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Abstract

The Hippo pathway is an evolutionary conserved kinase cascade involved in the control of tissue
homeostasis, cellular differentiation, proliferation, and organ size, and is regulated by cell-cell contact,
apical cell polarity, and mechanical signals. Miss-regulation of this pathway can lead to cancer. The
Hippo pathway acts through the inhibition of the transcriptional coactivators YAP and TAZ through
phosphorylation. Among the various signaling mechanisms controlling the hippo pathway, activation of
G12/13 by G protein coupled receptors (GPCR) recently emerged. Here we show that a GPCR, the
ghrelin receptor, that activates several type of G proteins, including G12/13, Gi/o, and Gq, can activate
YAP through Gg/11 exclusively, independently of G12/13. We revealed that a strong basal YAP
activation results from the high constitutive activity of this receptor, that can be further increased upon
agonist-activation. Thus, acting on ghrelin receptor allowed to modulate up-and-down Y AP activity, as
activating the receptor increased Y AP activity and blocking constitutive activity reduced Y AP activity.
Our results demonstrate that GPCRs can be used as molecular switches to finely up- or down-regulate
Y AP activity through a pure Gq pathway.
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Introduction

The Hippo pathway originally identified in Drosophila is an evolutionary conserved kinase cascade
playing essential roles in tissue homeostasis, cellular differentiation, proliferation, and organ size control
[1,2]. Core components of this signaling cascade in vertebrates comprise the Ser/Thr-kinase MST1/2 that
phosphorylates large tumor suppressor kinase LATS1/2 when associated with Sav1 [3]. In turn LATS1/2
deactivates the two downstream effector proteins YAP and TAZ by phosphorylation, notably Ser127 of
YAP [4], leading to their retention in the cytosol by an interaction with 14-3-3 proteins and to their
degradation. Conversely, dephosphorylated YAP/TAZ act as transcriptional coactivators by translocating
into the nucleus and binding mainly to the TEAD family of transcription factors to modify gene
expression. Among their targets are genes that inhibit apoptosis and promote proliferation such as
connective tissue growth factor (CTGF) or cysteine-rich angiogenic inducer 61 (CYR 61) [5,6].
According to its physiological functions, mis-regulation of the Hippo pathway triggers pathological
processes leading to tumorigenesis [7—10]. Thus, strong YAP/TAZ activity, often indicative of poor
prognosis, has been reported in colon, liver, breast and ovarian cancers, and melanomas [11-14].
YAP/TAZ even regulate the fate and self-renewal of cancer stem cells in colon and breast cancers, and
may contribute to mechanisms of resistance to therapeutic treatments [15-17]. YAP/TAZ axis plays also
a role in regulating cell metabolism [18], as expression and activity of YAP/TAZ are regulated by
glucose, fatty acids, nutrients, and hormones, while YAP/TAZ modulate glycolysis and lipogenesis.
Moreover, YAP can be inhibited by AMPK-mediated cellular energy stress [19], due to direct
phosphorylation of YAP Ser94 by AMPK or to AMPK-dependent activation of LATS, suppressing the
oncogenic transformation in cells deficient of LATS. All these Hippo axis complex actions are under the

control of numerous upstream molecular regulators [20].

Hippo YAP/TAZ axis activity underlying its physio-pathological actions is then under the control of
numerous inputs, like cell-cell contact inhibition at tight and adherent junctions [21], apical cell polarity
[22], or mechanical signals induced by extracellular matrix (ECM) rigidity and cell shape [23]. These
biophysical events are relayed by membrane molecular complexes like integrins-based focal adhesion
complexes that mostly control cytoskeleton organization and intracellular Rho pathway down to
YAP/TAZ activation. At adherent junctions, the protein Neurofibromatosis 2 (NF2/Merlin) interact with
membrane a-catenin and Angiomotin (AMOT), the later recruiting LATS1/2 and YAP, facilitating YAP
phosphorylation by LATS 1/2 [24]. Besides mechanical cues, strong evidence for Hippo pathway
regulation by membrane G protein-coupled receptor (GPCR) has recently emerged as a major focus in the
field [25].



GPCRs can increase or inhibit YAP/TAZ activity depending on the heterotrimeric G-protein mobilized
by the GPCR [25-27]. Gs G protein activation induces YAP phosphorylation and thereby inactivates the
YAP/TAZ pathway [25], as recently illustrated in skin cancer cells [28]. Indeed, activation of the Protein
kinase dependent on cAMP (PKA) blocks YAP activity through the direct stimulation of LATS1/2 kinase
or indirectly through the phosphorylation of the tumor suppressor protein NF2/Merlin making NF2 able
to interact with and activate LATS1/2. In contrast to the Gs tumor suppressor action, it is now established
that G12/13 G proteins activation promotes Y AP activation, nuclear translocation, and gene expression
activity, via the Rho GTPase cascade [25,27,29-32], as first illustrated with the Sphingosin-1 phosphate
receptor S1P2 [25,27]. In this complex cascade, RhoA GTPase controls F-actin polymerization that can
then bind AMOT, competing with LATS1/2 interaction on AMOT. The released inactive LATS1/2 is
then unable to phosphorylate YAP. While many GPCRs activate YAP mainly or exclusively through

G12/13, the role of other G proteins remains unclear.

In the present study, we show that a GPCR known to activate both G12/13 and Gq types of G proteins
can regulate YAP/TAZ activity via Gq exclusively. Indeed, basal and agonist-induced activity of this
receptor can inhibit YAP phosphorylation, promoting its activity, while an inverse agonist favors its
phosphorylation. This effect is prevented by Gq inhibitors, while G12/13 knock-down have no effect.

These data then reveal a novel way GPCRs can regulate this important signaling cascade.



Materials and Methods

Reagents

The HTRF® kits to detect either phosphorylation of YAP on the S127 residues or total YAP relative

protein amount were developed by Cisbio ([35] and https://fr.cisbio.eu/, Cisbio, Codolet, France) in

collaboration with Laurent Prézeau and Jean-Philippe Pin. Reagents were purchased from Tocris unless
otherwise specified. MKO0677 was purchased from Axon Medchem. JMV-5289 and JMV-3011 were
synthesized by Dr. Jean-Alain Fehrentz (IBMM, université Montpellier, France) as described elsewhere
[33].

