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Molecular mechanism of bitter taste receptor
agonist-mediated relaxation of airway smooth muscle
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1 | INTRODUCTION

Over 300 million people worldwide are affected by bron-
choconstrictive disorders such as asthma, and the burden
of asthma continues to rise every year. Airway smooth
muscle (ASM) hypersensitivity and hypercontraction con-
tribute to the airway obstruction observed in asthma.'?
Although significant strides have been made in developing
biologics for asthma management, approximately 50% of
asthmatics have suboptimal control and are unable to reli-
ably control bronchoconstriction with current bronchodi-
lator drugs, including p,-adrenoceptor (,AR) agonists.*™
Therefore, there is a pressing need to develop newer and
better bronchodilator therapies for treating asthmatics.
GPCRs expressed on ASM are the primary target for
treating airway hyperresponsiveness in bronchocon-
strictive disorders. ASM contraction and relaxation are
regulated by Gq- and Gs-coupled GPCRs, respectively.
Activation of Gq signaling in ASM leads to phospholi-
pase C beta (PLCp)-dependent production of inositide
triphosphate (IP;) and diacylglycerol (DAG), release of in-
tracellular calcium (Ca®") through IP; receptor channels
into the cytosol by IP, and activation of protein kinase C
(PKC) by DAG. Collectively, Ca**- and PKC-dependent
signaling converge to increase MLC20 phosphorylation
and facilitate actin—-myosin cross-bridge cycling and ASM
contraction.® Activation of the Gs-coupled GPCRs results
in the elevation of cAMP levels and activation of cAMP-
dependent PKA, which phosphorylates various targets
and attenuates Ca>* mobilization, resulting in inhibition
of contraction’; however, the extent to which PKC and Ras
homolog family member A (RhoA)-related effectors are
mediated by Gs-coupled signaling is not fully understood.
During an effort to screen for known and novel GPCRs
in human ASM, the expression of type 2 taste receptors
(TAS2Rs) was unexpectedly discovered.® While TAS2Rs
are predominantly expressed in taste cells, recent studies
have demonstrated extra-gustatory expression and func-
tions of TAS2Rs.** We subsequently demonstrated that a
variety of TAS2R agonists cause ASM relaxation and bron-
chodilation in a G-protein-py-, PLCf-, and IP;-mediated
fashion, independent of PKA signaling.'* ASM relaxation
was observed with TAS2R compounds in ASM cells and
airway tissues obtained from human, murine, and guinea
pig lungs."**® Interestingly, whereas bitter tastants evoke

into the TAS2R signaling in ASM by defining a distinct signaling mechanism
modulating inhibition of pMLC20 to relax contracted ASM.

airway smooth muscle, asthma, chloroquine, rho a, TAS2R

an elevation in Ca®" mobilization when stimulated by
themselves, bitter tastants are able to reduce the Ca** mo-
bilization induced by Gg-coupled GPCR agonists.'®**"*!
However, independent studies also suggest that TAS2R
agonists evoke relaxation independently of compartmen-
talized Ca** signaling, possibly via G-protein-fy-mediated
inhibition of Ca®* flux through the large conductance
(L-type) voltage-dependent calcium channels and/or IP;
receptors.'®"® Collectively, these studies implicate dis-
tinct mechanisms employed by TAS2Rs and Gs-coupled
GPCRs in regulating ASM contraction, likely involving
compartmentalization of Ca** signaling and differential
regulation of pro-contractile signaling elements to de-
crease ASM sensitization to Ca**.

Accordingly, we undertook an unbiased analysis of
ASM phosphoprotein regulation to gain insight into the
differences by which agonists of TAS2Rs and Gs-coupled
GPCRs regulate pro-contractile signaling. Having iden-
tified differentially regulated phosphoproteins linked to
control of MLC20 phosphorylation (a key event in ASM
contraction), we subsequently characterized the relevant
pathways in biochemical analyses employing western
blotting and fluorescence reporter assays, as well as imag-
ing analyses to visualize spatiotemporal regulation of key
regulators. We found that unlike Gs-coupled receptor sig-
naling, which inhibits MLC20 phosphorylation via PKA-
dependent inhibition of Ca** mobilization, HSP20 and
ERK1/2 activity, TAS2Rs are shown to inhibit pMLC20 via
inhibition of Ca®* mobilization, RhoA activity,and MYPT1
phosphorylation at the T853 residue. Collectively, these
findings provide insight into the TAS2R signaling paradox
by defining a distinct compartmentalized signaling mech-
anism inhibiting pMLC20 to relax contracted ASM.

