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The olfactory receptor

OR51E2 activates ERK1/2 through
the Golgi-localized
GPy-PI3Ky-ARF1 pathway in
prostate cancer cells

Xin Xu', Mostafa Khater' and Guangyu Wu*

Department of Pharmacology and Toxicology, Medical College of Georgia, Augusta University,
Augusta, GA, United States

The olfactory receptor OR51E2 is ectopically expressed in prostate tissues and
requlates prostate cancer progression, but its function and regulation in
oncogenic mitogen-activate protein kinase (MAPK) activation are poorly
defined. Here we demonstrate that p-ionone, an OR51E2 agonist, dose-
dependently activates extracellular signal-regulated kinases 1 and 2 (ERK1/2)
in prostate cancer cells, with an EC50 value of approximate 20 uM and an
efficiency comparable to other receptor agonists. We also find that CRISPR-
Cas9-mediated knockout of Golgi-translocating Gy9 subunit, phosphoinositide
3-kinase y (PI3Ky) and the small GTPase ADP-ribosylation factor 1 (ARF1), as well
as pharmacological inhibition of Gy, PI3Ky and Golgi-localized ARF1, each
abolishes ERK1/2 activation by B-ionone. We further show that p-ionone
significantly promotes ARF1 translocation to the Golgi and activates
ARF1 that can be inhibited by Gy9 and PI3Ky depletion. Collectively, our data
demonstrate that ORS51E2 activates ERK1/2 through the Gpy-PI3Ky-
ARF1 pathway that occurs spatially at the Golgi, and also provide important
insights into MAPK hyper-activation in prostate cancer.

KEYWORDS

G protein-coupled receptor, olfactory receptor OR51E2, Gpy, PI3Ky, ARF1, Golgi
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Introduction

Olfactory receptors (ORs) are specific G protein-coupled receptors (GPCRs) that are
responsible for the detection of odor molecules to control the sense of smell. Although
ORs were first described to be exclusively expressed in the olfactory epithelium of
chemosensory neurons, some ORs have been found in various non-olfactory tissues.
One of such ORs is OR51E2 which is highly expressed in human prostate tissues and thus,
it is known as a prostate-specific GPCR (Xia et al., 2001; Wang et al., 2006; Xu et al., 2006).
OR51E2 also exists in airway smooth muscle cells (Aisenberg et al., 2016), melanocytes
(Gelis et al., 2016) and retinal pigment epithelial cells (Jovancevic et al., 2017). The most
studies on OR51E2 have been focused on its pathophysiological functions and these
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studies have demonstrated that it regulates prostate cancer cell
proliferation, invasion and migration, and prostate cancer
progression and can be used as a prostate cancer biomarker
(Weng et al., 2005; Neuhaus et al., 2009; Rigau et al., 2010; Spehr
et al., 2011; Rodriguez et al., 2014; Sanz et al., 2014; Rodriguez
et al., 2016; Sanz et al., 2017a; Sanz et al., 2017b; Xie et al., 2019;
Pronin and Slepak, 2021). At the molecular level, OR51E2 was
shown to interact with G protein Gal2 (Xia et al., 2001) which
led to the identification of the receptor and enhance Ca®" signal,
cAMP production and protein kinase activation (Neuhaus et al.,
2009; Spehr et al., 2011; Gelis et al., 2016; Jovancevic et al., 2017;
Pronin and Slepak, 2021). Recent studies suggest that
OR51E2 activates mitogen-activated protein kinases (MAPKs),
including extracellular signal-regulated protein kinases 1 and 2
(ERK1/2) (Jovancevic et al., 2017; Pronin and Slepak, 2021), with
the detailed mechanisms being undefined.

