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Abstract

TAS2Rs (bitter taste receptors) are GPCRs (G protein–coupled
receptors) expressed on human airway smooth muscle (HASM)
cells; when activated by receptor agonists they evoke marked
airway relaxation. In both taste and HASM cells, TAS2Rs activate
a canonical Gbg-mediated stimulation of Ca21 release from
intracellular stores by activation of PLCb (phospholipase Cb).
Alone, this [Ca21]i signaling does not readily account for
relaxation, particularly since bronchoconstrictive agonists acting
at Gq-coupled receptors also increase [Ca21]i. We established that
TAS2R14 activation in HASM promotes relaxation through
F-actin (filamentous actin) severing. This destabilization of actin
was from agonist-promoted activation (dephosphorylation)
of cofilin, which was pertussis toxin sensitive. Cofilin
dephosphorylation was due to TAS2R-mediated deactivation of
LIM domain kinase. The link between early receptor action and

the distal cofilin dephosphorylation was found to be the polarity
protein partitioning defective 3 (Par3), a known binding partner
with PLCb that inhibits LIM kinase. The physiologic relevance of
this pathway was assessed using knock-downs of cofilin and Par3
in HASM cells and in human precision-cut lung slices. Relaxation
by TAS2R14 agonists was ablated with knock-down of either
protein as assessed by magnetic twisting cytometry in isolated
cells or intact airways in the slices. Blocking [Ca21]i release by
TAS2R14 inhibited agonist-promoted cofilin dephosphorylation,
confirming a role for [Ca21]i in actin-modifying pathways. These
results further elucidate the mechanistic basis of TAS2R-mediated
HASM relaxation and point toward nodal points that may act as
asthma or chronic obstructive pulmonary disease response
modifiers or additional targets for novel bronchodilators.
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The family of GPCRs (G protein–coupled
receptors) responsive to bitter-tasting
compounds was identified and characterized
2 decades ago (1). These 24–25 TAS2Rs

(bitter taste receptors) were believed to be
exclusively expressed on taste cells in the
tongue, acting as aversion receptors to
protect against ingestion of toxins from

plants. In 2010 we identified six TAS2Rs on
human airway smooth muscle (HASM) cells
(2). Several of these were expressed at a
higher degree than b2AR (b2-adrenergic
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receptor), the current target for
bronchodilator treatment in obstructive
airway diseases. We found that TAS2R
agonists caused marked cAMP-independent
HASM relaxation and bronchodilation and
showed that the signaling pathway diverged
from what had been characterized in taste
cells (2). Subsequently, TAS2Rs have been
found to be expressed, and to have
physiologic function, on many other tissues,
including the pancreas, gastrointestinal tract,
thyroid, and uterus (3, 4). The intracellular
signaling pathways that lead to the cellular
outcomes on these extraoral sites, however,
have not been well defined. Indeed, because
our initial characterization of the pathway
differed from the accepted pathway in taste
cells, the finding of functional TAS2Rs in cell
types like HASMwas met with some initial
skepticism. For example, in the type II taste
cells, TAS2Rs couple to the heterotrimeric G
protein gustducin, with the released bg
interacting with PLCb (phospholipase Cb),
resulting in the generation of IP3 (inositol
1,4,5-trisphosphate), which binds to the IP3
receptor on the endoplasmic reticulum (ER),
releasing stored [Ca21]i (see Figure E1 in the
data supplement). This rise in Ca21 activates
a transient receptor potential channel,
causing membrane depolarization, and the
release of neurotransmitters from the cell,
which activate receptors on the nearby type
III taste cells that make up synaptic
connections with nerves that signal to the
brain (5). In contrast, ASM cells in humans

do not appear to express gustducin (6), nor
do these cells express the transient receptor
potential channel. Furthermore, TAS2R
agonists hyperpolarize the HASMmembrane
without a secondary release of
neurotransmitters or communication to
other cells or organs (Figure E1). Thus, the
accepted pathway for TAS2Rs, established in
type II taste cells, is not directly applicable to
the physiologic response in HASM, and for
that matter few of the other extraoral sites.
On initial inspection, the divergence between
pathways appears to be due to a
compartmentalized [Ca21]i pool that is used
by TAS2Rs (2). However, this does not
readily explain several aspects of how
TAS2Rs signal to HASM relaxation and
seems counterintuitive to the established
paradigm that increased [Ca21]i (at least by
the Gq-coupled receptors in HASM) leads to
contraction rather than relaxation.We have
shown that TAS2Rs couple to Gi1,2,3 in
HASM; these G proteins are highly expressed
in HASM and are members of the pertussis
toxin (PTX)–sensitive G protein family that
includes gustducin. bg antagonists, PLC
inhibitors, and IP3 receptor antagonists
inhibit [Ca21]i signaling and attenuate
relaxation by TAS2R agonists, so elements of
the canonical pathway are involved, but the
mechanism of the deep-pathway signaling of
these receptors to physiologic relaxation
remains unknown.

