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ARTICLE INFO ABSTRACT

Keywords: G protein ag-coupled receptors (Gq-GPCRs) primarily signal through GaqGTP mediated phospholipase Cf
GPCR (PLCB) stimulation and the subsequent hydrolysis of phosphatidylinositol 4, 5 bisphosphate (PIP2). Though Gq-

G_PFOtEiD ) heterotrimer activation results in both GaqGTP and Gfy, unlike Gi/o-receptors, it is unclear if Gq-coupled re-
zlglnfﬂ transduction ceptors employ GBy as a major signal transducer. Compared to Gi/o- and Gs-coupled receptors, we observed that
alcium

most cell types exhibit a limited free Gy generation upon Gq-pathway and Gaq/11 heterotrimer activation. We
show that cells transfected with Gaq or endogenously expressing more than average-levels of Gaq/11 compared
to Gas and Gai exhibit a distinct signaling regime primarily characterized by recovery-resistant PIP2 hydrolysis.
Interestingly, the elevated Gq-expression is also associated with enhanced free GBy generation and signaling.
Furthermore, the gene GNAQ, which encodes for Gaq, has recently been identified as a cancer driver gene. We
also show that GNAQ is overexpressed in tumor samples of patients with Kidney Chromophobe (KICH) and
Kidney renal papillary (KIRP) cell carcinomas in a matched tumor-normal sample analysis, which demonstrates
the clinical significance of Gaq expression. Overall, our data indicates that cells usually express low Gaq levels,
likely safeguarding cells from excessive calcium as wells as from Gfy signaling.

1. Introduction

GPCRs primarily control cellular processes by transduction of ex-
tracellular information via activating heterotrimeric G proteins [1-4].
With their crucial juncture in cellular signaling, GPCRs-G proteins are
implicated in numerous diseases including cancer and heart disease,
thus have become the largest drug target. Gas (stimulatory) and Gai
(inhibitory) members of Ga family are primary regulators of adenylyl
cyclase (AC)-cAMP signaling, in directions implied by their names.
Based on structural similarities, a third subfamily member, Gq/11
further categorized into Gaq, Gall, Gal4, and Gal5/16 and regulates
several distinct signaling pathways [5-7].

The Gq/11 subfamily plays a pivotal role in cardiac, lung, brain,
immune and circulatory functions [8-10]. Activated PLC acts on
phosphatidylinositol 4, 5-bisphosphate (PIP2), a membrane phospho-
lipid to generate diacyl glycerol (DAG) and inositol 1, 4, 5-triphosphate
(IP3). DAG and IP3 serve as second messengers for PKC activation and
intracellular calcium mobilization in cells. PIP2 also plays an important
role in membrane trafficking [11-15], cytoskeleton functions [16,17],
and ion transporters and channels activation [18-20]. However, both
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IP3 and DAG are recycled to resynthesize phosphatidylinositol (PtdIns)
[21,22], followed by phosphatidylinositol 4-kinase and phosphatidyli-
nositol 4-phosphate mediated sequential phosphorylation to generate
PIP2 [23,24]. Minutes after Gq-pathway mediated PIP2 hydrolysis,
many cell types show PIP2 recovery despite the presence of the active
Gq-pathway. While such a resynthesis is essential in maintaining PIP2,
especially against the fast rate of Gq-GPCR mediated PIP2 hydrolysis
[21], the regulation of this PIP2 regeneration (recovery) is unclear
[21,22]. Specifically, it is not clear if the initial PIP2 hydrolysis triggers
this PIP2 recovery process [25-27].

IP3 generated after PIP2 hydrolysis activates IP3 receptors and in-
duces stored calcium release [28,29]. To maintain resting Ca%* con-
centrations, PM and Sarcoplasmic reticulum Ca®*ATPase pumps re-
move Ca®?* from the cytosol. Therefore, Gq/11 mediated Ca®*
homeostasis is important in many cellular functions including skeletal
mineralization, muscle contraction, nerve impulse transmission, blood
clotting, and hormone secretion [30]. Excessive calcium signaling has
been reported in many disease conditions [31-34]. Control of protein
kinase C (PKC) by Gq/11 is crucial for activation of essential proteins
and lipids that are responsible for cell survival [35]. Excessive PKC
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signaling diminishes prefrontal neuronal firing and induces chronic
stress [36]. In vitro studies in hippocampal cell cultures exhibited cy-
toskeleton spine collapse and disruption of the actin cytoskeleton upon
elevation of PKC signaling [37]. Excessive PKC activation severely
impaired cognitive functions of the prefrontal cortex in rodents and is
predicted to be implicated in diabetic cardiomyopathy [38-40]. Ele-
vated PKC signaling can also contribute to diabetic neuropathy, likely
through its effects on vascular blood flow [35].

Many biochemical and biophysical studies proved that G protein
heterotrimers dissociate into GaGTP and Gfy [41,42]. We have shown
that all Gy complexes translocate to IMs upon Gi/o and Gs-coupled
GPCR receptor activation, indicating the physical dissociation of the
heterotrimer [43]. However, several studies showed evidence for lack
of heterotrimer dissociation during activation as well [44-46]. For in-
stance, simple subunit rearrangements over physical dissociation of
heterotrimers was demonstrated using resonance energy transfer stu-
dies [46,47]. Gi/o and Gs-pathway activation regulate signaling both
through Gfy as well as Gai-GTP. Gas and Gai-GTP regulate adenylyl
cyclase (AC) and cAMP. On the contrary, Gy generated regulates many
effectors including PI3Ky [48], adenylyl cyclase (AC) isoforms [49,50],
PLCp isoforms [1]. Gy is also known to activate Ca®>* channels (N, P/
Q type) [2,51], inwardly rectifying potassium channels (GIRK) [52,53]
and GPCR kinase (GRK2, GRK3) [54]. Several guanine nucleotide ex-
change factors (GEFs) are also found to be activated by GPy such as Rac
(FLJ00018), Cdc42 (p114-RhoGEF) [55-57]. Interestingly, compared to
Gai- and Gas-GPCR activations, in many cell types Gaq-GPCR activa-
tion failed to induce a detectable Gy translocation [58]. PLC( acti-
vation has been identified as the primary function of the Gq-pathway
[5,6,8,59], but the lack of evidence for Gfy signaling suggests that Gq-
pathway activation generates only a limited number of heterotrimers.
Either lack of physical dissociation of Gg-heterotrimers, lower expres-
sion of Gaq or fast GTP hydrolysis on Gaq-GTP can prevent Gfy
translocation. Recent identification of the Gaq/11 subfamily as major
cancer driver genes signify the importance of understanding Gq-
pathway regulation [60,61]. Here, we examined repercussions of dif-
ferential Gaq expression levels on signaling outcomes in cells to deci-
pher why cells may require tight regulation of Gq/11 pathway sig-
naling.