The MAPK Raf-MEK-ERK1/2 pathway plays a crucial role in
many fundamental cellular processes and its hyper-activation is
directly associated with the pathogenesis of human diseases,
particularly cancer. Studies in the past decades have identified a
number of genetic mutations in the signaling molecules involved in
this MAPK pathway, including receptor tyrosine kinases (RTKs),
Ras, Raf, and MEK. These mutations constitutively activate the
MAPK pathway to drive many types of malignancies for which Raf
and MEK inhibitors have been developed to treat the diseases.
Similar to many other cancer types, the MAPK pathway is highly
activated in prostate cancer, and importantly the hyper-activation of
this pathway is correlated with prostate cancer progression,
androgen independence and poor prognosis (Gioeli et al., 1999
Uzgare et al., 2003; Weber and Gioeli, 2004; Roberts and Der, 2007;
Imada et al,, 2013). As such, the signaling molecules involved in the
regulation of this pathway have been thought to be suitable targets
for therapeutic intervention and extensive efforts have been made to
identify the factors that control the MAPK activation in prostate
cancer cells. However, prostate cancer patients do not frequently
carry abovementioned oncogenic mutations. Despite the fact that
downregulation of several MAPK negative regulators, such as the
Sprouty family members and Raf kinase inhibitor protein (RKIP),
may enhance MAPK activation in prostate cancer (Schutzman and
Martin, 2012), the molecular mechanisms underlying the hyper-
activation of the MAPK pathway in prostate cancer remain elusive.

Heterotrimeric G proteins, consisting of a, 3, and y subunits,
are the major signaling mediators of GPCRs. Once activated by
GPCRs, Ga subunits will dissociate from Gy dimers and then,
both Ga and GPy can separately interact with and modulate the
activity of specific downstream effectors (Wu et al.,, 1998; Wu
et al., 2000; Khan et al., 2013). It is well known that GPCRs can
activate the MAPK pathway through multiple signaling
including  Gfy and  GPy-initiated
signaling event is generally considered to occur at the plasma
membrane (PM) (Crespo et al.,, 1994; Koch et al., 1994; Khan
et al, 2013). Recent studies have demonstrated that GPCR
activation at the PM induces the translocation of some GPy

molecules, complex,
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dimers from the PM to the Golgi apparatus (GA) and that the
translocation efficiency is determined by Gy subunits (Akgoz
et al., 2004; Akgoz et al., 2006; Saini et al., 2007; Chisari et al.,
2009; O’Neill et al., 2012; Senarath et al., 2018; Khater et al.,
2021a; Khater et al., 2021b). The GBy complex at the GA can
activate phospholipase C (Malik et al., 2015; Madukwe et al.,
2018) and protein kinase D (Jamora et al., 1999; Irannejad and
Wedegaertner, 2010) and regulate post-Golgi trafficking
(Irannejad and Wedegaertner, 2010; Jensen et al, 2016;
Klayman and Wedegaertner, 2017), Golgi structure and
fragmentation (Jamora et al., 1999; Saini et al., 2010; Klayman
and Wedegaertner, 2017; Rajanala et al., 2021), insulin secretion
(Saini et al., 2010), and cardiomyocyte hypertrophic growth
(Malik et al, 2015). We have recently identified a novel
function for GPy translocation to the GA to activate the
MAPKs ERK1/2 in prostate cancer cells and this function is
mediated through phosphoinositide 3-kinase y (PI3Ky), a well-
characterized GBy downstream effector, and the small GTPase
ADP-ribosylation factor 1 (ARF1) (Khater et al., 2021a; Khater
et al,, 2021b). The purposes of this study are to characterize the
function of ectopically expressed OR51E2 in ERK1/2 activation
and to elucidate the possible underlying molecular mechanisms
in prostate cancer cells.

Materials and methods
Materials

Mouse monoclonal anti-FLAG M2 antibodies (F-3165),
UK14304 (U104), isoproterenol (Iso, 12760), angiotensin II (Ang
I, 05-23-0101) (A4036), endothelin (E7764),
oxotremorine M (Oxo-M, 0100), sphingosine-1-phosphate (S1P,
§9666), Exo2 (E7159) and 5-hydroxytryptamine (5HT) were
purchased from Sigma-Aldrich. Rabbit polyclonal anti-ERK1/
2 antibodies (sc-7383), secinH3 (sc-203260) and golgicide A
(GCA, sc-215103) were from Santa Cruz Biotechnology.
Lipopolysaccharide (LPS, 00-4976-93), B-ionone (297130050),
lipofectamine 3000 (L3000-015), goat anti-mouse IgG (H+L)
Alexa Fluor 488 (A-11001), goat anti-rabbit IgG (H+L) Alexa
Fluor 594 (A-11012) and goat anti-mouse IgG (H+L) Alexa Fluor
594 (A-11032), were from Thermo Fisher Scientific. Rabbit
polyclonal anti-ARF1 antibodies (ab183576) were from Abcam.
Mouse anti-human p230 antibodies (611280) were from BD
Biosciences. Rabbit polyclonal anti-ERK1/2 antibodies (9102) were
from Cell Signaling Technology. Gallein (3090) was from Tocris
Bioscience. AS-604850 (B2181) was from ApexBio.