Smooth muscle cell contraction
and relaxation are typically mediated
by either MLC (myosin light chain)
20 phosphorylation/dephosphorylation
or by F-actin (filamentous actin)
stabilization/destabilization (7–9). MLC is
phosphorylated byMLCK (myosin light
chain kinase), with phosphorylated MLC
subsequently interacting with actin to cause
smooth muscle contraction (7). b-agonists
act to relax HASM, in part, by inhibiting
this mechanism or by activating MLCP
(myosin light chain phosphatase), which
dephosphorylates MLC (7). Another major
actin-regulating protein is cofilin, which
increases the off-rate of G-actin monomers
from the pointed end of actin filaments and
acts to sever F-actin (8, 9). This acts to
rapidly and reversibly modulate actin
dynamic equilibrium during contraction and
relaxation of smooth muscle from various
organs, although its activation/deactivation
andmechanisms of modulation by GPCRs
has not been explored in HASM cells.
Dephosphorylated cofilin is the active form
that interacts with F-actin, promoting its

depolymerization and destabilization,
leading to severing and relaxation. In
contrast, inactive (phosphorylated) cofilin
fails to bind to F-actin, inhibiting the
relaxation imposed by F-actin severing,
which leads to contraction. Cofilin
deactivation is tightly regulated by LIMK
(LIM domain kinase) (10), which is active in
its phosphorylated state.

Here we have established an unexpected
and highly efficient pathway that accounts
for signaling from agonist activation of
TAS2R14 (the most abundant TAS2R in
HASM) through a G protein–mediated
regulation of cofilin via a Par3/LIM kinase
mechanism, leading to actin severing and
HASM relaxation. The cascade incorporates
the majority of the signals and cellular
components identified to date into an
integrated pathway, defining a mechanism
by which these atypical HASM receptors
bronchodilate and revealing nodal points for
modulation of the pathway by disease or
novel therapeutics.

Methods

Cell Culture, Transfections, Treatments
HASM cells were obtained from donor
lungs from the National Disease Research
Interchange or the International Institute
for the Advancement of Medicine. The
immortalized D9 HASM cell line (11) was
also used, as indicated. Cells were grown
and passaged as previously described (2, 6).
siRNA transfections were performed on
HASM cells in culture as previously
described (6). The siRNAs for Par3, cofilin,
b-arrestin1, and b-arrestin2 were from
GEDharmacon (Horizon Discovery).
Transfections of siRNA (100 nM per 6-cm
dish) for HASM cells were performed
using Lipofectamine 2000 (Thermo Fisher
Scientific) at 48 and again at 24 hours before
experiments. For precision-cut human lung
slices (PCLS), siRNA transfections were
performed in the same manner, except in
24-well dishes (one slice per well), and the
siRNA concentration was 400 nM.
Confirmation of protein knock-down for
HASM and PCLS was determined by
western blots from total protein derived from
the cells or from the pooled slices. Unless
otherwise indicated, cells in culture were
serum starved for 12 hours and treated with
the TAS2R agonists diphenhydramine (DPD,
500 μM) or aristolochic acid (AA, 500 μM),
without or with the brochoconstrictive

Clinical Relevance

TAS2Rs (bitter taste receptors) are
GPCRs (G protein–coupled receptors)
expressed on airway smooth muscle
cells, and when activated by agonists
promote marked relaxation and
bronchodilation. The mechanism of
how these receptors signal to
relaxation was explored, and was
found to be due to its coupling
through LIM kinase to activation
(dephosphorylation) of cofilin, leading
to destabilization and severing of
F-actin (filamentous actin). These
findings improve our understanding of
how this potential new class of direct
bronchodilators function within the
context of human airway smooth
muscle cells.
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agents endothelin-1 (ET-1, 100 nM) or
histamine (1.0 μM), for 10 minutes. Because
DPD is a pharmacologic antagonist at the
histamine H1 receptor, the histamine1DPD
combination was not tested. PTX (100 nM)
pretreatment was for 12 hours, and BAPTA
(1,2-bis(o-aminophenoxy)ethane-
N,N,N9,N9-tetraacetic acid) (50 μM)
pretreatment was for 30 minutes.