2. Materials and methods
2.1. DNA constructs, reagents and cell lines

c¢DNAs; M3R and YFP-PH, have been previously discussed [62,63].
The constructs; a2-AR, mCherry-y9, GFP-y9, aq-CFP, YFP-y1, 11 and
B1-YFP were kindly provided by Professor N. Gautam, Washington
University, St. Louis, MO. GRPR and PKC3-GFP were kindly gifted by
Dr. Zhou-Feng Chen's lab, Washington University, St. Louis, MO. GRK2
and Opn4 were previously described [64]. Opn4-YFP was created by
PCR amplification of Opn4 with Kpnl and Xbal from Opn4 untagged and
subcloned to corresponding restriction sites generated after restriction
digestion of GRK2-YFP. Reagent sources are as follows: Norepinephrine
and PTx (SigmAldrich, St. Louis, MO, USA), YM-254890 (Focus Bio-
molecules, Plymouth Meeting, PA, USA), Bombesin (Tocris, Park Ellis-
ville, MO, USA), Carbachol (Fisher Scientific, Pittsburgh, PA, USA),
SDF-1a (PeproTech, Rocky Hill, NJ, USA), Lipofectamine 2000 and
Gallein (Thermo Fisher, Carlsbad, CA, USA), 11-cis-retinal (National
Eye Institute, Bethesda, MD, USA), siRNA (Dharmacon, Lafayette, CO,
USA). Reagents were dissolved in appropriate solvents according to
manufacturer's instructions. HeLa cells were originally purchased from
the American Tissue Culture Collections (ATCC, Manassas, VA, USA)
and authenticated using a commercial kit to amplify 9 unique STR loci.
SKOV3, MDA-MB231, and HCT116 cell lines and control siRNA were
kindly provided by Dr. Deborah N. Chadee, University of Toledo, To-
ledo, OH. NCI-H125 cell line was kindly provided by Dr. Randall Ruch,
University of Toledo, Toledo, OH.
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2.2. Cell culture and transfections

HeLa cells (ATCC) were cultured in minimum essential medium
(MEM, Gibco) containing 10% dialyzed fetal bovine serum (DFBS,
Atlanta Biologicals), in the presence of 1% penicillin-streptomycin (PS,
Corning) in tissue culture dishes (60 mm, 100 mm) in a humidified
incubator at 37 °C, 5% CO,. At 80% confluency, HeLa cells were treated
with versene-EDTA (CellGro) and incubated for 2min at 37°C.
Dislodged cells were lifted and centrifuged at 1000g for 3 min and
versene-EDTA was immediately aspirated before resuspending in MEM
with 10% dialyzed fetal bovine serum. One day before the transfection
of DNA, 0.8 X 10°/ml HeLa cells were seeded on 35 mm glass bottom
dishes (In Vitro scientific). Transfections were performed using
Lipofectamine 2000 according to manufactures protocol and imaging
was performed next day after transfection. Similarly, SKOV3, MDA-
MB231, and HCT116 were cultured in Dulbecco's Modified Eagle's
Medium (DMEM, Corning) containing 10% DFBS and 1% PS and
NCIH125 cell line was cultured in Roswell Park Memorial Institute
(RPMI-1640, Gibco) containing 10% DFBS and 1% PS. Rest of the cell
culture, seeding and transfection procedures for all the cell lines were
similar to the protocols described for HeLa cells.

2.3. siRNA transfection to knock down Gas in HeLa

To efficiently knock down GNAS in HeLa, siRNA sequence CGAUG
UGACUGCCAUCAUC was used as described previously [65]. siRNA was
dissolved in RNase-free 1 x siRNA buffer and concentration was ver-
ified using NanoDrop microvolume spectrophotometer. siRNA (50 nM)
was introduced to HelLa cells using Lipofectamine 2000 (Thermo Fisher)
transfection reagent. Control siRNA transfected HeLa cells were used as
the control.

2.4. RNAseq, real time PCR and cancer cell line encyclopedia (CCLE) data
analysis

Access to RNAseq data for HeLa were provided by Professor N.
Gautam, Washington University. Relative expression of GNA subunits
was calculated after normalized to expression of a-tubulin. Relative
expression of GNA subunits was expressed as standard deviation and
plotted in Origin pro (OriginLab Corporation). CCLE contains mRNA
expression data for > 1000 cancer cell lines. GENE-E, Java desktop
application developed by Broad institute (Cambridge, MA, USA) was
used to generate GNA gene expression heat maps with respect to
GAPDH for SKOV3, and HCT116. To obtain the Gas and Gaq/11 ex-
pression profile of MDA-MB231 and NCI-H125, cells cultured in
100 mm tissue culture dishes with their appropriate media. When cells
reached to ~80% confluency, cells were then homogenized to isolate
total mRNA using GeneJET RNA purification kit. cDNA synthesis per-
formed with 2.5 pg total RNA using RADIANT cDNA synthesis kit. The
GNA expression was quantified by real-time PCR using RADIANT Green
LO-ROX qPCR kit. Real time amplification was carried out using Icycler
(BIO-RAD, Hercules, CA). Quantification of GNA expression was per-
formed against B-actin internal control as previously described [66].