2 | MATERIALS AND METHODS

2.1 | Reagents

Chloroquine (C2301) was purchased from TCI (Portland,
Oregon, USA). Anti-p-actin (58522) antibody, isoproter-
enol, flufenamic acid, and histamine were from Sigma
Aldrich (St. Louis, MO, USA). Puromycin (1113803),
DPBS (SH30028.02), fetal bovine serum (A3840101), insu-
lin-transferrin—selenium-ethanolamine (41400), HEPES
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(SH30237.01), NaOH (BP359-12) HBSS (14025), DMEM
(11-995-73), L-glutamine (25030), F-12 nutrient mixture
(11765-054), and 0.05% trypsin-EDTA (25300) were from
Thermo Fisher Scientific (Waltham, MA, USA). The pLen-
tiRhoA2G plasmid (RRID:Addgene_40179) was obtained
from Addgene (Watertown, MA, USA). RhoA pull-down
activation assay kit (BK036) and RhoA-specific monoclo-
nal mouse antibody (ARHO03, RRID:AB_10708069) were
from Cytoskeleton (Denver, CO, USA). The phospho-
RhoA (Ser188) rabbit antibody (41435, RRID:AB_777708)
was from Abcam (Waltham, MA, USA). The phospho-
PKC substrate antibody (6967, RRID:AB_10949977),
phospho-MYPT1 (Thr696) polyclonal rabbit antibody
(5163, RRID:AB_10691830), phospho-MYPT1 (Thr853)
polyclonal rabbit antibody (4563, RRID:AB_1031185),
and phospho-MLC polyclonal rabbit antibody (3674,
RRID:AB_2147464) were from Cell Signaling Technology
(Beverly, MA, USA). Secondary antibodies were from LI-
COR Biosciences (Lincoln, NE, USA).

2.2 | Cell culture

All studies involving human ASM cells were approved by
ThomasJefferson University's Institutional Review Board.
Primary human ASM cells were isolated from healthy
human donor lung tissue and grown in culture dishes
in F-12 ASM growth media supplemented with HEPES
(21.6mM), NaOH (10.4mM), L-glutamine (1.7mM),
penicillin (86.3 U/mL), streptomycin (86.3 pg/mL), CaCl,
(1.5mM), and fetal bovine serum (10% v/v) as described
previously.”*** Primary human ASM cells were grown
to confluency, harvested with trypsin, and sub-cultured
into new dishes. Following 80-90% confluency, cells
were washed with DPBS and serum-starved for 3-5days
in ASM cell starvation media consisting of F-12 media
supplemented with insulin, transferrin, selenium, and
ethanolamine as previously described.**

2.3 | Phosphoproteomic analysis

Starvation media were replaced with HBSS and human
ASM cells were left undisturbed for 1 h prior to agonist treat-
ment. Healthy ASM cells were treated with 1M isoproter-
enol, 300puM chloroquine, or 10pM histamine for 30min.
In addition, ASM cells were pretreated for 5min with iso-
proterenol or chloroquine followed by treatment with his-
tamine in order to assess the ability of chloroquine and
isoproterenol to regulate the signaling elicited by histamine.
Cells were harvested in RIPA buffer containing protease
inhibitors and processed further for phosphoproteomic
analysis. Briefly, in order to determine the phosphorylation

;'IC-ASEBJournaI

status of contractile-related signaling components, a global
immunoprecipitation using titanium dioxide-coated beads
with an affinity for phosphorylated tyrosine, threonine, and
serine residues was performed on ASM lysates. Tryptic pep-
tides were separated by a nanoACQUITY UPLC analytical
column on a Waters nano-ACQUITY UPLC system and
analyzed with a coupled Thermo Scientific Orbitrap Fusion
Lumos Tribrid mass spectrometer as described previously.*
Tandem mass spectra were searched against a UniProt
reference human proteome. Carbamidomethylation of
cysteine was treated as static modification. Phosphorylation
of serine, threonine, and tyrosine, and deamidation of aspar-
agine and glutamine were treated as dynamic modifications.
Resulting hits were validated at a maximum global false dis-
covery rate (FDR) of 0.01. The abundances of proteins were
obtained by label-free quantitation.

2.4 | RhoA pull-down assay

ASM cells were treated with 1M isoproterenol, 300 uM
chloroquine, or 10pM histamine for 3min in HBSS. In
addition, ASM cells were pretreated for 15min with iso-
proterenol or chloroquine followed by a 3-min treatment
with histamine. Cell lysates were collected in RIPA buffer.
In the pull-down assay, RhoA was selectively isolated in
its active, GTP-bound form from the lysates of ASM cells
using a GST-tagged Rhotekin RhoA-binding domain con-
jugated to agarose beads.”®*® Total ASM cell lysate and
RhoA pull-down samples were run on an SDS-PAGE gel
and assessed by western blot using a RhoA monoclonal
mouse antibody (1:500 dilution) and LICOR secondary
antibodies (1:25000 dilution). Densitometry was per-
formed using the Odyssey Infrared Imaging System. The
levels of active RhoA were then normalized to the amount
of total RhoA for each treatment condition.