Western Blots and
Immunocytochemistry
Cells or PCLS were washed and then
solubilized by the addition of 50 mMTris-
HCl pH 7.4, 150 mMNaCl, 2 mM EDTA,
1% NP-40, and 0.1% SDS (Radio-
Immunoprecipitation Assay (RIPA) Buffer)
with rotation at 4�C for 1 hour and clarified
by centrifugation at 3,5003 g for 5 minutes.
SDS-PAGE was performed using 10% SDS
precast gels as previously described (12). The
commercial sources of the antibodies were:
p-cofilin (site 3, Cell Signaling Technology),
cofilin (Santa Cruz Biotechnology), pMLC
(sites 18 and 19) andMLC (Cell Signaling),
Par3 (EMDMillipore), b-arrestin1 and
b-arrestin2 (Cell Signaling Technology),
pLIMK (site 508) and LIMK1/2 (Santa Cruz
Biotechnology), p-SSH1 (site 978) and SSH1,
Slingshot, from (ECMBioscience), and actin
(Cytoskeleton or Sigma). Proteins were
transferred to nitrocellulose membranes.
Primary antibody titers were 1:1,000 unless
otherwise noted. The membranes were
processed for enhanced chemiluminescence
(Pierce–Thermo Fisher Scientific) according
to the manufacturer’s protocol. Imaging was
performed with a Fuji LAS-400 (GE
Healthcare Life Sciences). Band density was
determined with ImageJ software (National
Institutes of Health) after subtraction of
background. Reagents from Cytoskeleton
were used to determine the F-actin/G-actin
ratio according to the manufacturer’s
protocol. In the figures, horizontal white
lines demarcate images frommembranes
that were reprobed or were from separately
run gels. Paraformaldehyde (4%) fixed cells
were stained for immunocytochemistry as
described (13), and the images were acquired
using an Olympus FV10 or Zeiss LSM 880
confocal microscope at the indicated
magnifications.

[Ca21]i Measurements
Cells were loaded with FURA4-AM in
96-well plates and [Ca21]i measured as
described (14) at baseline and then every
2 seconds after addition of drug (or at other

times as indicated) using a FlexStation 3 plate
reader (Molecular Devices).

Magnetic Twisting Cytometry
Dynamic changes in cell stiffness of cultured
HASM cells in response to agents added to
the media were measured as an indicator of
the single-cell contraction (increased
stiffness) and relaxation (decreased stiffness)
as previously described (2, 15, 16) (see also
legend to Figure 4). In brief, RGD (Arg-Gly-
Asp)-coated ferrimagnetic microbeads
bound to integrin receptors are used as
biosensors of the cytoskeleton. They were
magnetized horizontally and then twisted in
a vertically aligned magnetic field that varied
sinusoidally in time. Lateral bead
displacements in response to the resulting
oscillatory torque from procontractile or
prorelaxation agents were detected with a
spatial resolution of�5 nm, and the ratio of
specific torque to bead displacements
(stiffness) was calculated.

PCLS
Human lung tissue samples were obtained
from anonymous donors fromNational
Disease Research Interchange and
International Institute for the Advancement
of Medicine. PCLS were prepared and
studied as described (17). Briefly, lungs were
inflated with low–melting temperature
agarose, sectioned, and cored, and 350-μm
slices made using an oscillating vibratome
(see also legend to Figure 5). After siRNA
transfection (see above for details),
airways in the slices were constricted with
1.0 μMhistamine, then relaxed with AA
(1–100 μM), with multiple images taken after
every treatment until the response stabilized.
Luminal area of the airways was measured
using ImageJ software and compared against
baseline area to calculate percentage
bronchodilation.

Statistical and Other Calculations
The Tanimoto similarity between AA and
DPDwas calculated by the maximal
common substructure method (https://
chemminetools.ucr.edu, June 11, 2022). The
ImageJ output from the PCLS studies were
used to calculate percentage bronchodilation
as described in detail (17). Statistical analysis
was performed using Prism (GraphPad).
Comparisons were performed using
ANOVA followed by two-way post hoc t
tests. In one aspect of the PCLS analysis,
response data were compared with a baseline
value using the two-way single-parameter

t test. Significance was assigned when
P, 0.05. Data in bar graphs show the
individual data points from each experiment,
the mean, and the SEM.

