA dataset, OR51E1
was significantly overexpressed across all stages of prostate
carcinoma compared with normal prostate tissue; however,
its expression level was not significantly associated with
patient survival (Fig. 1F and G). Based on these findings, it
was hypothesized that the tumor-suppressive function of
ORS51El-potentially shared by other ORs-may be regulated by
additional GPCRs. To identify GPCRs that modulate OR51E1
function in PC cells, the expression profiles of class A GPCRs
were first examined in PC tissues (Fig. 2A) and the effects
of highly expressed GPCRs on NA-induced OR51EI activa-
tion were subsequently evaluated in Hana3A cells (Fig. 2B).
Through this screening approach, SIPR1 was identified
as a candidate GPCR that enhances OR51E1 function by
amplifying OR51E1-mediated cAMP signaling (Fig. 2B-D).
Expression of SIPR1 in LNCaP cells, which endogenously
express OR51E], significantly increased NA-induced inhibition
of proliferation and apoptosis (Fig. 3). Furthermore, activation
of SIPR1 with its selective agonist TC-G1006 further potenti-
ated ORS51El-mediated inhibition of proliferation (Fig. 4).
Importantly, analysis of TCGA patient dataset revealed that
high expression of both OR51El and SIPR1 was associated
with significantly improved progression-free interval, whereas
ORS5IEL1 expression alone had no prognostic value (Fig. 1E and
F; Fig. 5). Collectively, these findings suggested that SIPR1
enhances the tumor-suppressive function of OR51E1 and may
contribute to improved clinical outcomes in PC.

Mechanistically, it was found that NA-induced, OR51EI-
mediated inhibition of proliferation in LNCaP cells was
dependent on the Src-JNK axis rather than the canonical
Gs/olf-cAMP pathway (Fig. 6). Inhibitors of Src and JNK
abrogated both NA-induced apoptosis and the enhancing effects
of SI1PRI, suggesting that SIPR1 promotes OR51E1 function
through a shared signaling pathway. Importantly, inhibition
of Src or JNK only partially attenuated NA-induced inhibi-
tion of proliferation and apoptosis, indicating that although
the Src-JNK axis represents a major downstream pathway of
ORSIELI activation, additional signaling mechanisms are likely
to contribute to the full anti-survival response. While it remains
unclear whether Src-JNK signaling directly induces apoptosis
or indirectly facilitates OR51E1 function by increasing traf-
ficking or membrane localization, the current data support both
possibilities. In Hana3A cells, co-expression of SIPRI signifi-
cantly increased the surface expression of OR51E1 without
affecting OR51E1 mRNA levels (Figs. 2G and S3), indicating a
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Figure 5. Co-expression of OR51E1 and SIPR1 correlates with improved progression-free interval in patients with prostate cancer. (A) Kaplan-Meier analysis
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adenocarcinoma.

post-transcriptional regulatory mechanism. Unfortunately, due
to the lack of suitable antibodies, it was not possible to detect
endogenous ORS51EL1 surface expression in LNCaP cells.
Although NA-induced cytotoxicity is mediated by Src-JNK
signaling, OR51E1-driven cAMP signaling remains a robust
and reproducible response in both Hana3A cells and LNCaP
cells endogenously expressing OR51E1. However, pharmaco-
logical inhibition of adenylyl cyclase, PKA, or EPAC did not