2.5 | Preparation of pLentiRhoA2G
stable cell lines

A single-chain fluorescence resonance energy transfer
(FRET) DNA construct containing a RhoA biosensor
with dual-fluorescence (Venus and m-Turquoise fluo-
rescent proteins) was used to measure RhoA activity.
Lentivirus containing the RhoA2G vector was generated
and processed as previously described (with slight modi-
fications).”*** Primary ASM cells were grown to 60-70%
confluency in a 10-cm dish, washed, and fed 3mL of ASM
cell growth media (without pen/strep) 15 min prior to viral
transduction. pLentiRhoA2G virus was dispersed drop-
wise evenly across the dish followed by overnight incu-
bation. Next day, the media were replaced with complete
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ASM cell growth media. After 72h, transfection efficiency
was confirmed by fluorescence imaging using an EVOS
microscope. Fresh ASM cell growth media (with 2mg/mL
puromycin) were added to the dish for selection.

2.6 | Confocal microscopic imaging and
data analysis

The pLentiRhoA2G stable lines were plated into 35-mm
glass bottom MatTek dishes, mounted on a confocal mi-
croscope platform, and connected to a perfusion system.
Cells were excited with a laser at 445nm and emission
spectra for inactive (Venus/488nm) and active RhoA
(FRET/535nm) were determined. Images were acquired
using a Nikon confocal microscope. Image J software was
used to analyze the images. The FRET image, having the
best signal-to-noise ratio, was designated as a reference
to create a binary mask with a value of one inside the cell
and a value of zero outside the cell for all images. Image
spectra were then background-corrected and the adjusted
FRET image was divided by the CFP image to obtain a
ratio image representing RhoA activity at each timepoint
as previously described.**" Ratio values were normal-
ized using basal values (vehicle-treated cells) and a linear
pseudocolor lookup table was applied to each image for
qualitative purposes. Ratio images are color-coded, where
high and low biosensor activity corresponds with warm
(red) and cold (blue) colors, respectively.

2.7 | Western blot analysis

ASM cell lysates obtained in RIPA buffer containing pro-
tease inhibitors and reduced with NU-PAGE SDS sample
buffer were processed as described previously.*** The cell
lysates were separated on a SDS-PAGE gel and transferred
onto a nitrocellulose membrane. The western blot mem-
branes were incubated overnight at 4°C in tris-buffered
saline containing Tween 20 (including 3% BSA) with anti-
bodies (1:1000dilution) specific for phospho-MLC, phospho-
PKC substrates, phospho-RhoA (Ser188), phospho-MYPT1
(Thr696), and phospho-MYPT1 (Thr853). Densitometry
was performed using the Odyssey Infrared Imaging System.
The levels of p-MLC, p-PKC substrates, p-RhoA (Ser188), p-
MYPT1 (Thr696), and p-MYPT1 (Thr853) were normalized
using the intensities of f-actin for each sample.

2.8 | Statistical analysis

Statistical significance was determined using a one-way
ANOVA followed by Tukey's post-hoc analysis using

GraphPad Prism version 9.5. The data represent the
mean + S.E.M from n number of experiments where n repre-
sents an ASM culture obtained from an independent donor.

3 | RESULTS

3.1 | Contractile-related proteins are
differentially phosphorylated by TAS2R
agonists