Results

TAS2R14 Agonists Activate the Actin-
Severing Protein Cofilin in HASM Cells
We used two TAS2R14 agonists, DPD and
AA, which have diverse structures
(Tanimoto similarity score=0.22) but have
similar potencies (18), to study the relaxation
pathway at both the molecular and
physiologic levels. We first sought to address
whether TAS2R14 agonism decreasedMLC
phosphorylation in cultured HASM cells.
ET-1 couples to Gq, evokes HASM
contraction and airway hyperreactivity, and
is increased in asthmatic airways (19, 20).
HASM exposure to ET-1 increasedMLC
phosphorylation as expected (Figures 1A and
1B). Neither the TAS2R agonist DPD or AA
decreased ET-1–promotedMLC
phosphorylation (Figures 1A and 1B).

Given this apparent lack of MLC
dephosphorylation by these agonists, we
investigated whether TAS2R14 agonists
regulate the actin destabilization
(depolymerization) pathway as introduced
above, via modulation of cofilin activity to
induce smooth muscle relaxation. We
assessed whether the TAS2R14 agonist DPD
regulates cofilin and/or LIMK in HASM cells
by western blots using phospho-specific
antibodies directed to these proteins. As
introduced earlier, phosphorylated cofilin
is its inactive form, and phosphorylated
LIMK is its active form. A decrease in
phosphorylation of both cofilin and LIMK
was readily observed from baseline within
3 minutes of exposure of the cells to DPD
(Figures 1C–1E) and was maximal by
5–10 minutes. For the remainder of the
experiments, a 10-minute exposure to
TAS2R agonist was used unless otherwise
noted. The activated phosphatase SSH1
participates in dephosphorylation of cofilin
by modulating LIMK phosphorylation.
Dephosphorylated SSH1 is the active form.
We thus assessed SSH1 phosphorylation by
the TAS2R agonist AA and noted a small but
significant decrease from basal levels (Figure
E2). ET-1 did not increase SSH1
phosphorylation, and ET-11AA had no
significant effect over ET-1 levels alone.
Taken together, data from Figures 1A–1E
indicate that TAS2R14 acts to relax HASM
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Figure 1. TAS2R14 (bitter taste receptor 14) signaling to elements of a proposed relaxation pathway in human airway smooth muscle.
(A and B) The TAS2R14 agonists diphenhydramine (DPD) and aristolochic acid (AA) do not alter phosphorylation of MLC. Shown is
a representative confocal image, and the graph shows quantitative results from four experiments (10 images/experiment). #P, 0.0001 versus
vehicle. (C–E) Dephosphorylation of cofilin and LIMK by the agonist DPD. Shown is a representative western blot, and the bar graph
shows results from three to four experiments. (F–K) Bronchoconstrictor (ET-1 [endothelin-1] and histamine)-mediated phosphorylation of cofilin
is inhibited by AA and DPD. Because DPD is a pharmacologic antagonist at the histamine H1-receptor, the histamine1DPD combination was
not tested. Representative western blot and a graph of four experiments are shown. *P,0.01 versus ET-1 or histamine alone; white scale bar,
40 mm; magnification, 403. Hist = histamine; MLC=myosin light chain; ns= not significant; Veh=vehicle.
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through activating cofilin by
dephosphorylating LIMKwithin the actin
network and that this receptor does not relax
via modulating the phosphorylation of MLC.

TAS2R14 Agonists Inhibit
ET-1– and Histamine-
mediated Cofilin Inactivation
in HASM Cells

Because TAS2R agonism promotes cofilin
activation (dephosphorylation) and
relaxation, we proceeded to ascertain the
effects of DPD and AA on cofilin activation

in the presence of two opposing constrictive
agents, ET-1 and histamine, representing the
status of HASM in vivo in asthma from the
accumulation of these local endogenous
procontractile agonists (21). ET-1
treatment significantly increased cofilin
phosphorylation as shown (Figures 1F and
1G), shifting the equilibrium to the inactive
state, which would promote contraction.
Importantly, DPD fully blocked
ET-1–mediated cofilin inactivation
(Figures 1F and 1G). Cofilin phosphorylation
levels under these conditions were typically
even below basal (vehicle) levels, further
indicating that TAS2R14 can evoke
dephosphorylation of cofilin below baseline

in the absence or presence of cotreatment by
a contractile agent. These data are consistent
with earlier observations that TAS2R
agonists relax HASM from resting states
when either intact bronchi or single cells
were studied without preconstriction (2).
We also found that the bronchoconstrictor
histamine stimulates cofilin phosphorylation
(i.e., inhibits activation) and that AA
prevents histamine- and ET-1–mediated
phosphorylation (Figures 1H–1K) in a
pattern similar to what was observed with
ET-11DPD. DPD is a pharmacologic
antagonist at the histamine H1-receptor,
so the histamine1DPD combination was
not tested. Collectively, the data from