2.5. Western blot analysis

Whole cell extracts were prepared from NCI-H125, HeLa and MDA-
MB-231 cells and separated by 15% SDS polyacrylamide gel electro-
phoresis. Proteins were then transferred to a PVDF membrane, blocked
with 5% non-fat milk, and incubated with the primary antibodies
(Santa Cruz Biotechnology) specific for Gas (sc-135914), Gaq (sc-
136181) and a-tubulin (sc-53646), followed by the appropriate HRP-
conjugated secondary antibody (Bio-Rad: #1705047). The membrane
was incubated with chemiluminescent detection solutions
(MilliporeSigma Corporation: WBKLS0500) and exposed to an X-ray
film. The protein band intensities on X-ray films were quantified using


https://www.google.com/search?q=Carlsbad+alifornia&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDNLKUxS4gAxi0zK87S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDermitQwAAAA&sa=X&ved=0ahUKEwiA8LXzzY3bAhUJuVkKHXsJDe0QmxMI1QEoATAO

D. Kankanamge, et al. Cellular Signalling 58 (2019) 34-43

B
02-AR-CFP mCh-y9 M3R
;B e N 2
. .. T | R
A = 22
CXCR4-GFP — 62-AR-mCh9 9 ?g
—_ CXCR4-mCh-9 £ 16
1.4
2 12
0,605 : - 50108
Before  After 2 el 2 0 100 200 300
ime(s) Time(s)
C M3R o D Toama
o B Y u 2 2'2 Carbachol 2 1.8
e > > » g 2.0 - CECA] 51-5‘"{» <
E 1.8 12102 &
— 3 16 S 2 e ¢
21 0.9{/F <
I (] <L P4
o 14 206l2 ©
g 2 12 5o
? Bef c Nor-epi S0 06! Time(s) &’0'3- .
efore arb or-epi 259 250 500 750 0.0
F
E M3R
ag-CFP mCh-y9 20 Carbachol &5
x 1.8 g
& 1A6 E

Fluorescence Intensity

u.14 .
o — M3-Gag-mCh-9 T
g - . ! = :
[T &
Bef t e Time(s) “"Before Carb  YM 200 400
elore  Alter 0 100 200 300 Time(s)

Opn4 YFP og-CFP Before  Retinal

—— Gy9+PTX
— Gug+Gy9+YM

PTx — Goq+Gy9+PTx

Ligand — Guq+Gy9

1.2 = = _
‘ ' Tlme(s) -
0 100 200 300 400

Before Norepi

Fig. 1. Compared to robust-GfBy translocation exhibiting Gi/o-GPCRs, Gq-GPCR activation results in a limited GPy generation. (A) HeLa cells exhibited profound
mCherry-g9 translocations upon activation of a2-AR-CFP (with 50 uM norepinephrine) as well as CXCR4-GFP (with 50 ng/mL SDF-1a). Corresponding plots show the
extent of Gy9 translocation measured using fluorescence change in IMs (white arrows). (B) HeLa cells expressing M3R, GFP-PH, and mCherry-y9 failed to show Gy9
translocation upon M3R activation with 10 uM carbachol although cells did exhibit the characteristic Gq-mediated PIP2 hydrolysis. (C) In a similar experiment to B,
after ~5 min of carbachol addition, cells were treated with 50 uM norepinephrine, and cells exhibited Gy9 translocation. (D) Normalized mRNA expression of GNAI
+0 and GNAQ+11 in HeLa cells: Values were normalized to a-tubulin (E) HeLa cells expressing Gaq-CFP, mCherry-y9 with either M3R or GRPR showed char-
acteristic Gy9 translocation upon addition of their respective ligand. (F) In a similar experiment to E, ~200 s after M3R activation, addition of 1 uM Gq inhibitor, YM-
254890 immediately reversed the Gy9 translocation and PIP2 hydrolysis, restoring their distribution to pre-activation conditions. (G) HeLa cells expressing Opn4-
YFP, Gaq-CFP, and mCherry-y9 showed a profound Gy9 translocation upon activation by adding 50 pM 11-cis retinal while imaging. HeLa cells expressing Opn4-YFP,
Gag-CFP, and mCherry-y9 additionally treated with 50 ng/mL PTx showed Gy9 translocation upon Opn4 activation. When cells were treated with 1 pM YM-254890,
still Gy9 translocation was observed, however to a lesser extent. HeLa cells expressing mCherry-y9 treated with PTx failed to induce Gy9 translocation, a2-AR
activation suggesting that PTx treatment completely inhibits Gi-pathway activation. Corresponding plot shows fluorescence intensity changes in IMs (mCh-y9) PM
(yellow arrows) and IMs (white arrows). Scale bar:10 um. Average curves plotted using n = 10 cells from =3 independent experiments. Error bars: SEM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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NIH ImageJ. The values for Go subunits were normalized to the a-tu-
bulin loading control. Statistical analysis of immunoblots was per-
formed by Students t-test on three independent biological replicates. A
p-value < .05 was considered statistically significant.

2.6. The Cancer Genome Atlas (TCGA) data analysis

The Cancer Genome Atlas (TCGA) cohort data available in the
Genomic Data Commons (GDC) data portal was used in this study in
May 2018. RNAseq raw counts of 10,455 samples across 33 cancer
types were downloaded using the R/Bioconductor package TCGA bio-
links version 2.5.9 [67] using GDC prepare for tumor types (level 3, and
platform “IlluminaHiSeq RNASeqV2”), “data.type” as “Gene expression
quantification” and “file.type” as “results”. The resulting data were the
raw gene expression RSEM values generated by TCGA pipeline which
uses MapSplice [68,69] to do the alignment and RSEM to do the
quantification [69,70].