Cell culture and stable expression in HEK 293 cells

GHS-R1a stable HEK?293 cell line (#C1SU1GHSR1A) is a commercial cell line generated by Perkin-
Elmer/Cisbio (https:/fr.cisbio.eu/ and [34]). Cells were maintained in Dulbecco’s modified Eagle’s

medium supplemented with 10% (V/V) fetal calf serum, penicillin (50 mg/ml), and streptomycin (50
mg/ml). Cells were used for experiments at intermediate cell density, to avoid inhibition of YAP/TAZ
activity due to cell-cell contacts. The GHS-R1a receptor was tagged with the SNAP domain, allowing

labelling as described in the SUPP-legend section.
SiRNA

Gal2, Gal3, and control siRNAs were purchased from the Dharmacon SMART pool (Dharmacon,
ThermoFischer Sceintific, Illkirch, France). HEK293 cells were transiently transfected with SIRNA using

DharmaFECT 1 (Dharmacon) transfection reagent according to the manufacturer’s protocol.
gPCR primer sequences

Gene Primer sequence (5°-3°)

GNA12 F: GGAGGGATTCTGGCATCAGG

R: CCGATCCGGTCCAAGTTGTC

GNA13 F: TCCCTGGGGAGACAACTCAAA

R: TTTCCACCATTCCTTGGGCTG

CYRG61 F: GGTCAAAGTTACCGGGCAGT

R: GGAGGCATCGAATCCCAGC

CTGF F: AAAAGTGCATCCGTACTCCCA

R: CCGTCGGTACATACTCCACAG
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GAPDH F: TCATTGACCTCAACTACATGGTTT

R: GAAGATGGTGATGGGATTTC

YAP phosphorylation

HTRF®-based assays were developed to detect phosphorylation of YAP on its Serine 127 residues
(Phospho-YAP (S127) HTRF® kit, #64Y ATPEG), and the relative amount of YAP protein (Total-YAP
HTRF® kit, #64YAPPEG) ([35] and https://fr.cisbio.eu/). In the Total-YAP HTRF® kit, two antibodies

recognizing the YAP protein on different epitopes are labelled with either a Time-Resolved Forster

Resonance Energy Transfer (TR-FRET) donor lumiphore (Europium cryptate), or with a TR-FRET
acceptor lumiphore (D2 lumiphore). When both labelled antibodies are bound to the YAP protein, the
activation of the donor lumiphore with a 337 nm laser leads to a transfer of energy from its energetic
states to the acceptor compatible energetic states that results in an emission of light at 665 nm. In any
other case, there is no energy transfer and only the emission of the activated donor is detected (620m).
Similarly, in the case of the Phospho-YAP (S127) HTRF® kit, two HTRF® compatible lumiphore
labelled antibodies were used, one antibody recognizing the YAP protein and the other one only the
S127-phosphorylated YAP protein. Measurement of phosphorylated and total Y AP was performed in
HEK293 cells, starved overnight. The cells were stimulated with the indicated ligands, then both
antibodies were added, and the read was performed after overnight incubation later using either the
luminometers Pherastar (BMGLabtech) or Spark (TECAN). The HTRF® ratio was calculated as the ratio
of the sensitized acceptor signal integrated in time window 50-500 ps over donor signal integrated over

the same time window and multiplied by 10 000.
Inositol phosphate production

Inositol phosphate production level was measured in HEK293 cells thanks to the HTRF® IPOne -Gq kit
(Perkin-Elmer/Cisbio, Codolet, France) as described previously [36]. Briefly, the HTRF® IPOne -Gq kit
is a competitive immunoassay that uses a Terbium cryptate-labelled anti-IP1 monoclonal antibody and
d2-labeled IP1 (IP1-d2) generating a TR-FRET signal. Then, any IP1 produced by the cells will compete
with the labelled IP1-d2 and induce a decrease in TR-FRET signal. LiCl is added to the cell-stimulation
buffer, causing the accumulation of IP1 upon receptor activation. Prior to lysis and the addition of the
IP1-Tb antibody and IP1-d2, receptor-transfected HEK293 cells were treated with the indicated test
compounds. The receptor-transfected cells were then stimulated with the indicated ligands. The cell

lysates were transferred to a 384-well plate, and both antibodies were added; the read was performed 2 h
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later using either the luminometers Pherastar (BMG) or Spark (TECAN) for HTRF® ratio determination
according to the manufacturer recommendations. The HTRF® ratio was calculated as the ratio of the
sensitized acceptor signal integrated in time window 50-500 us over donor signal integrated over the

same time window and multiplied by 10 000.
Immunostaining

HEK293 cells were grown on poly-L-Ornithine glass coverslips to 50% of confluence, starved for 2 hrs
and treated with 1 uM MKO677 for 1 hour. In some cases, cells were pre-treated with 1 pM FR900359 or
500 nM substance P for 2 hours. Subsequently cells were fixed in 4 % PFA followed by permeabilization
in 0.2% Triton X-100 and blocking in 1% FCS. After extensive washing with PBS cells were stained with
a YAP/TAZ rabbit mAb (Cell Signaling Technology Cat# 8418, RRID:AB_10950494, 1:200) overnight
at 4°C or 2 hrs at room temperature. After washing with PBS cells were incubated with Alexafluor 488-
conjugated goat-anti rabbit (1:200), DAPI (1:50000) and Phalloidin-ATTO-647N (500 nM) for 1 hour at
room temperature. Cells were then washed again with PBS before being mounted on microscope slides
with ProLong Gold Antifade Mountant (Thermo Fisher Scientific).

Image analysis

In order to measure the dependency of DAPI stained nuclei and YAP/TAZ stained cells, used Image J
1.47 and a colocalization plugin. Images for each channel were background subtracted and Pearson’s
colocalization coefficient was calculated using the following equation:

R p= 2(A;—a) x (B;—b)
JVIZ(Ai—a)2 xX(Bi-b)?]

The channel A and channel B grey values of voxel i are noted as A; and B;, respectively, and the average

intensities over the full image as a and b.
RNA extraction and quantitative PCR

Before being extracted with RNA easy kit according to the manufacturer’s protocol (Quiagen,
Courtaboeuf, France) cells were washed with cold PBS. For reverse transcription with M-MLV
(Promega) 1 pg of RNA was used. Diluted cDNA was used for real-time quantitative PCR using
LightCycler ® 480 SYBR Green | Master (Roche, Meylan, France), gene specific primers (see primer
sequences) and the Light Cycler ® 480 system (Roche, Meylan, France). GAPDH was taken as

housekeeping gene for normalization purposes.