20 �m20 �m

20 �m 20 �m20 �m

Figure 2. F-actin (filamentous actin) dynamics in human airway smooth muscle (HASM) are consistent with a TAS2R14-mediated relaxation
effect. (A and B) F-actin colocalizes with cofilin in HASM exposed to the TAS2R14 agonists DPD and AA. Cells were treated with the
procontractile agents ET-1 or histamine alone or with a procontractile agent and either AA or DPD. In the representative merged confocal image,
the colors of the indicated proteins or DAPI staining are indicated, with yellow representing colocalization of F-actin and cofilin. The bar graph
shows results from four experiments (multiple images/experiment). Because DPD is a pharmacologic antagonist at the histamine H1-receptor,
the histamine1DPD combination was not tested. (C and D) The F-actin to G-actin ratio is altered by DPD. Representative western blot and
graph of five experiments are shown. *P, 0.01 compared with vehicle; white scale bar, 20 mm; magnification, 403.
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Figure 3. TAS2R14 signaling to cofilin in HASM cells is dependent on pertussis toxin (PTX)-sensitive G proteins, partitioning defective
3 (Par3) and [Ca21]i, but not b-arrestin. (A and B) PTX (100 ng/ml) pretreatment of cells blocked DPD-mediated dephosphorylation of ET-1
phosphorylated cofilin. Representative western blot and graph of four experiments are shown. (C and D) Knock-down of Par3 eliminates the
TAS2R agonist (DPD)-mediated dephosphorylation of cofilin. A representative western blot and graph of four experiments are shown.
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Figures 1C–1K indicate that TAS2R14
agonism results in marked activation
of cofilin (i.e., decreased cofilin
phosphorylation), and this effect is observed
regardless of whether the HASM cells are
studied in the absence or presence of a
procontractile agonist acting at Gq-coupled
receptors.

TAS2R14 Inhibits ET-1–Mediated
Cofilin:F-actin Colocalization and
F-Actin Stabilization
Given that active cofilin potentially binds to
F-actin in HASM, promoting severing and
thus relaxation, we pursued the developing
paradigm by testing whether TAS2R14
agonists promote the colocalization of cofilin
and F-actin in these cells. Cells were treated
with either ET-1 or histamine alone,
ET-11DPD, ET-11AA, or histamine
1AA and subsequently probed with cofilin
antibody and phalloidin stain. We found
TAS2R14 activation by both agonists
markedly increased cofilin and F-actin
colocalization in HASM cells (Figures 2A
and 2B), in keeping with our findings that
TAS2R14 agonists activate cofilin and
promote cofilin interaction with F-actin.
Because G-actin (globular actin) polymerizes
to F-actin in smooth muscle, and activated
cofilin depolymerizes F-actin to form
G-actin, we performed F-actin/G-actin ratio
assays in HASM cells to monitor the amount
of F-actin content versus the free G-actin
(Figures 2C and 2D).We first tested whether
ET-1 promotes the expected increase in
F-actin stability. Indeed, ET-1 markedly
increased F-actin and decreased G-actin in
HASM cells (Figure 2C). In contrast, cells
treated with ET-1 plus the TAS2R14 agonist
DPD revealed an F-actin/G-actin ratio
equivalent to baseline (Figures 2C and 2D),
compatible with a relaxation response,
compared with ET-1 alone.

TAS2R14 Signals by a Gi, [Ca
21]i,

Par3, LIMK, Cofilin, F-Actin Pathway
To begin to unite the aforementioned
changes in kinase activities, their substrates,
and actin dynamics involved in TAS2R14-
mediated relaxation, we probed the