adenosine

Plasmid construction

FLAG-tagged OR51E2 was kindly provided by Dr. Jennifer L.
Pluznick as described (Shepard et al., 2013; Aisenberg et al., 2016).
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FIGURE 1

ERK1/2 activation by ectopically expressed OR51E2 in DU145, LNCaP and HEK293 cells. (A) ERK1/2 activation by B-lonone. The cells were
cultured on 6-well dishes, starved for 24 h (HEK293 cells) or 48 h (DU145 and LNCaP cells), and then stimulated with different concentrations of p-
ionone for 5 min. (B) Quantitative data shown in A. (C) Subcellular distribution of FLAG-OR51E2 in HEK293 cells revealed by confocal microscopy.
HEK293 cells were transfected with FLAG-tagged ORS51E2 for 24 h and stained with FLAG antibodies with (right panel) or without (left panel)
permeablization with Triton X-100 for 5 min. The images shown are representatives of three experiments. Scale bars: 10 um. (D) ERK1/2 activation by
B-ionone in HEK293 cells expressing exogenous OR51E2. HEK293 cells were transfected with OR51E2 for 24 h and stimulated with p-ionone at
100 uM for 5 min after starvation for 24 h. (E) Quantitative data shown in D. The quantitative data are presented as means + SE (n = 3). ***p <

0.001 versus control.

GFP-tagged ARF1 mutants were generated using the BamHI and
EcoRI restriction sites of the pEGFP-NI vector as described
previously (Dong et al,, 2011). ARF1 mutants were generated by
QuikChange site-directed mutagenesis. All constructs used in the
present study were verified by nucleotide sequence analysis.

Cell culture

All cells were purchased from American Type Culture
Collection  (ATCC, Rockville, MD).
DU145 and LNCaP cells were cultured in complete Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented
with 2 mM L-glutamine and 10% fetal bovine serum (FBS).
HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% FBS.

Prostate  cancer

Transient transfection

For analysis of the subcellular distribution of OR51E2 and
measurement of ERK1/2 activation by OR51E2 in HEK293 cells,
the cells were cultured in 6-well dishes and transfected with FLAG-
tagged OR51E2 (1 pg) for 24 h using Lipofectamine 3000. Similarly,
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the cells were transfected with GFP-tagged ARF1Q7IL or
ARFIT3IN for analysis of the subcellular distribution of ARFI.

Generation of knockout (KO) cell lines
using the CRISPR-Cas9 genome editing
technology

GY9, Gy3, and p110y KO cells were generated by using the
CRISPR-Cas9 system as described previously (Khater et al,
2021b). Briefly, sgRNAs targeting Gy9, Gy3 and p110y were
constructed into the lentiCRISPR v2 vector (Addgene plasmid
#52961). The plasmids containing sgRNAs were transfected into
cells using Lipofectamine 3000 and the cells were selected in
puromycin at a concentration of 10 pug/ml. KO of the targeted
proteins were determined by Western blotting.

KO of ARF1 by CRISPR-Cas9 KO plasmids

ARF1 KO was achieved by transient transfection of CRISPR-
Cas9 KO plasmids as described (Khater et al., 2021a; Wei et al.,
2021). CRISPR-Cas9 KO plasmids targeting human ARF1, as well as
control plasmids, were purchased from Santa Cruz Biotechnology.
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The KO plasmid consists of a pool of three plasmids, each encoding
the Cas9 nuclease and a target-specific 20 sgRNA. Cells were
cultured on 6-well plates and transfected with KO plasmids
(1pg) using Lipofectamine 3000 for 24h. The cells were
transfected again for another 24 h. The cells were split at a ratio
of 1:2, grown for additional 24 h and then starved for 48 h before
stimulation with B-ionone at 100 uM for 5 min.