Western Blot analysis



Cells were treated and cultured as described in the previous sections. Treated cells were washed, lysed in
RIPA buffer (Thermo Fisher Scientific, UlIm, Germany) and resolved using on 10% SDS-PAGE. Proteins
were then transferred onto a PVDF membrane and subsequently immunoblotted with anti phospho-S127
YAP antibody (1:1000, Cell Signaling, Leiden, The Netherlands) or total YAP antibody (1:1000, Cell
Signaling, Leiden, The Netherlands), for the control of G12/13 knockdown siRNA transfected cells were
lysed and processed as described above for immunoblotting using an anti-Ga13 antibody (# HO0010672-
MO1, Abnova, Taipei City, Taiwan) or an anti GAPDH antibody for control loading (G9545, SIGMA).

ERK1/2 activation

Measurement of ERK1/2 activation was performed using the Advanced ERK phospho-T202/Y 204 kit

(#64AERPEG, Cishio, Codolet, France), which uses a cryptate-labeled anti-ERK monoclonal antibody
and a d2-labeled anti-phospho-ERK monoclonal antibody. Cells plated in 96 well plate were stimulated
with the appropriate compounds, and then the cell lysates were transferred to a 384-well plate, and both

antibodies were added; the read was performed 2 h later using Pherastar (BMGLabtech) plate reader.

Data analysis

Concentration-response relationships were analyzed using Graph Pad Prism 4 (San Diego, CA, USA) by

three parameter non-linear regression according to the following sigmoidal dose-response equation:

Y=Bottom + (Top-Bottom)/(1+10"((LogEC50-X))), where X is the logarithm of concentration and Y is

the response.

For statistical tests, where only two datasets were being compared an unpaired Student’s t-test (two-
tailed) was used, where p<0.05 was deemed statistically significant. Where greater than two datasets
were compared, one- way analysis of variance (ANOVA) tests were used with p<0.05 being accepted as
significantly different. ANOVA tests were followed by the Dunnett’s or Tukey’s multiple comparison

test.
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Results
Assessment of YAP S127 phosphorylation in HEK293 cells

To screen for regulatory inputs on YAP activity in cells, we developed innovative rapid and easy-to-use
assays for 96 or 384 well plate formats, based on the HTRF® technology (SuppFig.1, [35], and
https://fr.cisbio.eu/). These Phospho-YAP (S127) HTRF® and Total-YAP Kits are based on a relative
quantification of both the S127 phosphorylated form of YAP (P-YAP) and of total YAP (T-YAP) using a
pair of antibodies labelled with time-resolved FRET (TR-FRET) compatible fluorophores. While the T-

Y AP assay needs the use of two anti-Y AP antibodies that recognize the protein whether or not
phosphorylated, the P-YAP assay is based on the use of an antibody recognizing specifically YAP
phosphorylated on Ser 127, one of the major events related to YAP inhibition, and a second anti-Y AP
antibody (SuppFig.1A, M&M, and [35]). The signal obtained with the S127-P-Y AP assay can be
normalized to the signal obtained with the T-YAP assay to generate the ratio P-YAP/T-YAP

(SuppFig.1A), in order to eliminate well to well cell number variation.

This assay was first validated in HEK293 cells. As previously described [25], serum 10% induced a
decrease of S127-Y AP phosphorylation in overnight serum-deprived cells, as similarly detected using
both a western blot approach (SuppFig.1B) and the innovative P-YAP and T-YAP (and P-YAP/T-YAP
ratio) HTRF® assays (SuppFig.1A) over a time course of 240 min. Actually, YAP dephosphorylation by
application of serum was recorded after a serum starvation step that allows YAP re-phosphorylation. Note
that YAP was getting phosphorylated back at 240 min after stimulation as detected by both approaches
(SuppFig.1A & B). Interestingly, the expected increase of Y AP expression due to low phosphorylation
state was also detected (SuppFig.1A & B). We then used our HTRF®-based assays to assess the
regulation of YAP phosphorylation by GPCRs. Yu et al. showed that the effect of serum on YAP
dephosphorylation in HEK293 cells was due at least partly to the activation of S1P receptors by S1P
ligand present in serum [25]. Indeed, we observed that both serum and S1P induced a decrease of YAP
S127 phosphorylation in HEK293 cells after overnight serum deprivation (SuppFig.1C). The serum effect
was more pronounced at 60 min and lasted longer as the effect was still present at 120 min in contrast to
S1P (SuppFig.1C).

YAP S127 dephosphorylation in response to GHS-R1a stimulation

These assays were then used to assess the control of YAP phosphorylation by the GHS-R1a Ghrelin
GPCR. We used the commercial HEK293 cell line #C1SU1GHSR1A (GHS-R1a HEK293 cells) stably
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expressing GHS-R1a, as illustrated by Ghrelin and the agonist MK0677 displacing the binding of Ghrelin
receptor Red Agonist (Perkin-Elmer/Cisbio) (SuppFig.2A & B) [34]. GHS-R1a is known to activate Gq,
as well as Gi/o and G12/13 [37-39]. In GHS-R1a HEK?293 cells, Ghrelin and the full GHS-R1A agonist
MKO0677 induced the generation of IP1-3 second messengers as measured using an HTRF® IPOne assay,
in a dose-dependent manner (pECso = 9.63 + 0.16), which was completely reversed in the presence of the
Gq inhibitor FR900359 (Fig.1A). This confirms that GHS-R1a activates Gq in this stable cell line. We
then showed that GHS-R1a activated YAP in this cell line. Indeed, application of either the endogenous
agonist Ghrelin or the synthetic agonist MK0677 resulted in a robust, dose-dependent S127 YAP
dephosphorylation (Fig.1B), both displaying similar efficacy (55% for ghrelin and 49% for MK0677,
respectively) and ECsgs (PEC50 = -9.05 £ 0.14 and -9.54 + 0.14, respectively), similar to the ones
determined with the IPOne assay (Fig.1A). Besides, we used the P-YAP/T-YAP ratio (Fig.1B) generated
by normalizing the P-YAP data (Fig.1C) by the T-YAP protein level (Fig.1D), which were determined
after overnight serum-starvation of the cells, since a weak but not significant MK0677 response was

obtained in non-starved cells likely due to serum effect on YAP (Data not shown).
GHS-R1a controls YAP activity through Gq and not G12/13, in contrast to the S1P receptors