attenuate NA-induced inhibition of proliferation or apoptosis,
indicating that canonical Gs/olf-cAMP signaling is dispens-
able for the anti-survival effects of OR51E1 activation. These
findings suggested that OR51E1 engages parallel signaling
pathways in PC cells, with non-canonical Src-JNK signaling
mediating cytotoxicity, while the functional role of cAMP
signaling may be context-dependent and warrants further
investigation.
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Statistical analysis was performed using an unpaired Student's t-test. Hash symbols (#) indicate statistical significance between vehicle- and NA-treated
cells, whereas asterisks (¥) indicate statistical significance between cells treated with NA alone and those co-treated with NA and the indicated inhibitors.
(C) Western blot analysis of JNK activation in LNCaP and LNCaP-S1PR1 cells treated with NA for 1 h. Protein levels of p-JNK and total JNK were analyzed.
(D) Effect of Src inhibition on NA-induced JNK activation. LNCaP cells were pretreated with the Src inhibitor SU6656 (10 xM) for 1 h and then treated with
NA for 1 h. Protein levels of p-JNK and total JNK were assessed. Band intensities were quantified using ImagelJ software. Data represent the mean + SEM
of three independent experiments. Statistical significance was determined using an unpaired Student's t-test. (E) Effect of Src inhibition on NA-mediated
suppression of proliferation. LNCaP and LNCaP-S1PRI1 cells were pretreated with SU6656 for 1 h, and cell viability was measured using the CCK-8 assay
after NA treatment. Data represent the mean + SEM of at least three independent experiments and were analyzed using two-way ANOVA with Tukey's multiple
comparison test. (F) Effect of Src inhibition on NA-induced apoptosis. LNCaP and LNCaP-SIPRI1 cells were pretreated with dasatinib (100 nM) for 1 h
and then treated with NA. Apoptosis was assessed using annexin V/PI staining. Data represent the mean + SEM of three independent experiments and were
analyzed using two-way ANOVA with Tukey's multiple comparison test. “*P<0.001 and "#P<0.0001; "P<0.05, “P<0.01, ““P<0.001 and *""P<0.0001. SIPR1,
sphingosine-1-phosphate receptor 1; ORSIE], olfactory receptor 51E1; NA, nonanoic acid; CCK-8, Cell Counting Kit-8; p-, phosphorylated; PI, propidium
iodide; ns, not significant.
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In Hana3A cells, expression of SIPR1 enhanced
NA-induced cAMP responses when co-expressed with
ORSI1EL1 (Fig. 2C and D), despite SIPR1 being a Gai-coupled
receptor that does not independently stimulate cAMP produc-
tion. In LNCaP cells, overexpression of SIPR1 alone did
not produce a statistically significant increase in apoptosis
(Fig. 3C-E). These findings suggested that SIPR1 by itself is
insufficient to induce apoptosis but can amplify NA-induced
OR51E1-dependent anti-survival effects. Because the apop-
tosis-inducing effect of NA is independent of the canonical
Gs/olf-cAMP pathway, and Src and JNK activation was not
directly examined in Hana3A cells co-expressing OR51E1 and
S1PR1, it remains unclear whether SIPR1 expression alone, in
the absence of ORS51EI, can activate the Src/JNK pathway in
this heterologous system.

Several studies have demonstrated that class A GPCRs can
form heteromers with ORs both in vitro and in vivo (23,36-39).
For example, the [3,-adrenergic receptor, purinergic receptors
(P2Y1 and P2Y?2), and the adenosine 2A receptor promote both
ERK activation and surface expression of OR-M71 through
heteromerization (36,37). Similarly, the muscarinic acetyl-
choline receptor 3 forms heteromers with OR-S6, enhancing
OR signaling via a (3-arrestin-dependent mechanism without
altering surface localization (38,39). While S1PR1 has been
reported to interact with other GPCRs (46,47), the observed
enhancement of OR51FEI signaling could arise from multiple
mechanisms, including receptor heteromerization or indirect
effects on receptor trafficking. At present, there is no direct
evidence for a physical interaction or signaling crosstalk
between ORS1EI and S1PR1, and both possibilities therefore
remain speculative.

An alternative hypothesis for the enhancement of OR51E1's
tumor-suppressive function by S1PR1 is that SIPR1 influences
ORSI1EL localization and activity through signaling crosstalk.
Previous studies have revealed that SIPR1 activation regu-
lates various vesicular trafficking systems, including internal
vesicles in hippocampal neurons (46), exosomal multive-
sicular bodies (47), and transport carriers in the trans-Golgi
network (48). These findings suggest that SIPR1 may regulate
the intracellular trafficking and membrane localization of
ORS51EL in PC cells.

The JNK pathway is known to promote apoptosis
and inhibit proliferation in PC (49-52). For example,
mitogen-activated kinase phosphatase 1, which is upregu-
lated by oncogenes, suppresses apoptosis by inhibiting
JNK activity in PC (53). In the present study, inhibition of
JNK attenuated NA-induced inhibition of proliferation,
supporting its role in mediating OR51E1-induced apoptosis.
This finding is consistent with previous findings showing
that JNK phosphorylation is absent in well-, moderately-,
and poorly differentiated tumors in the transgenic adenocar-
cinoma mouse prostate model, despite activation of ERK and
p38 in well-differentiated tumors (54).