Measurement of ERK1/2 activation

Cells were cultured in 6-well dishes for 24 h and starved for 24 h
(HEK293 cells) or 48 h (prostate cancer cells) before stimulation with
B-ionone or other agonists as indicated in the figure legends. After the
medium was removed and the cells were washed twice with cold
phosphate-buffered saline (PBS), the cells were solubilized by the
addition of 300 ul of 1X SDS gel-loading buffer. ERK1/2 activation
was determined by measuring ERK1/2 phosphorylation by Western
blotting as described previously (Wu et al.,, 2003). ERK1/2 activation
was calculated either by percentages relative to the maximal response
or by fold increase over the basal level.

GST fusion protein pulldown assays

ARF1 activation was measured in GST fusion protein pulldown
assays using the GGA3 VHS-GAT domains which specifically bind
the active form of ARF1 as described (Dell’ Angelica et al., 2000; Zhou
etal, 2015). GST fusion proteins were purified by using MagneGST™
glutathione purification system (Promega) and analyzed by
Coomassie Brilliant blue staining following SDS-PAGE before
experiments. To measure ARF1 activation, DU145 cells were
cultured on 12-well dishes for 24 h and starved for 48 h. The cells
were then stimulated for -ionone at 100 uM for 5 min. After washing
with cold PBS twice, the cells were lysed with buffer containing
50 mM Tris-HCl, pH 7.4, 10 mM MgCl,, 300 mM NaCl, 2% Nonidet
P-40, 0.01% SDS and 1 X protease inhibitor cocktail (Roche). After
sonication, total cell lysates were centrifuged at 100,000 X rpm for
20 min at 4°C, and the supernatants were incubated with glutathione
beads with gentle rotation at 4°C overnight. The beads were washed
three times with buffer containing 25 mM Tris-HCl, pH 7.4, 30 mM
MgCl,, 150 mM NaCl, and 1% Nonidet P-40. Active ARF1 bound to
the beads was eluted with 2X SDS-gel loading buffer and detected by
immunoblotting using ARF1 antibodies.

Fluorescence microscopy

For analysis of subcellular distribution of OR51E2, HEK293 cells
were cultured on coverslip precoated with poly-L-lysine on 6-well
dishes and transiently transfected with 1ug of FLAG-tagged
OR51E2 for 24 h. The cells were fixed and permeabilized with
PBS containing 0.2% Triton X-100 for 5 min. After blocking with
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0.24% normal donkey serum for 1 h, the cells were stained with
primary antibodies against FLAG (1:50 dilution) overnight followed
by staining with AlexFluor-conjugated secondary antibodies for 1 h.
To study the subcellular localization of ARF1 mutants, GFP-tagged
ARF1Q71L or ARFIT31IN was transiently expressed. To study the
translocation of endogenous ARF1 in prostate cancer cells, the cells
were cultured on coverslip, starved for 48 h and then stimulated with
B-ionone at 100 uM for 5min. After the cells were fixed,
permeabilized and blocked as above, the cells were stained with
primary antibodies against ARF1 and p230 (1:50 dilution) overnight
followed by
antibodies. All images were captured with a x63 objective on a

staining with  AlexFluor-conjugated secondary
Leica Stellaris 5 confocal microscope as described previously (Wei
et al, 2019; Xu et al, 2022). Total ARF1 expression and
ARF1 expression at the GA were quantified by NIH Image] using
p230 as a Golgi marker as described previously (Xu et al., 2022).

Statistical analysis

Statistical analysis was performed using unpaired Student’s
t test. P< 0.05 was considered as statistically significant. All data
were presented as mean + SE.