We then demonstrated that the GHS-R1a-induced Y AP regulation resulted from the activation of the Gq
pathway (Fig.2 and SuppFig.3). Indeed, the Gg inhibitor FR900359 [40] completely suppressed the
MKO0677-induced YAP dephosphorylation (Fig.2A and SuppFig.3). “In contrast, treatment with siRNAs
targeting Gal2 or Gal3 mRNA, used either individually or pooled, did not alter the MK0677 response
(Fig.2A and SuppFig.3, data not shown for individual siRNAs), although they largely decreased Ga12 or
Gal3 mRNA expression level (Fig.2B) and Ga13 G protein amount to undetectable levels (Fig.2C), In
agreement, siRNA treatment did not further increase the Gq inhibitor effect (Fig.2A and SuppFig.3, data
not shown for individual siRNAs).” Actually, neither the efficacy of MK0677 nor the EC50s of MK0677
(PEC50 =-9.48 £ 0.21) were affected by siRNAs against Ga12 and Gal3 RNAs (pEC50 of MK0677 = -
9.38 + 0.22), nor the control siRNAs (pEC50 of MKO0677 = -9.43 + 0.26). It has to be noted that the
treatment of the cells by the pertussis toxin PTX (500 ng/mL) that inhibits the Gi/o G proteins did not
affect the MK0677-induced YAP dephosphorylation (SuppFig.4A), although GHS-R1a was able to
activate Gi/o G proteins, as illustrated by the reduction of the MK0677-induced ERK1/2 signaling upon
PTX treatment (SuppFig.4B). Taken together, these data support the activation of YAP by GHS-R1a
resulting exclusively from a Gg-pathway. In contrast, S1P treatment in the same cells showed that the
S1P-induced YAP activity was mediated mainly by the G12/13 pathway (Fig.3A and SuppFig.5). Indeed,
in cells transfected with siRNAs targeting the Ga12 and Gal3 RNAs to eliminate Ga12 and Gal3
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proteins (Fig.3B), S1P-induced YAP dephosphorylation was largely reduced (Fig.3A and SuppFig.5),
while treatment with control siRNAs did not modify S1P effect (Fig.3A and SuppFig.5). Interestingly,
blocking at the same time the G12/13 pathway and the Gq pathway using the FR900359 compound led to
a total suppression of the S1P response (Fig.3A and SuppFig.5), demonstrating that the Gq pathway also
contributed to the YAP regulation by S1P receptor. Moreover, treatment with FR900359 alone increased
the P-YAP/T-YAP ratio in these cells, but S1P could still dephosphorylate YAP (Fig.3A and SuppFig.5).
Our data then demonstrate that agonist-activated GHS-R1a does induce Y AP dephosphorylation through
Gg and not G12/13 in contrast to the S1P receptors.

GHS-R1a constitutive activity induces sustained YAP dephosphorylation

Inhibiting Gq with FR900350 was found to strongly affect the basal level of P-YAP/T-YAP in GHS-R1a
HEK?293 cells (Fig.2A and Fig.3A) (48.6 % £ 12.8% SEM increase in P-YAY/T-YAY as compared to
non-treated cells). Moreover, this strong reduction of YAP dephosphorylation in GHS-R1a HEK293 cells
upon FR900359 treatment (Fig.2A and Fig.3A), often led to a decrease of the total Y AP protein level
(SuppFig.3 and SuppFig.5). These data suggested a tonic effect of Gg on YAP activity. The GHS-R1a is
well-known for its high ligand-independent constitutive activity [41,42], easily detected through the
constitutive activation of the Gq pathway [41]. Actually, a large decrease of the basal level of IP second
messenger production was also observed upon treatment with the Gq inhibitor FR900359, as observed in
Fig.1A (25.8% + 8.4% SEM), indicating that FR900359 did inhibit the GHS-R1a-induced Gq constitutive
activity. A further demonstration was provided by the use of two compounds, Substance P analogue
(SPA) [42] and IMV5289 [33], with inverse agonist activity able to decrease the constitutive activity of
GSH-R1a. Both SPA and JMV5289 induced in a dose-dependent effect a reduction of the basal
production of IP second messengers in GHS-R1a HEK293 cells (Fig.4A, increase HTRF® ratio of 18.0 =
5.3% for SPA and 14.3 £ 3.7 for IMV 5289), while the agonist MK0677 and JIMV3011 compound
[39,43] increased IP3 production, although to a distinct extend (Fig.4A). Indeed, we observed a very
partial agonist effect of IMV3011 although it was described as an antagonist [39]. These results
confirmed the presence of a strong constitutive activity of GHS-R1a toward the Gqg pathway, likely at the
origin of the constitutive dephosphorylation of YAP.

We then demonstrated that the constitutive dephosphorylation of YAP in the GHS-R1a HEK293 cells
was due to the constitutive activity of GHS-R1a using both HTRF® and western blot approaches (Fig.4B-
D and SuppFig.6). Indeed, both inverse agonists SPA and JMV5289 dose-dependently increased YAP
phosphorylation by 22 % and 7 %, respectively (Fig.4B & C and SuppFig.6A). In contrast, compound
JMV3011 decreased Y AP phosphorylation at high concentration (Fig.4B). Further analysis revealed that
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saturating concentration of SPA led to a reduced potency of MK0677 on YAP dephosphorylation (pEC50
-7.47 £ 0.22 vs pEC50 -9.59 £ 0.17, Fig.4D and SuppFig.6B). More interestingly, the basal YAP
phosphorylation was strongly increased likely due to the inverse agonist action of SPA (1.44 + 0.03 a.u.
for SPA vs 0.98 + 0.02 a.u. for MK0677, Fig.4D and SuppFig.6B), while the efficacy of MK0677 was
slightly reduced (0.75 + 0.07 a.u. vs 0.58 + 0.02 a.u., Fig.4D and SuppFig.6B). Taken together, these data
demonstrated that controlling the activity of GHS-R1a using agonists or inverse agonists allows a precise

up and down regulation of YAP S127 phosphorylation.
GHS-R1a controls the nuclear YAP/TAZ localization and target gene expression