2.7. Imaging and data analysis

A Nikon-Andor spinning disc confocal imaging system, composed of
a Nikon Ti-R/B inverted microscope, a Yokogawa CSU-X1 spinning disk
(5000 rpm) and iXon ULTRA 897BV back illuminated deep-cooled
EMCCD camera was used. All DNA constructs were transiently trans-
fected, and cells were imaged next day after the transfection. M3R and
GRPR untagged expression were confirmed by PIP2 hydrolysis or Gfy
translocation in the presence of aq-CFP. Imaging of cells were carried
out using a 60 X, 1.4 NA oil objective employing 50 mW 445, 488, 515
and 595 nm solid-state lasers. Sensors were imaged using the following
settings: GFP-PH and PKC3-GFP: 488nm at 56 yW/515nm, YFP-
PH,Opn4-YFP and GRK2-YFP: 515nm at 22 yW/540 nm; mCherry-y9
and mCherry-PH: 594nm at 20 yW/630 nm, a2-AR-CFP,31-AR-CFP
and aq-CFP: 445 nm at 196 utW/482 nm (excitation/emission). All the
ligands mentioned in the manuscript, added to cells at 50s unless
otherwise specified. Imaging of PIP2 sensors, PKC8 and translocation of
Gyl, 9, and 11 were also performed at 1 Hz. GPCR activation induced
Gy translocation reduce fluorescence of the tagged Gy on the PM and
increase in IMs. Therefore, fluorescence increase in IMs (Fp,) was used
to measure the extent of heterotrimer dissociation upon GPCR activa-
tion. Digital image analysis was performed using Andor iQ 3.1 software
and fluorescence intensity obtained from regions of interest (PM, IMs
and cytosol) were normalized to initial values (baseline) in MS excel.
Normalized data were then plotted using Origin pro (OriginLab
Corporation). Results of all quantitative assays (G[py translocation,
PKC8 and GRK2 recruitment and PIP, hydrolysis) are expressed as
standard error of mean (SEM) from n numbers of cells (indicated in the
figure legends) from multiple days, using cells with different passage
numbers.

3. Results and discussion

3.1. Endogenous Gaq activation in HeLa cells exhibits a reversible PIP2
hydrolysis and comparatively limited free Gy generation

The objective was to examine molecular reasonings behind the in-
ability of Gg-coupled GPCRs (Gq-GPCRs) to induce a detectable Gy9
translocation in HeLa cells upon activation. We previously established
translocation of fluorescently tagged Gy9 can be used to monitor Gi/o
and Gs coupled GPCR-G protein activation [58]. We also showed that
all GBy complexes translocate upon receptor activation while translo-
cation rates are Gy-type dependent [3,43]. Since Gy9 containing Gfy
translocate the fastest, we comparatively examined fluorescently tagged
Gy9 translocation after Gi/o- as well as Gg-GPCR activation. HeLa cells
expressing mCherry-y9 were activated with either 50uM nor-
epinephrine or 50 ng/mL stromal derived growth factor 1-a (SDF1-a) to
activate Gi-coupled alpha 2-adrenergic receptors (a2-ARs) and CXCR4
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receptors, respectively. Activation of both Gi-coupled GPCRs induced
Gvy9 translocation from the PM (yellow arrow) to internal membranes
(IMs, white arrow) (Fig. 1A). Quantification of this translocation is
provided in the method section. During time-lapse confocal imaging,
ligands were added at 50s to activate the corresponding GPCRs
(Fig. 1A, plot). Similarly, HeLa cells expressing mCherry-y9 and GFP-PH
(PIP2 sensor) together with either Gq-coupled Muscarinic 3 (M3) or
Gastrin-releasing peptide (GRP) receptors were activated with their
corresponding ligands, 10 uM carbachol and 1 pM bombesin, respec-
tively. Upon activation of either receptors, cells did not show a de-
tectable Gy9 translocation while exhibited the characteristic PIP2 hy-
drolysis followed by its recovery (PIP2 regeneration over time) (Fig. 1B
and S1). The reported enhanced GTPase activity of Gaq-GTP activated-
PLCP also induces fast hydrolysis of GaqGTP and accelerates deacti-
vation of G protein signaling [71,72]. Since the receptors are active and
continue to generate Gaq-GTP, fast GTP hydrolysis on Gaq is unlikely
to induce the recovery of PIP2. Nevertheless, this prediction requires
further investigation. Interestingly, HeLa cells that failed to show
translocation of Gy9 upon M3R activation exhibited a robust Gy9
translocation after activating endogenous a2-AR (Fig. 1C). This sug-
gests that Gi/o heterotrimers are abundant and functional in these cells.
To eliminate the potential influence of the level of receptor expression
on Gy translocation, HeLa cells with the similar expression levels of
CXCR4- and GRPR- GFP tagged versions were selected and activated
with their respective ligands to examine mCherry-y9 translocation.
Under these conditions, only CXCR4 showed Gy9 translocation while
GRPR failed to show the Gy9 translocation (Fig. S2). To examine Gf3y
translocation at equivalent levels of Gao and Gaq, HeLa cells trans-
fected ao-mCherry and aq-CFP with near similar expressions were
used. Upon activation of a2-AR and GRPR with their respective ligands,
the observed Gy9 translocation rates in Gao (0.035s™!) and Gag
(0.027 s~ 1) cells were nearly similar (Fig. S3).