Results

OR51E2 activates ERK1/2 in prostate
cancer cells

As an initial approach to characterize ERK1/2 activation
by OR51E2, we determined the effect of stimulation with
increasing concentrations of PB-ionone, a newly identified
ORS51E2 agonist (Neuhaus et al., 2009), in two prostate
cancer cell lines (DU145 and LNCaP). HEK293 cell line,
which does not express endogenous OR51E2, was used as
a negative control. Stimulation with [-ionone activated
ERK1/2 in a dose-dependent fashion in both prostate
cancer cells with an EC50 value of approximate 20 uM
(Figures 1A,B). In contrast, B-ionone stimulation had no
effect on ERK1/2 activation in HEK293 cells. These data
demonstrate that activation of endogenous OR51E2 by f-
ionone is able to activate the MAPKs ERK1/2 in prostate
cancer cells.

We then determined if transient expression of FLAG-tagged
OR51E2 could activate ERK1/2 in HEK293 cells. Although ORs are
efficiently expressed at the cell surface in olfactory neurons, they are
retained in intracellular compartments (e.g, ER, GA, and
endosomes) when expressed in heterologous systems (Shepard
et al, 2013). Confocal microscopy showed that FLAG-tagged
OR51E2 was clearly detected at the cell surface after staining
with anti-FLAG antibodies in non-permeabilized cells, but a
significant amount of the receptors was found inside the cell in
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Comparison of ERK1/2 activation by different GPCR agonists in DU145, LNCaP and HEK293 cells. (A) ERK1/2 activation in response to
stimulation with different GPCR agonists and LPS. The cells were cultured on 6-well dishes, starved for 24 h (HEK293 cells) or 48 h (DU145 and
LNCaP cells) and then stimulated for 5 min with UK14340 (1 uM), Ang Il (1 pM), SDF1a (25 nM), Iso (10 pM), B-ionone (100 pM), adenosine (10 uM),
endothelin (100 NM), Oxo-M (10 uM), S1P (125 nM), 5HT (15 nM), and LPS (1 pg/ml). (B) Quantitative data shown in A. The quantitative data are

presented as means + SE (n = 3).

permeabilized cells (Figure 1C). B-Ionone stimulation robustly
activated ERK1/2 in HEK293 cells expressing FLAG-OR51E2
(Figures 1D,E), suggesting that, similar to endogenous
ORS51E2 in prostate cancer cells, exogenous FLAG-OR51E2 is
fully capable of activating ERK1/2 in HEK293 cells.

We next compared OR51E2’s ability to activate ERK1/2 with
other GPCRs. For this purpose, we measured ERK1/2 activation
in DU145, LNCaP and HEK293 cells by ten GPCR agonists,
including UK14340 for a2-adrenergic receptors (a2-ARs), Ang IT
for Ang II receptors, Iso for B2-AR, adenosine for adenosine
receptors, (B-ionone for OR51E2, endothelin for endothelin
receptors, Oxo-M for muscarinic receptors, S1P for S1P
receptors, and 5HT for 5HT receptors. In addition, LPS,
which is well known to strongly activate the MAPK pathway,
was also used. Although the activation magnitudes were variable,
all ten GPCR agonists and LPS significantly activated ERK1/2 in
3 cell lines, except that f-ionone was unable to activate ERK1/2 in
HEK293 cells (Figures 2A,B). ERK1/2 activation by -ionone was
comparable to other nine GPCR agonists tested in prostate
cancer cells. These data suggest that, similar to many other
GPCRs, OR51E2 is a potent activator of ERK1/2 in prostate
cancer cells.

Pharmacological inhibition of Gfy and
PI3Ky and CRISPR-Cas9-mediated KO of
Gy9 and p110y abolish ERK1/2 activation
by OR51E2

We have recently demonstrated that, among 12 Gy
subunits, Gy9 is the most Golgi-translocating Gy subunit,
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whereas Gy3 is the least GA-translocating Gy subunit in
prostate cancer cells and that the chemokine receptor
CXCR4 ERK1/2 through a novel pathway
involving Gy translocation to the GA and PI3Ky
activation (Khater et al., 2021b). To study the molecular
mechanisms underlying ERK1/2 activation by OR51E2, we

activates

first determined the effect of pharmacological inhibition of
Gpy and PI3Ky on ERK1/2 activation by OR51E2. Treatment
with the specific GPy inhibitor gallein and the specific PI3Ky
AS-604850 dramatically attenuated ERKI1/
2 activation by pP-ionone in DU145 cells (Figure 3A),
suggestive of a role of GPy and PI3Ky in ORS5IE2-
mediated ERK1/2 activation in prostate cancer calls.