We then examined whether the GHS-R1a constitutive Gq activation could control YAP nuclear
localization the same way as an acute GHS-R1a agonist-driven Gq stimulation. Phosphorylation of YAP
on S127 by LATS1/2 is known to favor its interaction with 14-3-3 proteins resulting in cytoplasmic
sequestration [44,45]. In contrast, dephosphorylation of YAP, as described also for its related partner
TAZ, generally triggers its translocation to the nucleus where YAP controls its target gene expression by
interacting directly with the TEAD 1-4 transcription factor family [6,21,23,46]. To investigate whether
GHS-R1a not only contributes to YAP dephosphorylation but also leads to its downstream translocation
to the nucleus via the Gq pathway, we studied nuclear YAP/TAZ localization by immunofluorescence
microscopy (Fig.5A). Most commercially available antibodies do not discriminate between YAP and
TAZ proteins, but localization of both proteins is similarly regulated in most models, although TAZ is
degraded faster in the cytoplasm than Y AP upon phosphorylation [47]. The overlap between nuclear
staining obtained with the DAPI dye and YAP/TAZ positive immunodetection areas was calculated using
the Pearson correlation coefficient to quantify YAP/TAZ nuclear localization (Fig.5B). Under basal
conditions, a significant YAP/TAZ nuclear localization was observed (Fig.5A & B, R=0.17 £ 0.05).
MKO0677 application induced robust nuclear YAP/TAZ accumulation (R=0.44 + 0.04). Moreover, a
strong actin stress fiber formation followed through the staining of actin with dye labelled-phalloidin was
observed, as often observed upon external stimuli application that control Y AP activity (Fig.5A).
Interestingly, treatment with the inverse agonist SPA or the Gg-inhibitor FR900359 resulted in a
complete nuclear depletion of YAP/TAZ (R =-0.066 + 0.06 or R=-0.063 + 0.02 respectively) and actin
polymerization was reduced when treated with SPA or absent when treated with FR900359 (Fig.5A & B).
Moreover, pre-treatment of the cells with the Gq inhibitor FR900359 completely abolished the MK0677-
induced YAP/TAZ nuclear translocation (R=-0.034 + 0.04), and SPA reduced it partially when tested at
a sub-maximal concentration of 500 nM (R=0.27 + 0.03) (Fig.5A & B). Taken together, these data show

that a basal tonic nuclear localization of YAP/TAZ was induced by the Gg-mediated constitutive activity
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of the GHS-R1a receptor, and that controlling GHS-R1a activity by agonist and inverse agonist also

results in a dual up- or down-impact on YAP/TAZ nuclear translocation.

We next demonstrated that Y AP dephosphorylation and nuclear translocation in response to tuning of
GHS-R1a activity could also trigger dual regulation of Y AP target genes expression level. When assaying
by real-time PCR the mRNA expression of two of the YAP/TAZ target genes, CTGF and CYR61 [23,30],
an upregulation of their expression was observed in an agonist MK0677-dependent manner (Fig.6).
Inversely, FR900359, and in a lesser extend SPA at sub-saturating concentration, reduced the basal
expression level of both target gene mRNAs (Fig.6), indicating the presence of a constitutive expression
of these two genes due to Gq constitutive activation by GHS-R1a. Thus, CTGF and CYR61 YAP target
gene mRNA levels can be up or down regulated depending the action of agonists or inverse agonists of

GHS-R1a, in a Gg-dependent manner.
Rho pathway is involved in regulation of YAP phosphorylation by GHS-R1a

Previous studies identified Rho GTPases as essential for cytoskeletal rearrangements and stress fibber
formation being involved in YAP regulation [48,49]. Thus, we investigated the role of endogenous Rho
signaling in YAP regulation by inhibiting Rho GTPases with botulinum toxin C3. Treatment with toxin
C3 strongly increased the basal level of the P-YAP/T-Y AP ratio (Fig.7A and SuppFig.7), demonstrating
the tonic activation of the Rho cascade. This effect is well detected considering the ratio P-YAP/T-YAP
(Fig.7A). Indeed, the weak impact of C3 treatment detected on P-Y AP signal (SuppFig.7) is likely due to
the constant degradation of phosphorylated YAP leaving the nucleus, which then leads to a strong
decrease of T-YAP amount as observed in SuppFig.7. The MKO0677-induced effect was also reduced
although not completely blocked (Fig.7B). The Rho inhibitor C3 abolished basal nuclear YAP
localization and suppressed MK0677-induced YAP nuclear translocation (Fig.8A & B). Stress fibber
formation in response to GHS-R1a constitutive or agonist-induced activation was largely abolished when
cells were pre-treated with C3 (Fig.8A). These data suggest that the Rho pathway is mobilized up- and
down by both the constitutive activity and the agonist-induced activity of GHS-R1a.
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Discussion

The Hippo-YAP pathway plays a crucial role in tissues development, healing, but also in tumorigenesis
processes. There are numerous molecular mechanisms allowing extracellular signals to control this
pathway, but not all clearly identified. It was recently shown that GPCRs can indeed activate YAP
activity through G12/13 heterotrimeric G proteins. Here, we showed that the GPCR-mediated Gq
pathway can also increase Y AP activity, without any contribution of either G12/13 or Gi/o proteins.
Moreover, we show that by targeting a GPCR with a significant Gqg constitutive coupling, it is possible to
either inhibit or increase Y AP activity with inverse agonists or agonists, respectively. Our data illustrate

how a Gg-coupled GPCR can act as a molecular switch to finely tune up or down Y AP activity.

In order to be able to screen for conditions and drugs, we developed innovative and efficient assays, based
on the HTRF® technology allowing the relative quantification of total YAP and S127 phosphorylated

Y AP protein [35]. Using a stable HEK293 cell line expressing the GHS-R1a receptor, we show that two
different GPCRs activate YAP through two distinct pathways. Indeed, activation of the S1P receptor
induced S127 Y AP dephosphorylation mainly through the mobilization of G12/13 pathway, while the
GHS-R1a receptor also dephosphorylate Y AP but through the Gq pathway exclusively. Moreover, we
showed that the downstream Y AP cascade events, like the nuclear YAP localization and the YAP-
regulated gene expression, induced by GHS-R1a stimulation were abolished when the Gqg pathway was
inhibited. These data reveal that two different receptors can control S127 YAP

dephosphorylation/activation using different G protein pathways in the same cells.