components of the early signal transduction
complexes that might link TAS2R14 agonist
binding to distal cofilin activation. PTX
treatment of HASM cells ablated the
TAS2R14 effect (dephosphorylation of
cofilin; Figures 3A, 3B, and E3). These
findings support our previous observations
that TAS2Rs couple to the PTX-sensitive
Gi1,2,3 proteins in HASM cells (6). Note
that ET-1– and histamine-promoted
phosphorylation of cofilin were not affected
by the toxin, which is consistent with their
respective receptors coupling to Gq. We have
previously shown that TAS2R relaxation in
HASM is dependent on the free bg released
from the Gi-heterodimer (2), which activates
PLCb. We recognize that one signaling
partner within the activated PLCb complex
is the polarity protein Par3 (22). Par3 inhibits
LIMK (23), which we show is regulated by
TAS2R14 agonist (Figures 1C and 1D). To
ascertain if the connection between
TAS2R14 activation and cofilin activation
was via Par3, we knocked down Par3 in
HASM cells and determined the
phosphorylation status of cofilin (Figures 3C
and 3D). Under the control siRNA
conditions, the DPD effect was observed as
before. With Par3-specific siRNA
transfection, Par3 protein levels were on
average�80% reduced (Figure 3C). Under
these knock-down conditions, the extent of
ET-1–mediated phosphorylation of cofilin
over baseline was decreased (Figure 3D).
Thus, assessment of whether the phenotype
observed with control siRNA on
ET-1–stimulated phosphorylation of cofilin
could not be assessed. However, because
TAS2R agonists decrease levels of
phosphorylation of even unstimulated
cofilin, it is noteworthy that under Par3
knock-down the TAS2R agonist effect for
this phenotype is indeed lost. Of note, this
limitation was not observed in physiologic
studies of HASM contraction/relaxation
(see below), which clearly supported the
concept of Par3 being the link between the
TAS2R complex and LIMK/cofilin.

TAS2R14 is phosphorylated by G
protein–coupled receptor kinases in an
agonist-dependent manner (24). For many

GPCRs, including TAS2Rs (24), this results
in recruitment to the receptor (and nearby
components) of b-arrestin1 and/or 2, which
chaperone various proteins into signaling
complexes (25). We considered that the
b-arrestins might participate in the
scaffolding of the components, which leads
to receptor signaling to cofilin in an agonist-
dependent manner. Knock-down of both
b-arrestins revealed a preservation of the
DPD-induced decrease in cofilin
phosphorylation (Figures 3E and 3F), so this
role for b-arrestins is not supported. TAS2R
activation also increases [Ca21]i (2), and, in
fact, blocking TAS2R-mediated increases in
[Ca21]i ablates airway relaxation by agonists
acting at these receptors (2). As indicated in
Figure 3G, the agonist DPD causes a rapid
rise in [Ca21]i. Short-lived acute increases in
[Ca21]i are recognized as an initiator of
downstream [Ca21]i-mediated events in a
number of signaling cascades (26). As
indicated in Figure E4, HASM cell [Ca21]i
levels show amarked peak within seconds of
TAS2R activation, and the levels continue to
be elevated somewhat over baseline after the
peak. Thus [Ca21]i “pressure” remains after
the peak to maintain relaxation (if necessary)
during conditions of more prolonged agonist
exposure. Preincubation with the [Ca21]i
chelator BAPTA eliminated the TAS2R14-
evoked [Ca21]i response in HASM cells
(Figure 3G).With BAPTA, we found that the
ET-1–dependent phosphorylation of cofilin
over basal levels was no longer observed
(Figures 3H and 3I). Regardless, we note that
the decrease from basal (or ET-1) levels by
TAS2R agonist was no longer evident under
[Ca21]i chelation.

Loss of TAS2R14-mediated HASM
Relaxation with Par3 or Cofilin Knock-
down Indicates Relevance in the
Physiological End Response
We ascertained HASM function in two ways:
single-cell mechanics using magnetic
twisting cytometry (MTC) and PCLS with
airway luminal diameter measurements.
MTCmeasures the changes in cell stiffness
from drug treatment of HASM cells tagged
with ferrimagnetic beads grown on a matrix

Figure 3. (Continued ). (E and F) Combined b-arrestin1/2 knock-down does not affect the TAS2R agonist (DPD)-mediated dephosphorylation of
cofilin. Representative western blot and graph of four experiments are shown. (G–I) TAS2R14-mediated phosphorylation of cofilin is dependent on
agonist-stimulated [Ca21]i. DPD stimulates an increase in HASM cellular [Ca21]i, which is blocked by BAPTA (1,2-bis(o-aminophenoxy)ethane-
N,N,N9,N9-tetraacetic acid) (representative experiment of four performed). Under conditions of BAPTA preincubation, the effect of AA that decreases
baseline (vehicle) or ET-1–stimulated p-cofilin is not observed. A representative western blot is shown, and a bar graph shows results from four
experiments. *P, 0.01 and **P, 0.05, compared with ET-1–stimulated levels. Ctrl =control.
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and placed within a magnetic field (see
Figure 4A and legend). Thus, for MTC,
effects of drugs or knock-downs are isolated
to the cell type of interest with measurements

that are physiologically relevant for that cell
for treating obstructive airway disease. MTC
was performed in early-passage HASM cells
derived from a nonasthmatic donor lung,

with siRNA knock-down of Par3 or cofilin
exceeding 50% (Figure 4B). ET-1 evoked a
�2.5-fold increase in stiffness, the equivalent
of constriction in this assay, under the