inhibitor

We then took advantage of previously generated cell lines
in which Gy9, Gy3, and the PI3Ky catalytic subunit p110
(p110y) were individually depleted by CRISPR-Cas9 genome
editing and measured ERK1/2 activation in these KO cells.
KO of Gy9, but not Gy3, markedly inhibited ERK1/
2 activation after (-ionone stimulation in DU145 cells
(Figure 3B). p110y KO also strongly suppressed ERK1/
2 activation by P-ionone (Figure 3B). These data suggest
that GPy translocation to the GA is a crucial event in
ERK1/2 activation by OR51E2.

OR51E2 induces the GA translocation and
activation of ARF1 via Gfy and PI3Ky in
prostate cancer cells

ARFI is a Ras-like small GTPase which is best known for its
functions in maintaining the structure and function of the GA

frontiersin.org
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Pharmacological inhibition of Gy and PI3Ky and CSRIPR-
Cas9-mediated KO of Gy9 and p110y suppress ERK1/2 activation
by OR51E2. (A) Inhibition of p-ionone-mediated ERK1/2 activation
by GBy and PI3Ky inhibitors. DU145 cells were starved for 48 h

and then treated with gallein (10 uM for 30 min) or AS-604850
(2.5 pM for 6 h) before stimulation with p-ionone at 100 uM for
5 min (B) ERK1/2 activation in Gy3, Gy9 and p110y KO cells in
response to p-ionone stimulation. DU145 KO cells were starved for
48 h before stimulation with f-ionone. The Western blots shown
are representatives of at least three experiments.

and in vesicular trafficking, particularly in the formation of
COPI- and clathrin-coated vesicles which mediate cargo
transport between the ER and the GA and between the TGN
and endosomes, respectively (Donaldson and Jackson, 2011). It
has been demonstrated that membrane-associated ARF1 is active
form, whereas its cytosolic form is inactive. Indeed, the
constitutively active GTP-bound mutant ARRIQ71L mainly
localized at the GA, whereas the dominant-negative GDP-
bound mutant ARFIT3IN largely localized in cytoplasm in
prostate cancer DU145 and LNCaP cells (Figure 4A).

Previous studies have demonstrated that GPCRs can interact
with and activate ARF1 and ARF1 regulates GPCR biosynthesis
and signaling (Mitchell et al., 1998; Mitchell et al., 2003; Dong
et al,, 2010; Dong et al., 2011). Transient expression of ARF1 or
ARF1Q71L induces robust activation of ERK1/2 (Dong et al.,
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2011; Zhou et al,, 2015; Davis et al., 2016). We have recently
shown that, in addition to GPy and PI3Ky, ARF1 activation also
plays an essential role in ERK1/2 activation by CXCR4 in prostate
cancer cells (Khater et al., 2021a). To determine the effect of
OR51E2 ARF1 first defined if
ORS51E2 activation affected endogenous ARF1 translocation to

on activation, we
the GA by confocal microscopy. After stimulation with f-ionone,
ARF1 expression at the GA was augmented by 183% and 168% in
DU145 and LNCaP cells, respectively, as quantified by using
p230 as a GA marker (Figures 4B,C). Quantification of the
colocalization of ARF1 with p230 using Pearson’s coefficient
showed that B-ionone stimulation significantly enhanced
ARF1 expression at the GA (Figure 4D).

We then directly measured ARF1 activation by OR51E2 in
response to P-ionone stimulation and determined the effect of
GY9, Gy3, and p110y KO on ARF1 activation in GST fusion
protein pulldown assays using the VHS-GAT domains of
GGA3 (Dell’Angelica et al., 2000; Zhou et al., 2015). Consistent
with its effect on ARFI translocation to the GA, p-ionone
stimulation strongly potentiated ARF1 activation and this effect
was completely reversed by depletion of Gy9 and p110y, whereas
depletion of Gy3 had no effect on ARF1 activation by B-ionone
(Figure 4E). These data demonstrate that OR51E2 activates ARF1,
likely via GBy translocation to the GA and PI3Ky activation.