We examined whether observed lack of Gy9 translocation upon Gq-
coupled ligand-binding GPCR activation was due to limited availability
of Gq-heterotrimers in HeLa cells. Interestingly, RNAseq profile for Ga
shows that HeLa cells express a relatively higher amount of GNAI+ O
compared to GNAQ+11 (Fig. 1D). Therefore, Gfy is likely to form a
limited amount of Gq/11 heterotrimers. To increase the relative
abundance of Gaq compared to endogenous Gas and Gai/o, HeLa cells
expressing mCherrry-y9, M3R or mCherry-Gy9, GRPR were also co-
transfected with aq-CFP. Upon activation of M3R as well as GRPR, cells
exhibited robust translocations of mCherry-y9 (Fig. 1E). These trans-
location responses (Tt;,» M3R =6 = 1s and Tt;,, GRPR =7 = 15s)
were similar to the y9 translocation observed upon Gi-coupled GPCR
activation (Tt;,» a2-AR =7 * 2s) (Fig. 1A). Therefore, this data
clearly indicates that the lack of Gy9 translocation observed in HeLa
cells with endogenous Gaq is likely due to the limited availability of
Gg-heterotrimers and unlikely due to the inefficient Gq-heterotrimer
activation. However, PLCP mediation of accelerated GTP hydrolysis on
Gagq can also play a role here. When cells were treated with 1 pM YM-
254890 at 200s, a complete reverse of Gy9 translocation back to the
PM and complete reverse translocation of the PIP2 sensor to the PM
were observed after M3R activation in HeLa cells expressing aq-CFP
(Fig. 1F). This data clearly demonstrate that observed Gy9 translocation
in Gaq expressing cells is solely governed by Gg-heterotrimer activa-
tion. Whether or not the lack of translocation observed upon Gg-
pathway activation is unique to Gy9 was also examined. HeLa cells
transiently expressing M3R and either YFP-y1 or YFP-y11 did not show
y1 and y11 translocation upon addition of 10 pM carbachol (Fig. S4A).
However, HeLa cells additionally expressing aq-CFP exhibited sig-
nificant yl and y11 translocations from PM (yellow arrow) to IMs
(white arrow) upon addition of 10 uM carbachol (Fig. S4B). Introduc-
tion of aq-CFP to HeLa cells also induced 31-YFP translocation when
cells treated with 10 uM carbachol, which indicates endogenous Gy
translocation (Fig. S4B). Therefore, the reason not all Gy types trans-
locate in HeLa cells upon Gq-coupled GPCR activation is the limited
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availability of Gq-heterotrimers.

We recently showed that melanopsin (Opn4) is promiscuous to both
Gi/o- and Gq-pathway with near similar efficiencies [63]. HeLa cells
expressing Opn4, mCherry-y9 and YFP-PH exhibited both Gy9 trans-
location and PIP2 hydrolysis in the presence of 50 uM 11-cis retinal
(Fig. S5A). In the presence of 50 ng/mL pertussis toxin (PTx), Opn4
activation only exhibited PIP2 hydrolysis and failed to show Gy9
translocation (Fig.S5B). When Opn4 expressing cells were treated with
Gq inhibitor (YM-254890), which blocks Gq-heterotrimer dissociation
by preventing GDP/GTP exchange [73], Opn4 activation induced Gy9
translocation while no PIP2 hydrolysis was observed (Fig.S5C). There-
fore, we utilized Opn4 to show that levels of Gq- and Gi/o-heterotrimer
activation by the same receptor with nearly similar promiscuity is
controlled by the concentrations of Ga subtypes. HeLa cells expressing
Opn4, aq-CFP and mCherry-y9 exhibited a profound Gy9 translocation
upon Opn4 activation (by adding 50 uM 11-cis retinal) (Fig. 1G-top,
black curve). The observed translocation in Gaq expressing cells is due
to both Gai- and Gag-heterotrimer activation. When HeLa cells treated
with 50 ng/mL PTx for 6 h, Opn4 activation still induced Gy9 translo-
cation, however to a lesser extent (Fig. 1G-middle, red curve). Gq-in-
hibitor, YM-254890, treated cells also exhibited Gy9 translocation upon
Opn4 activation, however to a much lesser extent compared to cells
untreated as well as cells treated with 50 ng/mL PTx (Fig. 1G bottom,
blue curve). Since Gaq introduction to HeLa cells is likely to increase
Gaq compared to Gai/o, this greater reduction of Gy9 translocation by
YM-254890, compared to that of PTx, is expected. Additionally, com-
plete lack of Gy9 translocation in PTx treated HeLa cells upon activation
of endogenous a2-AR show that, Gy9 translocation observed in PTx-
treated cells is primarily due to Gq-pathway activation. (Fig. 1G, ma-
genta curve). Nearly similar Gy translocation rates in untreated
(0.010s™ 1), PTx treated (0.005s™ 1) and YM treated (0.006s™ %) cells
suggest that both Gq and Gi/o heterotrimer processing rates are nearly
similar, and the extent is dictated by the respective heterotrimer con-
centrations. These results also help to speculate that the lack of Gfy
translocation induced by M3R activation in HeLa cells (Fig. 1B) is likely
due to limited Gq-heterotrimer activation as a result of the relatively
lower abundance of Gaq compared to other Ga types. Nevertheless,
there are some variabilities in heterotrimer activation even by the same
GPCR when activated with different ligands. We have demonstrated
this using distinct GBvy translocation abilities of norepinephrine and
tizanidine in HeLa cells upon endogenous a2-AR activation [58].
Therefore, the differences observed in translocation extents as well as
rates can be partially due to varying efficiencies of heterotrimer acti-
vation by distinct receptors as well as ligands. We anticipate such dif-
ferences among receptor families that activate different heterotrimers
such as Gs and Gq to be more prominent. However, we do not anticipate
such differences to induce or eliminate sufficient free Gy generation
and their translocation.