It was previously reported that activation of YAP by the M3 Acetylcholine receptor in gastric tumor or
TMK-1 cells involves Gq as their effect on YAP activity was inhibited by the Gq inhibitor YM254890
[50,51]. YM254890 treatment by itself strongly increased the basal Y AP phosphorylation, making the
quantification of the M3 agonist effect difficult to analyze and may occlude the M3-mediated inhibition.
Moreover, in AGS cells expressing M3, the transfection of the control plasmid already induced a decrease
in YAP activity, suggesting that the Hippo pathway is reacting to cell transfection. At last, it was not
possible to determine whether another pathway could also be involved, as there was no use of M3
antagonist to compare with the action of the Gq inhibitor, nor of inhibitors of other G protein subtypes
(G12/13 or Gi/o). The estrogen GPCR (GPER) also activates YAP in breast cancer cells through Gq, but
the inhibition of the activity of the different players of the Y AP cascade was not quantified and may not
be total. Eventually, the G12/13 involvement was not addressed either [52]. In contrast, the use of SIRNA
against Ga12/13 that strongly reduced the YAP activation by S1P in the GHS-R1a stable HEK3293 cells
but not that induced by GHS-R1a activation, indicated that G12/13 were not required for GHS-R1a to
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induced YAP dephosphorylation. Yu et al. [25] reported that mutated Gai/o G proteins were also able to
induced YAP activation. In our hands, there is no contribution of these G proteins in the GHS-R1a YAP
response, as treatment with the Gi/o protein inhibitor PTX toxin did not block MK0677-mediated YAP
activation. Taken together, these results point out that different G protein pathways and even distinct
combinations of them can control YAP activity, ranging from a pure Gq or G12/13 activation to the
combination of G12/13, Gq, and Gi/o pathways, even in a given cell. Specific combinations of receptors
and G proteins in a given cell will then be determinant regarding the pathways mobilized for controlling
Y AP activity by GPCRs.

Gg-mediated activation of YAP has been observed in uveal melanomas and blue nevi cancer cells [53], in
which mutations in the GNAQ and GN11 genes have been shown to generate constitutively active Gaq
and Ga11 proteins resulting in tumorigenesis processes. Most mutations occurred in the ras-like domain
of Gag or Ga1l [53,54] making them unable to hydrolyze GTP, resulting in a strong constitutive activity
that turns GNAQ//11 into oncogenes. These constitutively active G proteins constantly drive the
activation of YAP. Indeed, activated FAK phosphorylates MOB1 that is then no more able to interact
with and inhibit YAP. Interestingly, Yu et al. reported that mutations engineered to stabilize Gg/11 or
Gi/o o subunits in a constitutively activated state also lead to an increased Y AP activity when transfected
in HEK293 cells, independently of GPCR [25]. However, the signaling pathways involved have not been
assessed, nor whether a GPCR could mimic such an effect. Our results showed that Gq itself can control
Y AP activity when acutely and also when constantly activated by the native constitutive activity of a
GPCRs. This means that there is no need of a constitutive mutation of the Gq protein to gain YAP
activation. However, the signaling pathway mobilized by the acute GPCR-induced Gq activation, the
engineered mutated Gg/11, or the pathologic mutation of GNAQ or GN11 in melanomas, could be
different. This is an intriguing issue to consider that constitutively active G proteins could behave and
signal into the cells a different way than acutely activated G proteins. G protein long-term activity may
promote a change in partner association or distribution such that the signaling cascade down the Gq
protein is different. An intriguing issue has been observed in melanoma cells, where the pathologic action
of the mutated Gq or G11 proteins result from their atypical association to the protein Trio and not from
activation of their canonical PLC partner [55]. Trio protein regulates the Rho pathway that controls YAP
activity via the FAK protein [56]. This is reminiscent of constitutive mGlu5 glutamate GPCRs that
couples differently to its signaling partners and promotes distinct cellular responses when their activation

is induced by their ligand or driven by their own natural constitutive activity [57].
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By analyzing YAP phosphorylation, YAP/TAZ nuclear localization, and target gene expression, we
demonstrate that a GPCR is able to impact on Hippo pathway activation in absence of its ligand, thanks to
its intrinsic constitutive activity. Indeed, GHS-R1a displays a high constitutive activity resulting in a
constant activation of Gq [41,42] (Fig.1 & 4). Thus, inverse agonists, like SPA, which inhibit the GHS-
R1a constitutive activity and its associated downstream Gq signaling cascade, also inhibits the basal YAP
activation (Fig.4). This means one can either increase or decrease YAP activity depending on the ligand
used, agonists or inverse agonist, resulting in a fine up- or down-regulation of YAP activity through a
pure Gq pathway. To our knowledge, this is the first time a basal activation of YAP is described resulting
from the constitutive activity of a GPCR, and then inhibited by inverse agonist. As many GPCRs display
constitutive activity at various extends, it would be interesting to explore whether they also impact the
basal YAP activity in physiological models and more interestingly in pathological conditions like in

cancer cells.

We have identified the GHS-R1a receptor as a molecular switch that induces both constitutive and ligand-
induced acute nuclear YAP activation and target gene expression. These results establish signaling
mechanisms by which GHS-R1a activates Y AP and further triggers the YAP signaling axis down to gene
expression regulation. The link between GHS-R1a and the YAP/TAZ signaling axis might have several
essential implications. The ghrelin receptor is mainly expressed in the hypothalamus and the gastro-
intestinal tract and is involved in a broad range of physiological functions [58]. Ghrelin is known to drive
proliferation and differentiation and inhibiting apoptosis in several cellular models [59-61]. While several
studies suggest that Ghrelin promotes cancer such as colorectal malignancies [62] or renal cell carcinoma
metastasis [63], neither Ghrelin nor Anamorelin, used as GHS-R1a agonist for treatment of cancer
cachexia encouraged tumor growth in xenograft models [64] or in humans with NSLC (non-small lung
cell carcinoma) in a short-term phase 3 safety extension study [65]. Current literature is still controversial
regarding the contribution of Ghrelin and its receptor to cancer [66]. Long term studies of Ghrelin effects
on cancer progression as well as deciphering Ghrelin receptor expression patterns in cancer would shed

more lights on the role of Ghrelin in tumorigenesis.
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Legend to figures