Previous studies suggest that TAS2R activation attenuates
MLC20 phosphorylation; however, the regulators upstream
of MLC20 that are activated by TAS2R agonists are not es-
tablished. In order to assess the phosphorylation of effec-
tors in ASM cells induced by stimulating cells with TAS2R
agonists in an unbiased manner, we employed a phospho-
proteomic approach using mass spectrometry. ASM cells
were treated with the TAS2R agonist chloroquine (300 pM)
or B,-agonist isoproterenol (1 pM), alone or in combination
with the bronchoconstrictive agonist histamine (10 pM).
Changes in the phosphorylation of cellular proteins were
assessed by mass spectrometry. Our findings identified the
percentage of differentially phosphorylated proteins com-
pared to all related proteins within each of the Gy, PLC,
RhoA, actin cytoskeleton, Hippo, and 14-3-3 signaling
pathways upon treatment of cells with histamine alone or
in tandem with isoproterenol or chloroquine (Figure 1A).
The degree of phosphorylation-related perturbance in any
given signaling pathway was reflected by taking the dec-
adic logarithm (log base 10) of its corresponding p-value
in the analyzed dataset. Signaling pathways with a trans-
formed p-value greater than +1.3 (i.e., p <.05) were consid-
ered during the analysis (Figure 1B). A full list of proteins
phosphorylated upon agonist stimulation of ASM cells is
given in the Supplemental data (Table S1; A - Histamine,
B - Chloroquine, C - Chloro+Hist, D - Isoproterenol, E
- Isoproterenol+Hist). Contractile-related proteins within
these pathway-specific clustered datasets were then inves-
tigated to determine differences relevant to the Gq, Gs, and
TAS2R signaling pathways. Furthermore, phosphorylation
of individual proteins within each pathway was measured
using arbitrary units of abundance and the fold change in
the abundance of phosphorylated proteins was obtained by
dividing the abundance unit value of each treatment con-
dition by that of the vehicle-treated condition (Figure 2).
Previous work from our group suggests that TAS2Rs
elicit ASM relaxation in a PLCB-dependent manner.'* PKC
and RhoA are two important contractile-related proteins
that are downstream of PLCp. Interestingly, the proteins
that exhibited the most significant levels of change in their
phosphorylation profiles were PKC-related proteins. We
observed 2-fold and 2.5-fold increases in phosphorylation of
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Pathways CcQ+H H Pathways I+H H
(A)
Gy Signaling .0667 N/A Gy Signaling N/A N/A
Phospholipase C Signaling .0449 .0449 Phospholipase C Signaling N/A .0449
RhoA Signaling .0726 .0645 RhoA Signaling .0565 .0645
Actin Cytoskeleton Signaling .0644 .0601 Actin Cytoskeleton Signaling .0429 .0601
HIPPO Signaling .103 .103 HIPPO Signaling .0920 .103
14-3-3-mediated Signaling .0584 N/A 14-3-3-mediated Signaling N/A N/A
(B) ©)
Up Down
B H
Il CQ+H
= I+H

E = 1
Actin c,‘o=

H.m=
.

14-3-3

Signaling pathways
(degree of perturbance)- basal

-log,, p-value

VoV,

9.0
o) (0

FIGURE 1 Agonist-specific differences of phosphorylated proteins in multiple signaling pathways. Phosphoproteomic analysis was
performed on ASM cells to determine the profile for all proteins phosphorylated at serine, tyrosine, and threonine residues within the cell
proteome. (A) Numerical values correspond to the percentage of proteins observed to be differentially phosphorylated in each respective
signaling pathway following stimulation with 10 pM histamine (H) or dual agonist treatment (300 pM chloroquine: CQ+H and 1pM
isoproterenol: I + H). Pathways that showed no significant change in treatment versus control conditions are denoted as N/A (n=3). (B) The
degree of perturbance within each signaling pathway with respect to treatment condition as denoted by a negative log,, transformation of
the p-value. Pathways with transformed p-values greater than 1.3 (p <.05) were determined to be significantly perturbed. (C) Quantification
of the number of contractile-related proteins that were differentially regulated between treatment conditions. p <.05 versus control.

the structural domain of AKAP2 and the PKC-binding do-
main of AKAP12 in histamine-treated ASM cells compared
to vehicle-treated ASM cells, respectively. Conversely, we
observed no change in phosphorylation of these proteins in
ASM cells treated with isoproterenol or chloroquine com-
pared to vehicle-treated cells (Figure 2A,B). Interestingly,
pretreatment with isoproterenol led to decreased histamine-
induced phosphorylation of AKAP2 and AKAP12, whereas
chloroquine increased histamine-induced AKAP2 and
AKAP12 phosphorylation.

We observed a 4-fold increase in phosphorylation of
ARHGEF12 and no change in the phosphorylation of RhoA
GTPase-activating protein (ARHGAP)6 in samples treated
with histamine compared to vehicle-treated ASM -cells
(Figure 2C,D). Conversely, we observed no change in phos-
phorylation of ARHGEF12 and increased phosphorylation
of ARHGAP6 in ASM cells treated with isoproterenol or
chloroquine. Interestingly, pretreatment with isoproterenol
or chloroquine did not significantly increase phosphoryla-
tion of ARHGAPS in the presence of histamine; however,
both agonists appeared to significantly attenuate histamine-
induced phosphorylation of ARHGEF12.

Increased phosphorylation of AKAP12 and de-
creased phosphorylation of ARHGEF12 in the presence
of chloroquine/histamine dual-treatment suggests that
chloroquine mediates histamine-induced changes in
a PKC- and RhoA-dependent manner. There were no
significant changes in the phosphorylation of MYPTI,
which suggests that upstream differences in PKC and
RhoA phosphorylation may play an important role in
TAS2R-mediated signaling in human ASM (Figure 2E,F).
Additional pathway-specific phosphorylation of proteins
is given in the Supplemental data (Table S2).