KO of ARF1 and inhibition of its activation
at the GA suppress ERK1/2 activation by
ORS51E2 in prostate cancer cells

To study the role of ARF1 in ERK1/2 activation by OR51E2 in
prostate cancer cells, we determined the effect of CRISPR-Cas9-
mediated KO of ARF1 via transient expression of CRISPR-Cas9
KO plasmids targeting ARF1 as described previously (Khater et al.,
2021a) and specific pharmacological inhibition of ARFI guanine
nucleotide exchange factors (GEFs) at either the GA or the PM.
Similar to the results observed in Gy9 and PI3Ky KO cells,
expression of ARFI KO plasmids blocked ERK1/2 activation by
B-ionone stimulation in DU145 cells (Figure 5A). Treatment with
golgicide A (GCA) and Exo2, two well-studied GA-localized
ARF1GEF inhibitors dramatically attenuated ERK1/2 activation
by B-ionone (Figure 5B). By contrast, treatment with secinH3, a
PM-localized ARF1GEF inhibitor, did not affect ERK1/2 activation
by B-ionone (Figure 5B). These data suggest that the activation of
ARF1 at the GA, rather at the PM, mediates ERK1/2 activation by
OR51E2 in prostate cancer cells.

Discussion

In this study, we have demonstrated that ectopically expressed
OR5IE2 is a potent activator of the MAPKs ERK1/2 in prostate
cancer cells. Stimulation with p-ionone dose-dependently activates
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FIGURE 4

Stimulation with p-ionone recruits ARF1 to the GA and activates ARF1 via GPy and PI3Ky in prostate cancer cells. (A) Subcellular distribution of

ARF1Q71L and ARF1T31N in DU145 and LNCaP cells. The cells were transfected with GFP-tagged ARF1 active or dominant negative mutant for 24 h
and the subcellular distribution of ARF1 mutants was revealed by confocal microscopy. (B) ARF1 translocation to the GA after p-ionone stimulation
The cells were starved for 48 h, stimulated with f-ionone at 100 pM for 5 min and then stained with antibodies against ARF1 and p230. (C)

Quantification of ARF1 expression at the GA by using p230 as a GA marker. (D) Quantification of Pearson’s coefficient between ARF1 and p230. (E)
ARF1 activation in Gy3, Gy9, and p110y KO cells in response to B-ionone stimulation. DU145 KO cells were starved for 48 h before stimulation with -
ionone at 100 uM for 5 min. ARF1 activation was measured in GST fusion protein pulldown assays. The quantitative data are presented as means + SE
(n = 29-43 cells in C and 18-25 cells in D in three individual experiments). ***, p < 0.001 versus respective control. Scale bar: 10 um. The Western

blots shown are representatives of three experiments.

ERK1/2 with an EC50 value of about 20 uM, and its efficiency is
comparable to other GPCR agonists tested and LPS in two prostate
cancer cell lines. As B-ionone stimulation does not activate ERK1/2 in
HEK293 cells which lack endogenous OR51E2, but does cause robust
ERK1/2 activation when exogenous OR51E2 is transiently expressed,
OR5I1E2 activation by -ionone, leading to ERK1/2 activation, is likely
specific.

As the first study to elucidate the molecular mechanisms
underlying ERK1/2 activation by OR51E2, we focus on three
important signaling molecules: GPy, PI3Ky and ARFI, which we
have recently demonstrated to control CXCR4-mediated ERK1/
2 activation in prostate cancer cells (Khater et al., 2021a; Khater
et al, 2021b). There are several important points regarding the
role of GPy, PI3Ky and ARF1 in mediating ERK1/2 activation by
OR51E2 in prostate cancer cells. 1) We have demonstrated that
KO of Gy9 which robustly translocates to the GA remarkably
affects ERK1/2 activation by OR51E2, whereas KO of Gy3 which
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does not effectively translocate has no clear effect. In addition,
treatment with gallein to inhibit GBy function blocks ERK1/
2 activation by OR51E2. Therefore, ERK1/2 activation by
OR51E2 is most likely mediated through Gfy dimers,
particularly their translocation to the GA. 2) PI3Ky is a well-
characterized signaling molecule acting downstream of GPy
dimers. Our data have shown that KO of its catalytic subunit
p110y and pharmacological inhibition of its activation abolish
ERK1/2 activation by B-ionone, indicative of an essential role
played by PI3Ky. 3) The fact that ARF1 KO suppresses ERK1/
2 activation by OR51E2 demonstrates that, similar to PI3Ky,
ARF1 is also an essential element in ERKI/2 activation by
OR51E2. 4) Consistent with the role of GA-translocating Gpy, it
is the GA-localized ARF1GEFs, but not the PM-localized
ARF1IGEFs, which activate ARFI, leading to ERK1/2 activation.
Altogether, these data demonstrate a signaling pathway to mediate
ERK1/2 activation by OR51E2 in which Gpy translocation to the GA
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FIGURE 5