Figure 1: Ligand-induced activation of GHS-R1a leads to Inositol phosphate second messenger
production and YAP dephosphorylation. A Application of the GHS-R1a receptor agonist MK0677 or
Ghrelin on GHS-R1a HEK?293 cells leads to the production of inositol phosphate second messengers
measured through the use of the IP-One-Gq kit (Cishio, Codolet, France). Data are the mean + SEM of
three experiments performed in triplicates. B-D Application of the GHS-R1a receptor agonist MK0677 or
Ghrelin on overnight serum starved GHS-R1a HEK293 cells leads to dephosphorylation of YAP Ser 127
measured through the P-YAP/T-YAP ratio (B). This ratio is generated by dividing the values obtained
with the P-YAP assay (C) by those obtained with the T-YAP assay (D) (see M&M, Perkin-Elmer/Cisbio,
Codolet, France). Data are the mean = SEM of three experiments performed in triplicates.

Figure 2: GHS-R1a stimulation induces YAP S127 dephosphorylation through Gq independently of
G12/13. A GHS-R1a HEK?293 cells were transfected or not (nt) with siRNAs targeting Ga12/13
(siGa12/13), or with control siRNAs (Ctr sSiRNA). One day later, the agonist MK0677 was applied at
various concentrations for 30 min at 37°C on overnight serum starved cells pretreated or not with the Gq
inhibitor FR900359 (1 uM) for 1 hour at 37°C. Cells were lysed and assessed for dephosphorylation of
YAP Ser 127 measured through the P-YAP/T-YAP ratio. Results are the mean + SEM of three
independent experiments performed in triplicates. B-C Knockdown of Ga12/13 mRNAs (GNA12 and
GNA13) and Ga13 proteins in the GHS-R1a HEK293 cells, by pooled or individual siRNAs targeting
Gal2 or 13, was confirmed using gPCR (mean of 3 experiments, B) and western blot (data are
representative of 3 independent experiments, C), techniques, respectively. Cells were treated for one day
before extraction of the mRNAs and amplification using appropriate siRNAs oligonucleotides (B), or
before analysis of the proteins in SDS-PAGE electrophoresis and western blotting with a specific anti
Ga13 antibody (M&M), while an anti GAPDH antibody was used for control loading (C).

Figure 3: S1P triggers YAP dephosphorylation on S127 through both Ga12/13 and Gaq pathways
in GHS-R1a HEK?293 cells. A GHS-R1A HEK?293 cells transfected or not (nt) with siRNA control (Ctr
SiRNA) or targeting Ga12/13 (siGa12/13) were starved overnight and pretreated or not with 1 uM
FR900359 for 1 hour at 37°C and then stimulated with S1P for 30 min at 37°C. Subsequently, cells were
lysed and analyzed for dephosphorylation of YAP Ser 127 measured through the P-YAP/T-YAP ratio.
Results are the mean £ SEM of at least 3 independent experiments. (B) Knockdown of Ga13 protein was
confirmed by western blotting with a specific anti Ga.13 antibody (M&M), while an anti GAPDH

antibody was used for control loading (C).
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Figure 4: GHS-R1a dual control of YAP S127 phosphorylation through both agonist-induced and
agonist-independent activity. A Inositol phosphate second messenger production is measured with the
IPOne kit (Perkin-Elmer/Cisbio, Codolet, France), in response to application of GHS-R1A agonists
Ghrelin and MK0677, JIMV3011, and inverse agonists SPA and JMV5289, in GHS-R1a HEK293 cells.
Compounds were applied for 30 min at 37°. Results are the mean = SEM of three independent
experiments performed in triplicates. B Concentration-response effects of Ghrelin, MK0677, IMV3011,
SPA and JMV5289 on the P-YAP/T-YAP ratio determined in overnight serum starved GHS-R1a
HEK?293 cells. Compounds were applied for 30 min at 37°. Results are the mean + SEM of three
independent experiments performed in triplicates. C Western blot analysis of the effect of MK0677
(1uM), FR900359 (1uM), or SPA (10uM), or a combination of MK0677 with either FR900359 or SPA,
on total YAP and S127 YAP phosphorylation. Data are representative of 3 independent experiments. D
Competitive inhibition of MK0677 effect by the antagonist SPA (10 uM) measured with the P-YAP/T-
YAP ratio in GHS-R1a HEK?293 cells. Results are the mean + SEM of 3 independent experiments.

Figure 5: Opposite YAP/TAZ localization in response to GHS-R1a agonists and inverse agonist
action. A Starved GHS-R1a HEK?293 cells treated or not with MK0677 (1 uM), FR900359 (1uM), or
substance P (500 nM), or the indicated combination of these drugs, for 1 hour at 37°C before fixation in
4% PFA. Nuclei are labeled with DAPI (first column panels), YAP/TAZ localization was analyzed by
immunofluorescence staining (second column panels), and F-actin was stained with Phalloidin (third
column panels), and overlay was generated from staining of both DAPI and YAP/TAZ panels (forth
column panels). The images are representatives of three independent experiments. B Colocalization of
DAPI and YAP/ TAZ labeled nuclei was determined by Pearson’s overlap coefficient, R=1 YAP in
nuclei, R=-1 YAP in cytoplasm. Statistics have been performed using ANOVA, followed by Bonferroni’s

multiple comparison test.

Figure.6: GHS-R1a-induced dual control of YAP-regulated target gene expression. Real time PCR
was performed to detect mMRNAs coding for CTGF and CYR61 proteins in overnight serum-starved GHS-
R1la HEK?293 cells treated with substance P (1uM) or FR900359 (1uM) for 5 hours or with MK0677
(1pM) for 4 hours. Data represent the mean + SEM from 4 to 5 independent experiments. Statistics were

performed by one-way ANOVA followed by Dunnett’s multiple comparison test.

Figure 7: MKO0677-induced YAP dephosphorylation involves Rho pathway. A The effect of MK0677
on P-YAP/T-YAP ratio was determined in GHS-R1a HEK293 cells serum starved overnight and treated
or not with 2 pg/ml botulinum toxin C3. Data represent the mean £ SEM from three independent
experiments. B Percentage of MKO0677-induced P-YAP/T-YAP ratio decrease in the presence or absence
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of the C3 toxin. Data represent the mean + SEM from 3 independent experiments. Statistical analysis was

performed using Student t-test.