3.2 | Histamine-induced MLC
phosphorylation is attenuated following
treatment with TAS2R agonists

ASM contraction by GPCR agonists is preceded by
MLC20 phosphorylation and is mediated via Ca**-
dependent activation of myosin light-chain kinase
(MYLK) or inhibition of MYPT1.>>* In these studies, we
assessed the effect of TAS2R agonists and isoproterenol
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FIGURE 2 Agonist-specific differences of individual phosphorylated proteins of interest. Above are representative graphs of contractile-
related proteins of interest compiled from our phosphoproteomic analysis: (A) AKAP2, (B) AKAP12, (C) ARHGAPS6, (D) ARHGEF12,

(E) MYPT1, and (F) MYLK. ASM cells were treated with 1 uM isoproterenol (I), 300 M chloroquine (CQ), 10 uM histamine (H), or dual
agonist treatment (I+H and CQ + H) prior to phosphoproteomic analysis. Fold change is relative to non-treated control samples and
increases/decreases in phosphorylation correspond with positive and negative fold changes (n=3). *p <.05 versus basal and *p <.05 versus

histamine alone. Data were analyzed using a one-way ANOVA and are represented as mean + SEM.

on basal and histamine-induced MLC20 phosphoryla-
tion. As expected, histamine stimulation of ASM cells re-
sulted in an increase in MLC20 phosphorylation. On the
contrary, treatment with ,AR agonist isoproterenol (1
pM) or TAS2R agonists chloroquine (300 pM and 1 mM)
and flufenamic acid (30pM and 300 pM) alone did not
induce MLC20 phosphorylation. When cells were treated
concomitantly in the presence of histamine, the agonists
chloroquine, flufenamic acid, and isoproterenol signifi-
cantly reduced histamine-mediated MLC20 phosphoryl-
ation (Figure 3A,B). Furthermore, ASM cells pretreated
with isoproterenol, chloroquine (300pM or 1mM), or
flufenamic acid (30 pM or 300 pM) displayed decreases in
histamine-induced MLC20 phosphorylation by 4-, 3.3-,
3.6-, 3.8-, and 5.3-fold, respectively.

3.3 | PKC is differentially regulated by
TAS2R agonists in ASM

PLCp is a common effector which is activated within the
TAS2R and Gq signaling pathways; however, the differ-
ences in the regulation of proteins downstream of PLCJ
between these GPCR pathways remain to be elucidated.'?
Therefore, to evaluate and validate the findings from the
phosphoproteomic data, levels of PKC activity were meas-
ured in ASM cells treated with isoproterenol (1 pM), chlo-
roquine (300pM and 1mM), or flufenamic acid (30pM
and 300pM) alone, or in combination with histamine
(10pM) using an immunoblot assay that determines

phosphorylation of PKC substrates. We observed differ-
ences in phosphorylation of a PKC substrate between ~66
and 70kDa in molecular weight. Histamine-induced phos-
phorylation of this PKC substrate is up to 6-fold higher
than baseline levels. Chloroquine (300 uM) and flufenamic
acid increased the phosphorylation of this substrate above
baseline levels by at least 1.5-fold compared to no induction
with isoproterenol (Figure 4A,B). Furthermore, isoproter-
enol pretreatment reduced histamine-mediated PKC phos-
phorylation of substrates in this molecular weight range by
1.5-fold, while chloroquine and flufenamic acid (300 pM)
pretreatments produced a 3-fold reduction in signal. These
findings are consistent with our previous work suggesting
that TAS2R signaling is mediated in a PLCf-related manner
while also highlighting counter-regulation of histamine-
mediated PKC activation by chloroquine and flufenamic
acid. Importantly, these findings also demonstrate the dis-
parity between bitter tastants and isoproterenol in the regu-
lation of histamine-mediated PKC activity in ASM cells.

3.4 | RhoA is differentially regulated
across GPCR pathways in ASM cells

RhoA, which is a major PKC effector protein important
for contraction, is activated by ARHGEFs and inhibited
by ARHGAPs.>”* Therefore, to evaluate the findings
from the phosphoproteomic data regarding ARHGEF12
and ARHGAPS, levels of GTP-bound (active) RhoA were
measured in ASM cells transduced with lentiviral particles
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FIGURE 3 MLC20 is negatively regulated by TAS2R and p,AR pathways. The phosphorylation of MLC20 was measured in ASM cells
treated with 1 uM isoproterenol (I), 300 uM or 1 mM chloroquine (CQ), 30 uM or 300 uM flufenamic acid (FFA), 10 uM histamine (H), or dual
agonist treatment (I+H, CQ+H or FFA + H). (A) Representative western blots of phosphorylated MLC20 in agonist-stimulated ASM cells.
(B) Graph depicting the level of MLC20 phosphorylation normalized to p-Actin in each sample (n=5-8). *p <.05 versus basal and “p < .05
versus histamine alone. Data were analyzed using a one-way ANOVA and are represented as mean + SEM.
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FIGURE 4 PKC may be differentially regulated by TAS2R and B,AR agonists. (A) The phosphorylation of PKC substrates was measured
in ASM cells treated with 1 pM isoproterenol (I), 300 pM or 1 mM chloroquine (CQ), 30 uM or 300 pM flufenamic acid (FFA), 10 uM histamine
(H) or dual agonist treatment (I+H, CQ+ H or FFA +H). (A) Representative western blot of phosphorylated PKC substrates normalized to
B-Actin in each sample. (B) Representative graph of the amount of a 66-70kDa phosphorylated PKC substrate normalized to $-Actin in agonist-

stimulated ASM cells (n=3-5). *p <.05 versus basal. Data were analyzed using a one-way ANOVA and are represented as mean + SEM.