3.2. Gaq transfected cells exhibit distinct signaling compared to cells with
endogenous Gaq

3.2.1. PIP recovery

Although HelLa cells only expressing endogenous Gq subunits was
unable to exhibit GBy9 translocation, they showed an efficient PIP2
hydrolysis upon Gg-pathway activation (Fig. 1B, Fig. S1). Interestingly,
within minutes of this PIP2 hydrolysis, the PIP2 sensor returned to the
PV, indicating PIP2 regeneration at the PM. Therefore, we examined if
Gqg-pathway induced PIP2 hydrolysis-responses in HeLa cells with and
without Gaq transfection are comparable. HeLa cells expressing M3R,
aq-CFP, and GFP-PH exhibited a robust PIP2 hydrolysis upon addition
of 10 uM carbachol (Fig. 2A-top, red curve). However, no recovery of
PIP2 was observed, even after 15 min of M3R activation. Interestingly,
under similar conditions, control cells (no Gaq transfection) exhibited
PIP2 recovery after 5-6 min of M3R activation (Fig. 2A-bottom, black
curve). A similar experiment was performed in HeLa cells expressing
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GRPR, aq-CFP, and mCherry-PH to eliminate receptor specific recovery
of PIP2 hydrolysis. Upon activation of GRPR with 1 pM bombesin, cells
failed to exhibit PIP2 recovery even after 15min (Fig. 2B- top, red
curve), while control cells exhibited the recovery of PIP2 (Fig. 2B-
bottom, black curve). These data thus confirm that elevated levels of
Gagq expression alters the signaling outcome of Gg-pathway activation.

3.2.2. PKC recruitment

Gg-pathway activation and subsequent DAG formation at the PM
induces PM recruitment and activation of cytosolic PKC isoforms
[74,75]. When the recovery of PIP2 hydrolysis incurs, as it consumes
DAG to resynthesize PIP2, PKC is expected to return to the cytosol. We
examined whether this PKC recruitment-activation process is altered in
cells transfected with Gaq. HeLa cells transiently expressing M3R, ag-
CFP, and PKC3-GFP exhibited no reversal of PM recruited PKCS to the
cytosol even after 20 min (Fig. 2C-top, red curve). Cells lacking Gag-
transfection exhibited both PM recruitment and reversal of PKCS
(Fig. 2C-bottom, black curve). Similar ro M3R, HeLa cells expressing
GRPR also exhibited a similar dependency of PKC8-GFP translocation-
reversal upon activation (Fig. 2D). These data suggest that excessive
Gag-heterotrimer activation disrupts PIP2 recovery process that is
likely to control the signaling outcome of the Gg-pathway.

3.2.3. GRK2-GPCR interaction

Signaling of activated GPCRs are attenuated by receptor desensiti-
zation and internalization [76-78]. G protein regulated kinase 2
(GRK2) has been shown to translocate to the PM from the cytosol to
phosphorylate several GPCRs including M3R to initiate their desensi-
tization and internalization [79]. We examined whether a detectable
PM-recruitment of GRK2 can be observed with endogenous Gaq. HeLa
cells expressing M3R and GRK2-YFP did not exhibit a profound re-
cruitment of GRK2 when M3R was activated (Fig. 2E-bottom, black
curve). Nevertheless, HeLa cells additionally expressing aq-CFP ex-
hibited a robust GRK2 recruitment to PM after M3R activation (Fig. 2E-
top, red curve). This suggests that the excessive Gqg-heterotrimer acti-
vation and Gq signaling is likely to induce enhanced phosphorylation of
GPCRs, accelerating their desensitization. GRK2 recruitment to acti-
vated GPCRs require Gy and Gaq [79,80]. Since Gi/o coupled a2-AR
activation induces GRK2 recruitment to the PM [81], we examined the
role of GBy in PM recruitment of GRK2 in HeLa cells treated with and
without GPy-inhibitor, gallein. Upon addition of norepinephrine
(50 uM) cells exhibited profound translocation of GRK2 to the PM
(Fig. 2F-top, black curve). HeLa cells exposed to 10 uM gallein for
15min showed a significantly reduced PM recruitment of GRK2
(Fig. 2F-bottom, red curve). These data suggest that free GBy generation
upon a2-AR activation is required for GRK2 recruitment. To examine if
Gfy similarly involved in Gg-pathway activation-induced GRK2 re-
cruitment, HeLa cells expressing M3R, aq-CFP, and GRK2-YFP were
examined with and without 10 pM gallein exposure. Compared to gal-
lein untreated cells, GRK2 recruitment in gallein treated cells was
marginal (Fig. 2G). These data collectively indicate that Gag-expression
level-dependent generation of GPy involves in signaling regulation of
Gq-pathway.

3.3. GPy translocation reflects the level of Gaq expression

Since Gg-pathway activation in HeLa cells show Gy translocation
only with Gaq overexpression while Gs-pathway activation shows Gy
translocation with endogenous Gas, we examined the level of Gas and
Gagq protein in HeLa cells (Fig. 3A). Protein expression data normalized
to a-tubulin from HeLa cells show that, compared to Gas, the Gaq
expression is significantly lower (Fig. 3A, bar chart). Thus, transloca-
tion data indicate that the limited availability of endogenous Gaq to
form heterotrimers in HeLa cells is likely to result in a Gy9 translocation
which cannot be detected by confocal microscopy (Fig. 1B). Gaq
transfection to HeLa cells overcomes this limitation, resulting in a



D. Kankanamge, et al.

A
Before "
E & § 3.2 Carbachol __ g0 GEp-pH
'g-i p : 8 28 i
3 L ) 24
O6 5 2
= 2 20
S o 1.6
Y 3 12
O g0.00T Time(s)
(@) 0 200 400 600 800
c M3R
& 3
Q § 12y guq-prescFP
£8 ? —PKCS-GFP (]
o O 2
3% g
O] g._ E
[T
O] © ;
LW; 2 0.2 darbachol :
X 0005 Time(s)
o O 0 300 600 900 1200
E
iy 8
Z s 1-giCarbachoI
+ 2 S
S5 T R
o S 101, e sme
w T 0.9
3 2 0.8 |
i 2 0.74 S
o 20.00% Time(s)
(O] S0,
O 0 100 200 300 400 500
G o
s
>
+ § 1.2 Carbachol
g§ 3 19 — Gug-GRK2-Gallein
(OO} 2 1.0 — Gug-GRK2
+ £ 5 0.9 A
) 308
> & 0
& 5 = 06 .
x gl 2 05 g
e e S0 Time(s)
[ONO) 5.0.00% .
O 0 100 200 300 400 500