KO and inhibition of ARF1 abolish ERK1/2 activation by

ORS51E2. (A) Effect of CRISPR-Cas9-mediated depletion of

ARF1 on ERK1/2 activation by p-ionone in DU145 cells. The cells
were transiently transfected with CRISPR-Cas9 KO plasmids
targeting human ARF1, starved for 48 h and then stimulated with p-
ionone at 100 pM for 5 min. (B) Effect of ARF1 inhibitors on ERK1/
2 activation by p-ionone in DU145 cells. The cells were starved for
48 h and treated with secinH3 (100 uM), GCA (30 uM) or Exo2
(60 pM) for 30 min before stimulation with p-ionone. AS-604850
treatment (2.5 pM for 6 h) was used as a positive control. The
Western blots shown in each panel are representatives of at least
three experiments.

induces the activation of PI3Ky and ARFI, and the GA provides a
spatial platform in prostate cancer cells.

It is interesting to note that pharmacological inhibition of
GPy or PI3Ky attenuates invasiveness or metastatic spread of
prostate cancer cells in response to B-ionone stimulation (Sanz
et al., 2014; Sanz et al., 2017b), suggesting an important role of
GPy and PI3Ky in mediating the function of OR51E2 in prostate
cancer cells. Our data presented here have clearly revealed that
Gy, PI3Ky and ARF1 mediate ERK1/2 activation by OR51E2 in
prostate cancer cells, which are highly consistent with our
previous on CXCR4-medited ERK1/2 activation
(Khater et al., 2021a; Khater et al., 2021b). In addition, genetic
depletion and pharmacological inhibition of these three signaling
molecules also affect ERK1/2 activation by a2-ARs (Khater et al.,
2021b). These data demonstrate that after GPCR activation, GBy
translocation to the GA which subsequently activates PI3Ky and

studies

ARF1 may provide a common pathway by which multiple

GPCRs activate the MAPKs ERK1/2 in prostate cancer cells.
Similar to RTKs, GPCRs play a crucial role in the initiation

and progression of many different cancer types and huge efforts
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are currently underway to develop new GPCR-based drugs for
cancer (Dorsam and Gutkind, 2007; Lappano and Maggiolini,
2011). A number of GPCRs, including OR51E2 and CXCR4
(Taichman et al., 2002; Xu et al., 2006), are over-expressed in
prostate cancer patients and regulate prostate cancer cell growth,
migration and invasion, and prostate cancer progression. These
receptors, together with enhanced expression of other signaling
molecules, particularly Gy9 (El-Haibi et al, 2013) and ARF1
(Davis et al., 2016), may partially contribute to hyper-activation
of oncogenic MAPK pathway in prostate cancer patients. It is
worth noting that inhibition of GPy suppresses prostate cancer
cell growth and tumor formation (Bookout et al., 2003; Paudyal
etal, 2017). These data implicate that enhanced GPCR signaling
may represent crucial mechanisms responsible for the hyper-
activation of the MAPK pathway in prostate cancer.

In summary, we have demonstrated that ectopically expressed
ORS51E2 is a potent activator of the MAPKs ERK1/2 in prostate
cancer cells and that the function of OR51E2 in activating ERK1/2 is
mediated through a specific GA-localized GPy-PI3Ky-ARF1 pathway.
Our data provide important insights into the understanding of hyper-
activated oncogenic MAPK pathway in prostate cancer.
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