containing a

prising RhoA and a Rho-binding domain (RBD) specific for
GTP-bound RhoA. HBSS solution containing isoproterenol
(1pM), chloroquine (300pM-1mM), or flufenamic acid
(300-700 uM) alone was perfused onto ASM cells for 15min

single chain FRET* biosensor construct com-

followed by perfusion with dual-treatment including hista-
mine (10pM). Histamine treatment induced RhoA activa-
tion as expected. Interestingly, chloroquine, isoproterenol,
and flufenamic acid pretreatment significantly attenuated
histamine-induced RhoA activation (Figure 5A,B). However,
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isoproterenol only partially attenuated histamine-induced
RhoA activation, whereas chloroquine and flufenamic acid
eliminated this response. Furthermore, there were notice-
able differences in the spatial distribution of active RhoA
across treatment conditions. An increase in fluorescent
intensity near the nucleus and diffusion of active RhoA to
the periphery was observed in ASM cells treated with hista-
mine. Interestingly, ASM cells pretreated with chloroquine
and flufenamic acid not only prevented histamine-mediated
RhoA activation and diffusion but also resulted in the dif-
fusion of active RhoA away from the cell periphery and
closer to the nucleus (Figure 5C). We employed a pull-down
assay to further validate the findings from fluorescence im-
aging. We observed a 2.5-fold increase in RhoA activation
following treatment of ASM cells with histamine, while no
significant RhoA activity was observed in cells treated with
isoproterenol or chloroquine. Moreover, pretreatment with
chloroquine (300pM) significantly attenuated histamine-
induced RhoA activation, whereas there was only partial
attenuation with isoproterenol (Figure 5D).

Isoproterenol and chloroquine both inhibited RhoA
activation despite differences in the regulation of PKC,
an upstream activator of RhoA. Therefore, we sought
to establish the molecular differences, if any, in RhoA

RhoA2G lentiviral biosensor
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regulation by isoproterenol and bitter tastants. Previous
literature suggests that PKA-mediated phosphorylation of
RhoA at the S188 amino acid residue increases the affin-
ity of RhoA-GTP for the Rho guanine nucleotide dissocia-
tion inhibitor, which traditionally sequesters GDP-bound
RhoA from the plasma membrane to the cytosol and
maintains RhoA in an inactive state.™ Additionally,
this phosphorylation event protects RhoA from ubiquitin-
mediated degradation in the proteasome.** Our findings
suggest that isoproterenol indeed facilitates phosphoryla-
tion of RhoA at S188 while chloroquine and flufenamic
acid do not. Moreover, histamine also induced signif-
icant phosphorylation of RhoA at S188 alone, or in the
presence of chloroquine and isoproterenol. Interestingly,
pretreatment with flufenamic acid (300 uM) significantly
attenuated histamine-mediated phosphorylation at S188
(Figure 5E). These findings suggest that RhoA activity
is inhibited canonically by bitter tastants, whereas iso-
proterenol treatment partially inhibits RhoA activity ca-
nonically and regulates RhoA non-canonically via S188
phosphorylation. Furthermore, the data suggest that
regulation of histamine-mediated S188 phosphorylation
is TAS2R agonist specific as flufenamic acid, not chloro-
quine, completely attenuated this response.
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(fold change)- basal
N W A o
*

-

Active RhoA P ——

High (E) 3.0

g *
-]
s = 25
[+
22 20
g2
S o
2 e 1.5 #
3
a = 1.0
S
K}
<< o5
Z
0.0
B 03 1 00303 1 H 03 1 00303 1
cQ FFA cQ FFA
+H
® @ @ mA m 1 B com com i mae e
8T W o
D-RMOA SIS s e s wom - —— e —