Cellular Signalling 58 (2019) 34-43

B GRPR
Before Bombe Rec o
8]
E S 3.2{Bombesin
ta % 2.8
oo 7]
3 22y
(ORO] g =
- 2 20 SIp——
0. % ::g — Gag-mCh-PH
< % — mCh-PH
(é ,8000. : Time(s)
30 200 400 600 800
D GRPR
ol
(u5 210 — PKC5-GFP
7 — Guq-PKC3-GFP
] 708 il
65 e 506
& y i 3 L|‘304 _1;
Q ’ e 02 ‘
g go'olBombe'sm : T;'me(s)l
o 6 0 300 600 900 1200
a2-AR
F . Before Norepi Rec
o O 12
> 5 Norepl  __ GRK2-Gallein
g 8 14
- % g 10
o 2 09
> 0 08
N = [°) N
¥ o - =~
X © ,8 0.7 ime(s)
OO0 > 0.00%
&) 0 100 200 300 400 500

Fig. 2. Gaq transfected HeLa cells exhibited distinct signaling compared to cells with endogenous Gaq. Gaq expressing cells showed irreversible PIP2 hydrolysis after
(A) M3R as well as (B) GRPR activation while cells with endogenous Gaq showed a PIP2 hydrolysis which was followed by complete recovery of PIP2 within minutes.
(C, D) Gagq transfected cells exhibited an irreversible PKC-recruitment (PKC8-GFP) to the PM while cells with endogenous Gaq-cells showed a complete return of
PKCS3 to the cytosol. (E) Gaq transfected HeLa cells exhibited M3R activation induced GRK2 recruitment to the PM while GRK2-YFP remained in the cytosol in control
cells lacking Gaq transfection. (F) HeLa cells expressing a2-AR-CFP and GRK2-YFP showed robust GRK2 recruitment to PM upon addition of 50 pM norepinephrine
while cells incubated with 10 uM gallein showed a significant reduction in GRK2 recruitment to the PM. (G) HeLa cells expressing M3R, aq- CFP, and GRK2-YFP
additionally treated with 10 uM gallein, exhibited reduced GRK2 recruitment upon M3R activation compared to control HeLa cells (no gallein). Note: Scale bar
10 um. Average curves plotted using n = 10 cells from =3 independent experiments. Error bars: SEM.

detectable GPy translocation (Fig. 1F). Therefore, we compared the Gfy
translocation after knocking-down an endogenous Ga subunit. Since
Gai/o has multiple isoforms and Gs-GPCR activation induces Gy9
translocation with endogenous Gas, we knocked down the Gas in HeLa
using 50 nM siRNA. Compared to control siRNA-cells (Fig. 3B-top, red
curve), Gas knocked-down HeLa cells exhibited only minor Gvy9
translocation (Fig. 3B-bottom, black curve up to 600 s). However, the
Gas knocked-down cells showed profound Gfy translocation upon ac-
tivation of endogenous a2-AR, suggesting that knockdown effect of
Gas-siRNA is selective (Fig. 3B-bottom right, black curve from 600 s).
These data collectively demonstrate that GBy translocation is an in-
dicator of the level of Ga expression.
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3.4. Some cell types endogenously express higher levels of Gaq and possess
distinct Gg-pathway signaling

Real time PCR data of NCI-H125 lung carcinoma cells showed a
~50% higher expression of GNAQ/11 compared to MDA-MB 231
(Fig. 4A). Therefore, we comparatively examined how relative expres-
sion Gagq is connected to GPy translocation and, Gg-pathway signaling
in MDA-MD 231 (breast cancer) cells, and NCI-H125 (human Ade-
nosquamous lung carcinoma) cells. We first examined their relative
Gagq levels in both cell lines. Western blot data showed that Gaq ex-
pression in NCI-H125 cells was significantly higher than that of MDA-
MB 231 cells (Fig. 4B, bar chart). Next, we examined Gq-pathway ac-
tivation induced Gy translocation in both the cell types. As
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arrows) and IMs (white arrows). Scale bar:10 pm. Average curves plotted using
n = 10 cells from >3 independent experiments. Error bars: SEM. (For inter-
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anticipated, M3R activation in MDA-MB-231 cells exhibited the char-
acteristic PIP2 hydrolysis and subsequent recovery (Fig. 4C-top, black
curve). These cells also failed to show a detectable Gy9 translocation
(Fig.-4D top, red curve). Upon M3R activation in cells additionally
expressing Gaq, cells exhibited a robust Gy9 translocation (Fig. 4D-
bottom, black curve) as well as recovery resistant PIP2 hydrolysis
(Fig. 4C bottom, red curve). Interestingly, activation of M3R in NCI-
H125 cells resulted in both irreversible PIP2 hydrolysis (Fig. 4E-top,
black curve) and mCherry-y9 translocation (Fig. 4F-top, red curve).
When NCI-H125 cells were additionally transfected with aq-CFP, cells
exhibited ~two times higher extent of Gy9 translocation than the re-
sponse observed in cell with endogenous Gaq (Fig. 4F-bottom, black
curve). Nevertheless, PIP2 hydrolysis responses observed in Gaq
transfected cells and cells with endogenous Gaq were nearly similar
and irreversible (Fig. 4E, plot). Similarly, we selected SKOV3 (adeno-
carcinoma) and HCT116 (colorectal carcinoma) cell lines by examining
their relative Gaq/11 expression levels from CCLE. Both SKOV3 and
HCT116 expressed low amount of GNAQ and GNA1ll compared to
GAPDH, housekeeping gene (Fig.S6A) Therefore, we anticipated that
these cell types express relatively low amounts of Gaq, and possess low
abundance of Gg-heterotrimers to interact with Gq-GPCRs. To validate
these observations, we examined Gy9 translocation and PIP2 hydrolysis
in these two cell types transfected with M3R, mCherry-y9, and YFP-PH.
Upon activation of M3R, both the cell lines exhibited the characteristic
PIP2 hydrolysis and subsequent recovery (Fig. S6B and C, I, top).
However, they did not show a detectable Gy9 translocation (Fig. S6B
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and C, II, top). Interestingly, upon additionally expressing Goq-CFP,
both cell lines exhibited Gy9 translocation on M3R activation (Fig. S6B
and C, II, bottom). Further, PIP2 hydrolysis in Gaq transfected cells
were irreversible, indicating lack of recovery (Fig. S6B—C, I, bottom).
These data clearly show that elevated expression of Gaq/11 is phy-
siologically relevant and characterized by distinct signaling regimes.
We also observed from transcriptome data that, in addition to lung
carcinoma, several breast, ovarian, and pancreatic cancer cells lines
possess elevated levels of Gaq/11 mRNA, indicating a broader phy-
siological relevance.