5 �m

Figure 4. HASM cell mechanics with cofilin and Par3 knock-down identify their participation in a TAS2R14-mediated relaxation pathway. (A) MTC is
performed by binding RGD (Arg-Gly-Asp)-coated ferrimagnetic beads (4.5 mm in diameter) to the actin cytoskeleton through the cell surface
integrins on cultured HASM cells. Beads are magnetized horizontally (parallel to the plate surface) and then twisted in a vertically aligned
homogenous magnetic field that is varying sinusoidally in time. This sinusoidal twisting field causes both a rotation and a pivoting displacement of
the bead. As the bead moves, the cell develops internal traction forces that resist bead motions. The ratio of specific torque to lateral bead
displacement is computed and is expressed as cell stiffness in Pascals (Pa)/nm. An increase or decrease in stiffness is the equivalent to cellular
contraction or relaxation, respectively. (B) Representative western blots and results from four blots of HASM cell proteins using antibodies to Par3
and cofilin indicate.50% decrease in these two proteins from gene-specific siRNA transfections. *P, 0.01 versus control (scrambled) siRNA.
(C) HASM cells contract to 100 mM ET-1 (red symbols, ET-1 alone), which is opposed by relaxation from the TAS2R14 agonist AA (green symbols,
ET-11AA) in control siRNA-transfected cells. (D and E) Par3 or cofilin knock-down in HASM cells by gene-specific siRNAs ablate the TAS2R
agonist effect (compare red and green symbols). ET-1 or ET-11AA were added at the 60-second time point (arrow), and the dynamic changes in
HASM stiffness measured continuously over the next 240 seconds. *P,0.001 versus ET-1 alone; n=139–323 cells per condition. Scale bar, 5 mm.
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Figure 5. Human airway bronchodilation in precision-cut human lung slices (PCLS) by TAS2R agonist is ablated by knock-down of cofilin or
Par3. (A) Human PCLS are studied by obtaining a core from a healthy donor lung that encompasses bronchi in parallel. Microtome cutting of
the cores results in thin slices, which are placed in culture, with selected intact airways oriented parallel to the plating surface together with
intact epithelium and interstitial tissue. Control (scrambled) or gene-specific siRNAs were transfected as described in METHODS. Repeated
images are acquired in response to potential bronchoactive agents and luminal area calculated using ImageJ software. (B) Gene-specific siRNA
transfections of slices decreases cofilin or Par3 in protein derived from whole slices (representative western blots and results from multiple
experiments are shown). *P,0.01 versus control siRNA. (C) Representative images showing the same airway at baseline (vehicle) and in
response to histamine or histamine with the TAS2R14 agonist AA. In the control siRNA condition (column 1), histamine constricts, while AA
bronchodilates, as indicated by the increased airway area compared with the constriction evoked by histamine. In contrast, the cofilin
(column 2) or Par3 (column 3) knock-downs show no effects of AA. (D) Results from measurements from four separate donor lungs, with a total
of 12–15 slices per condition. *P,0.05 versus a “0” baseline and **P,0.01 versus responses from the respective doses under conditions of
cofilin or Par3 knock-down. Scale bars, 300 mm; magnification, 403 .
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control siRNA conditions (Figure 4C, red
symbols). The ET-11AA condition
revealed marked attenuation of this response,
consistent with the opposing relaxation from
TAS2R14 activation (Figure 4C, green
symbols). In marked contrast, Par3 knock-
down virtually eliminated the pharmacologic
effect of AA (Figure 4D). These results
confirm that Par3 is at the interface between
the activated receptor complex and cofilin. If
so, we would also expect that cofilin knock-
down would have a similar phenotype. And
indeed, we found that cofilin knock-down
HASM cells also failed to respond to the
TAS2R14 agonist (Figure 4E). Interestingly,
we note that the cofilin knock-down HASM
had a smaller increase in stiffness from ET-1
over baseline (�1.6-fold, red symbols of
Figure 4E) compared with the control siRNA
conditions, whereas Par3 knock-down had
no statistically significant effect on
contraction (�2.2-fold vs.�2.4-fold).
Because the Par3 component is localized to
the TAS2R-promoted effector complex, its
specificity for the relaxation component is
congruent with the proposed pathway. On
the other hand, cofilin is available for
activation/inactivation by relaxation or

constriction signaling, the latter represented
by the ET-1 effect. Thus, under cofilin siRNA
conditions, there is less available substrate for
either response.