FIGURE 5 TAS2R and B,AR differentially regulate RhoA activity. (A and B) RhoA activity was measured in ASM cells transduced

with a lentiviral FRET construct containing RhoA (n=5-8). Cells were treated with isoproterenol (I), chloroquine (CQ), flufenamic

acid (FFA), histamine (H), or dual agonist treatment (I+H, CQ +H or FFA + H). (C) Representative images of ASM cells (4 min after
treatment) with a pseudocolor lookup table. The arrows highlight areas of low or high RhoA activity as represented by fluorescent intensity.
(D) Representative graph and western blot depicting the level of active RhoA “pulled down” using a GST-tagged Rhotekin RhoA-binding
domain conjugated to agarose beads normalized to total RhoA in each sample (n=3-5). (E) Representative graph and western blot depicting
phosphorylation of RhoA at residue S188 normalized to p-Actin in each sample (n=5-6). *p <.05 versus basal and *p <.05 versus histamine
alone. Data were analyzed using a one-way ANOVA and are represented as mean + SEM.
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3.5 | MYPT1 is differentially regulated
by TAS2R agonists

MYPT1 is an important regulator of contraction, as activa-
tion of MYPT1 facilitates dephosphorylation of MLC20. It
has been established that phosphorylation of MYPT1 at
amino acid residues T696 and T853 leads to attenuation
of MYPT1 activity, inhibiting its ability to serve as a coun-
terbalance to MYLK.**® Therefore, levels of T696 and
T853 phosphorylation were assessed in ASM cells treated
with isoproterenol (1 pM), chloroquine (300 uM or 1 mM),
or flufenamic acid (30 uM and 300 pM) alone, or in com-
bination with histamine (10 uM). There was no observed
change in MYPT1 phosphorylation at amino acid residue
T696 with any agonist (Figure 6A,B), but there was a signif-
icant increase in phosphorylation at residue T853 in ASM
cells treated with histamine (Figure 6C,D). We observed a
marked reduction in histamine-mediated T853 phospho-
rylation close to basal levels in ASM cells pretreated with
chloroquine and flufenamic acid. Interestingly, isoproter-
enol inhibition of histamine-mediated MYPT1 phospho-
rylation at residue T853 was minimal and did not reach
statistical significance. Collectively, these data suggest
that chloroquine reduces histamine-mediated MLC20
phosphorylation in a RhoA- and MYPT1 T853-dependent

;'IC-ASEBJournaI

manner, a mechanism distinct from that employed by iso-
proterenol (Figure 7).

4 | DISCUSSION

Previous studies have shown that TAS2R agonists elicit
bronchodilation and attenuate Gg-mediated bron-
choconstriction in ASM cells and human airways in a
PKA-independent manner."> However, TAS2R agonist
mechanisms of action are unestablished. Herein, we em-
ployed a proteomics approach to delineate differences in
the phosphorylation profiles of contractile-related proteins
among Gq, Gs, and TAS2R signaling pathways (Figure 1).
Our phosphoproteomic data reaffirmed that TAS2R sign-
aling is mediated in a G protein-py-dependent fashion
whereas Gs signaling is not. As expected, multiple PKC
substrates were significantly phosphorylated by TAS2R
agonists and histamine but not isoproterenol; however,
no significant GPCR-specific differences in histamine-
mediated PKC substrate phosphorylation were observed
(Figure 4). Interestingly, TAS2R agonist treatment was
able to ablate levels of histamine-mediated RhoA activity
(Figure 5) and phosphorylation of MYPT1 at the T853 resi-
due (Figure 6) in ASM cells. Isoproterenol also inhibited
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FIGURE 6 MYPT1 is differentially regulated by TAS2R and ,AR agonists. The phosphorylation of MYPT1 at inhibitory residues T696
and T853 was measured in ASM cells treated with 1 pM isoproterenol (I), 300 uM or 1 mM chloroquine (CQ), 30 uM or 300 uM flufenamic
acid (FFA), 10 pM histamine (H) or dual agonist treatment (I+H, CQ+H or FFA + H). (A) Representative western blot and graph (B) of
MYPT1 T696 phosphorylation normalized to f-Actin in agonist-stimulated ASM cells (n =4-6). (C) Representative western blot and graph
(D) of MYPT1 T853 phosphorylation normalized to f-Actin in agonist-stimulated ASM cells (n=3-7). *p <.05 versus basal and *p <.05
versus histamine alone. Data were analyzed using a one-way ANOVA and are represented as mean + SEM.
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FIGURE 7 Regulation of Gg-mediated contractile proteins by TAS2R and Gs signaling. Binding of histamine to the H1 receptor leads

to downstream activation of RhoA, attenuation of MYPT1, and activation of MLC20, leading to actin-myosin cross-bridge cycling and ASM

contraction. Activation of the TAS2R leads to decreased RhoA activity, increased MYPT1 activity via prevention of T853 phosphorylation,

and attenuation of histamine-induced MLC20 phosphorylation. Conversely, f,AR signaling partially reduces histamine-induced MLC20

phosphorylation via PKA-mediated signaling, which partially reduces RhoA activity by phosphorylating RhoA at serine 188. This

phosphorylation increases RhoA affinity for Rho-GDI, which leads to the sequestration of active GTP-bound RhoA away from the plasma

membrane into the cytosol.