Figure 8: YAP/TAZ nuclear localization regulation by GHS-R1a involves the Rho pathway. A The
localization of YAP/TAZ was analyzed in GHS-R1a HEK293 cells starved overnight, pre-treated or not
with 2 pg/ml botulinum toxin C3, and then incubated with MK0677 (1 pM) for 1 hour at 37°C before
fixation in 4% PFA. Nuclei are labeled with DAPI (first column panels), YAP/TAZ localization was
analyzed by immunofluorescence staining (second column panels), and F-actin was stained with
Phalloidin (third column panels), and overlay was generated from staining of both DAPI and YAP/TAZ
panels (forth column panels). The images are representatives of three independent experiments. B
Colocalization of DAPI and YAP/ TAZ labeled nuclei was determined by Pearson’s overlap coefficient,
R=1 YAP in nuclei, R=-1 YAP in cytoplasm. Statistics have been performed using ANOVA, followed by

Bonferroni’s multiple comparison test.
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Supplementary Data

Legends of SuppFigures

SuppFigl: Assessment of S127 YAP dephosphorylation in HEK293 cells using innovative
HTRF®-based assays. A Total and phosphorylated S127 YAP levels and the ratio P-YAP/T-
Y AP were assessed at different times using the Total-YAP (T-YAP) and Phospho-YAP (S127)
(P-YAP) HTRF® kits, in overnight serum-starved HEK293 cells upon 10% serum stimulation.
B YAP, TAZ and YAP-S127 proteins were detected at different times using western blot
techniques, in overnight serum-starved HEK293 cells upon 10% serum stimulation. The anti
YAP antibody is also recognizing the YAP-related TAZ protein. C As in A, phosphorylation
of S127 YAP was detected at different times using P-YAP T-YAP HTRF® kits and analyzed
using the ratio P-YAP/T-YAP, in HEK293 cells upon 10% serum or S1P (1 uM) stimulation
after OVN serum starvation. These data are representative of three independent experiments.

SuppFig.2: Ghrelin receptor GHS-R1a expressed in GHS-R1a HEK293 stable cell line. A
After labeling the SNAP-domain inserted at the N-terminal end of the GHS-R1a receptor with
Terbium cryptate HTRF® donor lumiphore, the binding experiments were performed in the
GHS-R1a HEK293 cells by assessing the HTRF signal between the donor Terbium lumiphore
and the Ghrelin 1A receptor HTRF® acceptor Red Agonist (Cisbio, Codolet, France). The
specific binding data were obtained by subtraction of the non-specific binding data obtained by
co-incubation with the competitive compound Ghrelin at 10uM, from the total binding data of
the Ghrelin receptor Red Agonist for each concentration of the Ghrelin receptor Red Agonist.
B Competitive displacement of the Ghrelin 1A receptor Red Agonist (3.1nM) by Ghrelin and
MKO0677 in GHS-R1a HEK293 cells. These data are representative of at least three independent
experiments.

SuppFig3: GHS-R1a stimulation induces YAP S127 dephosphorylation through Ggq.
GHS-R1a HEK293 cells were transfected or not (nt) with siRNAs targeting Goa12/13
(siGa12/13), or with control siRNAs (Ctr siRNA). The next day, cells were serum-starved
overnight, then pretreated or not with 10 pM SPA or 1 uM FR900359, and subsequently
stimulated with the indicated concentration of MK0677 for 30 min at 37°C. Cells were lysed
and assessed for S127 YAP phosphorylation (P-YAP) (Left panel) and for total YAP protein
relative amount (T-YAP) (Right panel). Results are the mean = SEM of three independent
experiments.

SuppFig4: GHS-R1a stimulation induces YAP S127 dephosphorylation independently of
Gi/o pathway. A GHS-R1a HEK?293 cells were transfected or not with the indicated siRNA
against Ga12/13. Cells were serum-starved overnight then pretreated or not with PTX for 16 h
(500 ng) or FR900359 for 1 hour (I pM) and subsequently stimulated with increasing
concentrations of MK0677 for 30 min at 37°C. Cells were lysed and assessed for S127 YAP
phosphorylation (P-YAP). B Cells were treated the same way as in A, but the effect of MK0677
was assessed for Erk1/2 protein phosphorylation using the Advanced ERK phospho-
T202/Y204 kit (Cisbio). Results are representative of three independent experiments.



SuppFig5: S1P triggers S127 YAP dephosphorylation through both Gal2/13 and Gogq
pathways in GHS-R1a HEK293 cells. GHS-R1a HEK293 cells transfected or not (nt) with
siRNAs targeting Go12/13 (siGa12/13), or with control siRNAs (Ctr siRNA) were starved
overnight and pretreated or not with 1 uM FR900359 for 1 hour at 37°C and then stimulated
with increasing concentrations of SI1P for 30 min at 37°C. Subsequently cells were lysed and
analyzed for S127 YAP phosphorylation (P-YAP) (Left panel) and total YAP relative protein
amount (T-YAP) (Right panel). Results are the mean = SEM of at least three experiments.

SuppFig6: GHS-R1a dual control of YAP S127 phosphorylation through both agonist-
induced and agonist-independent activity. A Phosphorylated S127 YAP (Left panel) and
total YAP relative protein amount (T-YAP) (Right panel) were assessed using HTRF® assays
in GHS-R1a HEK293 cells after 30 min treatment with increasing concentrations of MK0677,
SPA, IMV5289, or JIMV-3011. Results are the mean + SEM of three experiments. B Cells were
activated by MKO0677 in the absence or the presence of a 10 uM concentration of SPA, and
then analyzed for S127 YAP phosphorylation (P-YAP) (Left panel) or total YAP relative
protein amount (T-YAP) (Right panel). Results are the mean = SEM of three experiments.

SuppFig.7: MKO0677-induced YAP dephosphorylation involves Rho pathway

(A) GHS-R1A HEK293 cells were starved overnight and treated or not with 2 pg/ml botulinum
toxin C3 for 16 h and subsequently analyzed for phosphorylated YAP (P-YAP) (Left panel)
and total YAP relative protein amount (T-YAP) (Right panel) after MK0677 treatment using
HTRF® assays.
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