Moreover, studies on OR51E1 and OR51E2 in PC cells
have demonstrated their tumor-suppressive activity through
Src kinase-dependent, rather than G-protein-mediated,
signaling (29,30,55). The findings of the present study align
with this model: Adenylyl cyclase inhibition did not affect
ORSIELI function, whereas NA stimulation induced rapid
Src phosphorylation within 5 min. Inhibition of Src not

only blocked JNK activation but also restored cell viability
and suppressed NA-induced apoptosis. These results indi-
cated that OR51E1 mediates tumor suppression in PC via a
Src-JNK-dependent pathway.

In addition to these mechanistic insights, emerging
evidence suggests that the metabolite-sensing functions of
ORs may link tumor metabolism to signaling outcomes. ORs
are increasingly recognized as metabolite-sensing GPCRs
that can link cellular metabolism to signaling outcomes.
In PC, metabolic reprogramming, particularly involving
lipid and short-chain fatty acid metabolism, plays a critical
role in disease progression and therapy resistance. Notably,
acetate utilization has been shown to promote hormone
therapy resistance through metabolic reprogramming and
neuroendocrine differentiation, highlighting the pathological
relevance of short-chain fatty acids in PC progression (56).
Furthermore, metabolic inputs, such as pyruvate flux
through the mitochondrial pyruvate carrier, can influence
cell fate decisions and antitumor function in immune cells,
underscoring the broader principle that metabolic signals can
regulate cellular behavior (57). Collectively, these findings
suggest that OR51EI, as a fatty acid-sensing receptor, may
function as a metabolic sensor that links changes in tumor
metabolite availability to non-canonical signaling pathways,
including Src-JNK activation, thereby influencing PC cell
survival and progression.

The present study demonstrates the involvement of
the ORS1E] signaling axis in PC using LNCaP cells as
an in vitro model. Importantly, transcriptomic analyses
of TCGA and GTEx datasets revealed that OR51ELl is not
only highly expressed in PRAD but also shows significantly
elevated expression in other cancer types such as kidney renal
clear cell carcinoma (KIRC) and glioblastoma multiforme
(GBM) compared with corresponding normal tissues. These
observations suggest that OR51El's ectopic expression and
potential functional roles may extend beyond PC. Supporting
this notion, previous studies have reported OR51E1 expres-
sion in neuroendocrine tumors of the small intestine and
lung carcinoid tumors, where it may serve as a biomarker
and contribute to tumor biology (25,27). Furthermore, recent
single-cell transcriptomic analyses in GBM have indicated
cell type-specific expression of OR51El within the tumor
microenvironment, implicating it in processes such as
vascular remodeling and tumor progression (58). Overall,
these observations raise the possibility that the OR51E1
signaling axis characterized in LNCaP cells may also play a
role in other OR51El-expressing cancers such as KIRC and
GBM. However, given that the current functional analyses
were limited to a single cell line, further investigations
using additional in vitro and in vivo models are necessary to
confirm the broader relevance and mechanistic involvement
of ORS51ELI in diverse tumor types.

A limitation of the present study is the absence of
rescue experiments in which an sgRNA-resistant OR51E1 is
re-expressed in OR51El-knockout cells. Such experiments
would further strengthen the causal link between OR51E1
and NA-induced Src/JNK activation and apoptosis and will
be addressed in future studies. It is also acknowledged that
the survival analyses were stratified only by pathological
stage and did not account for other clinical covariates, such as
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Gleason score, PSA at diagnosis, or patient age. Future studies
using larger and more comprehensively annotated clinical
cohorts will be required to determine whether OR51E1-S1PR1
co-expression is independently associated with prognosis after
multivariate adjustment for these factors.

In conclusion, the current findings reveal that although
ORS5I1E] is overexpressed in PC and exerts anti-tumorigenic
effects, its impact on patient prognosis is not apparent when
considered in isolation. However, the identification of SIPR1
as a co-regulator that enhances OR51E1-mediated signaling
and apoptosis provides new insight into the contextual
regulation of ORs in cancer. The observed synergy between
ORSI1EI and S1PR1, both in vitro and in patient datasets,
suggests that the tumor-suppressive activity of OR51E1
may depend on co-expression with specific GPCR partners.
These results highlight the importance of receptor interac-
tions and signaling context in evaluating the functional and
clinical relevance of ectopically expressed ORs in cancer.
Targeting such receptor networks may offer novel thera-
peutic strategies for PC and other malignancies in which
ORs are dysregulated.
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