histamine-mediated RhoA activation and MYPT1 phos-
phorylation at the T853 residue, but to a lesser extent
than that observed with TAS2R agonists. Furthermore,
our findings suggest that isoproterenol may facilitate S188
phosphorylation of RhoA to prevent acute localization of
active RhoA to the membrane, whereas histamine may
induce this event to prevent any active RhoA from being
degraded via the proteasome (a histamine-mediated event
that was only inhibited by flufenamic acid). Although
TAS2R agonists did not elicit phosphorylation of RhoA
at the S188 residue as observed with individual isoproter-
enol treatment, flufenamic acid (300puM) treatment ap-
pears to reduce pro-contractile histamine-mediated S188
phosphorylation of RhoA, whereas chloroquine and iso-
proterenol do not (Figure 5E). These findings demonstrate
that GPCR-specific differences in the regulation of ASM
cell tone are dependent upon differential regulation of the
contractile-related proteins RhoA and MYPT1.

Rho family members are important in many cellu-
lar processes, including cell motility and contraction.
Several ARHGEFs have been shown to be elevated in
their expression or activity in cancer cells.*”*® Our data
using human ASM cultures (not shown) are consistent
with a prior study identifying ARHGEF12 as the most
highly expressed ARHGEF in tissues obtained from se-
vere asthma patients.*” While individual treatment with

chloroquine (300 uM) or isoproterenol (1uM) reduced
ARHGEF12 phosphorylation and enhanced ARHGAP6
phosphorylation, only chloroquine ablated histamine-
mediated ARHGEF12 phosphorylation (Figure 2). These
data are consistent with immunoblot data of RhoA and
MYPT1 in which we observed partial inhibition by iso-
proterenol (compared to complete inhibition by TAS2R
agonists) of histamine-mediated activation of RhoA and
MYPT1. The ARHGEF12 inhibitor Y16 has been shown
to significantly reduce RhoA activity and MLC20 phos-
phorylation alone, or synergistically with the global
RhoA inhibitor Rhosin, effects associated with inhibi-
tion of actin stress fiber formation, proliferation, and
metastasis in MCF7 breast cancer cells. Specifically,
Y16 reduces the interaction between ARHGEF12 and its
RhoA binding pocket, most likely due to K979 and N983
residues that are uniquely conserved within the LARG
GEF (including ARHGEF12) family.*’ Thus, there may
be therapeutic potential for this compound as a selective
inhibitor that affects ARHGEF12-RhoA binding affinity,
but not the intrinsic activity of RhoA or its interactions
with ARHGEFs from other families. These findings are
consistent with our previous studies that isoprotere-
nol induces ASM relaxation in a PKA-dependent man-
ner and PKC-related proteins play an important role in
TAS2R-mediated MLC20 dephosphorylation.”*>°
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In addition to identifying agonist-specific regulation
of RhoA-related signaling, our phosphoproteomic data
also identified GPCR-specific regulation of the HIPPO
signaling pathway. HIPPO signaling modulates actin
cytoskeleton restructuring via changes in components
such as 14-3-3 and Yes-associated protein (YAP)’"*%
regulation of the actin cytoskeleton plays a significant
role in regulating both ASM cell contraction and prolif-
eration.”>> Rho GTPases are necessary for the nuclear
localization of YAP1, where it functions as a co-activator
of transcription factors driving the expression of genes
important for proliferation and contraction. Gene silenc-
ing of ARHGEF12 in MCF?7 breast cancer cells resulted
in lower levels of YAP1 activation (increased S127 phos-
phorylation) and phalloidin-stained F-actin.’® Moreover,
activation of cofilin, a major actin cytoskeleton regula-
tory protein, is shown to be enhanced following TAS2R
agonism, promoting F-actin destabilization and ASM
cell relaxation.”” Interestingly, PKA activity is involved
in the phosphorylation of large tumor suppressor kinase
(LATS), enhancing its activity to inhibit YAP1 via phos-
phorylation of the S381 residue.”® Collectively, these
findings suggest that HIPPO signaling may be differ-
entially regulated by Gs-coupled and TAS2R signaling;
however, the extent to which HIPPO-related effectors are
differentially mediated is not fully understood.

The current study is the first to establish differences in
the regulation of Gq signaling-related effector proteins be-
tween TAS2R and B,AR agonists. While our findings sug-
gest that RhoA and its effectors are differentially regulated
by these GPCRs, more integrative (ex vivo, in vivo) studies,
employing pharmacological, molecular, or genetic targeting
of effectors (including RhoA and ARHGEF12) are required
to more fully establish the physiological relevance of these
mechanisms. Such studies will provide further impetus for
current TAS2R drug discovery efforts and substantiate the
ultimate therapeutic application of TAS2R agonists in the
management of obstructive pulmonary diseases.
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