3.5. Elevated expression of GNAQ/11 is found in human cancer

Since endogenously elevated Gaq expression as well and Gaq
overexpression result in a distinct signaling regime for Gg-pathway
activation in cells, we examined GNAQ expression levels in specific
tumors compared to its expression levels in normal tissues of the same
patient. This investigation was further encouraged by the identification
of GNAQ and 11 as cancer driver genes [60,61]. The Cancer Genome
Atlas (TCGA) data includes over 10,000 tumors from 33 cancer types
and helps to expand the current understanding of oncogenesis [82].
Specially tumor-normal exome pairs allow us to compare the expression
of GNAQ (Gaq) in human cancers compared to normal samples from
the same patient. To find the contrast between gene expression in
normal (blood or adjacent normal) to primary tumor tissue, we filtered
data to find 669 patients (20 cancer types) where both normal and
primary tumor expression data were available. Then, for each cancer
type, GNAQ expression values for matched normal and primary tumor
samples were used to perform a Wilcoxon signed-rank test for paired
observables. For each cancer type, a p-value is generated by the
aforementioned test with null hypothesis being the distribution of
GNAQ expression in tumors subtracted from normal samples is sym-
metric about the mean, while the alternative hypothesis being GNAQ
expression of tumors is higher than the normal samples (Fig. 5).
Moreover, to compare and visualize tumor vs normal GNAQ expression
case by case, we calculated the ratio of tumor over normal expression
for each patient. We found that while many cancer types like bladder
urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), head
and neck squamous cell carcinoma (HNSC), and liver hepatocellular
carcinoma (LIHC) exhibited a considerable fraction of patients having
higher GNAQ expressions in tumors compared to the matched normal.
Kidney chromophobe (KICH) and kidney renal papillary cell carcinoma
(KIRP) patients showed that a significant fraction of patients has a
higher GNAQ expression in tumor compared to matched normal (p
values 0.00007 and 0.0041 respectively). We also examined the mat-
ched tumor and normal expressions and their ratios for BRCA (as a
control), KICH and KIRP cancer types (Fig. 5A). Matched tumor-normal
expression data were available for 112, 25, and 32 patients in BRCA,
KICH, and KIRP respectively (Fig. 5B). Therefore, the cancer cohort
data suggest that KICH and KIRP cancer patients can be susceptible for
elevated levels of Gaq mediated signaling.

4. Conclusions

Regulation of the active states of Gaq-GTP and PLCP as well as their
control of dependent pathways provide pivotal regulation of many
molecular processes in cells that are crucial for cellular homeostasis and
survival. Hence, the Gq-pathway is majorly implicated in debilitating
and deadly diseases including diabetes, heart diseases, and cancer.
Therefore, delineating processes that regulate Gaq-GTP and PLCP sig-
naling is not only fundamental to understand mammalian physiology,
but also to develop therapeutics. In summary, our data suggest that
many cell types express relatively low Gaq levels compared to other Ga
types such as Gas and generate a limited amount of Gfy, indicated by
the lack of a detectable GPy9 translocation upon Gg-pathway activa-
tion. In these cells, the resultant PIP2 hydrolysis was transient and cells
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Fig. 4. NCI-H125 lung carcinoma cells endogenously expresses higher Gaq levels compared to MDA-MB-231 breast cancer cells and also exhibited distinct Gg-
signaling. (A) Real time PCR data showed higher Gaq/11 in NCI-H125 compared to MDA-MB231. (Error bars = SD, n = 3 independent experiments). (B) Western
blot analysis showed a higher expression of Gaq in NCI-H125 compared to MDA-MB 231. Protein expression levels normalized to a-tubulin. (Error bars = SD, n = 3
independent experiments, P < .05). MDA-MB231 transfected with M3R (untagged), mCherry-y9, and YFP-PH - with and without aq-CFP, were subsequently
examined for M3R activation induced, (C) PIP2 hydrolysis and (D) Gy9 translocation. Corresponding plots exhibit the dynamics of PIP2 hydrolysis and Gy9
translocation. (E) PIP2 hydrolysis and (F) Gy9 translocation were examined in NCI-H125 cells under conditions with and without aq-CFP transfection upon M3
activation. Corresponding plots exhibit PIP2 hydrolysis and Gy9 translocation dynamics. Note: Gy9 translocation from the PM (yellow arrows) to IMs (white arrows).
Average curves plotted using n = 10 cells from = 3 independent experiments. Error bars: SEM. Scale bar:10 um. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

were unable to recruit detectable levels of GRK2 to activated GPCRs on
the PM. Contrarily, both Gaq transfected cells as well as cells en-
dogenously expressing relatively higher Gaq levels exhibited robust
Gpy translocations and recovery-resistant PIP2 hydrolysis. The dis-
covery of the GTPase activity of PLCP for GaqGTP unveiled the faster
physiological deactivation of G protein signaling [72,83]. With the
identification of GNAQ (Gaq) as a cancer driver gene and our data
demonstrating Gaq-expression dependent signaling regimes indicate
that the regulation of Gqg-expression is another mechanism that cells
employ to achieve desired signaling outcomes. Our findings may also
provide molecular explanations for Gq-pathway involvement in certain
cancers.
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