To confirm the findings with isolated
HASM, we used PCLS, which has the
advantage of measuring the coordinated
action of airway smooth muscle (SM) cells
in contraction and relaxation responses in
slices of intact airways (see Figure 5A and
legend). Studies of PCLS have the
disadvantages of not specifically isolating
drug actions to the SM alone, and the
western blots showing the effects of the
siRNAs are from protein extracted from all
cell types within the slice. In the current
study, siRNA knock-downs of Par3 or cofilin
in the slices amounted to�50% (Figure 5B).
A representative response to TAS2R
agonist under control and targeted siRNA
transfections is shown in Figure 5C.
Control siRNA (column 1), shows
bronchoconstriction (decrease in
luminal area) by histamine, which is
reversed by the relaxation effect of AA in
the histamine1AA condition (see row
labels). Cofilin knock-down (column 2)
revealed constriction by histamine, but no

counter-relaxation by AA on histamine-
mediated constriction. Similarly, with Par3
knock-down (column 3), the TAS2R
bronchodilation effect was not evident. In
these experiments, doses of TAS2R agonist
were studied across a 100-fold range, and
although in the control siRNA condition
dose-dependent bronchodilation was
observed compared with baseline, the knock-
downs showed no significant responses
(Figure 5D). Taken together, these
complimentary physiologic studies using two
different techniques reveal that Par3, which
is a proximal component to the receptor in
the pathway, is necessary for HASM
relaxation evoked by TAS2R14. In addition,
the results corroborate that cofilin, which is
distal to the initial receptor-effector
complex, is a key downstream participant
modulating F-actin in the TAS2R14
relaxation response.

Discussion

TAS2Rs are now recognized to be expressed
on multiple cell types in the body. Although
their “endogenous agonists,” if they exist, are

Figure 6. Summary of the mechanism of TAS2R-mediated HASM relaxation. Upon agonist occupancy, TAS2R14 couples to Gi, releasing the bg

subunit, which activates PLCb (phospholipase Cb). PLCb interacts with Par3, which inhibits LIMK. The inhibition of LIMK (dephosphorylation;
Figure 1) limits its kinase action on cofilin, leading to cofilin activation (dephosphorylation; Figures 1 and 3). Activated cofilin interacts with, and
severs, F-actin (Figure 2), leading to HASM relaxation (Figures 4 and 5). PLCb also increases IP3 (inositol 1,4,5-trisphosphate) levels, which
bind IP3 receptors on the ER/sarcoplasmic reticulum (SR), releasing a specialized pool of [Ca21]i, which promotes the net cofilin effect (Figure 3).
Other mechanisms that may be involved are not shown; however, the loss of TAS2R-mediated relaxation with the knock-down of Par3 or cofilin
(Figures 4 and 5) signifies that the depicted pathway is a major mechanism. ER=endoplasmic reticulum; PIP2 =phosphatidylinositol
4,5-bisphosphate; SSH=Slingshot. Created with BioRender.com.
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not known, it is clear that their activation
exerts physiologically important action
(reviewed in References 3 and 4). In HASM,
one of the first extraoral cell types that
showed functional expression of these
receptors, activation results in relaxation
from the resting state and from intensely
constricted states such as those evoked by
spasmogens acting at Gq-coupled receptors.
In many cases, the relaxation is greater in
magnitude than that achieved by b-agonists,
and unlike b-agonists the effect is not
impaired in asthma (27). TAS2Rs couple to
PTX-sensitive G proteins in the Gi-family,
such as Ggust (gustducin) in taste cells
and Gi1,2,3 in HASM cells. The released
Ga subunit is known to activate
phosphodiesterase, which would lower
cAMP, and thus this pathway does not
represent a mechanism for relaxation. The
released Gbg subunit has been shown to
activate PLCb, which results in production
of IP3 and diacylglycerol. The latter has not
been linked to the relaxation events. IP3
binding to the IP3 receptor on the
sarcoplasmic reticulum (SR)/ER releases
calcium from this intracellular depot. As
indicated earlier, in taste cells this results in
several steps leading to neurotransmitter
release and communication with the central
nervous system via afferent nerves (see also
Figure E1). In contrast, HASM cells in
isolation respond to TAS2R agonists, so
there is no neuronal or paracrine action
necessary for the physiologic response.
Inhibition of Gi, bg, PLCb, and the IP3
receptor all block the [Ca21]i response, as
well as the relaxation effect. The unexpected
effect of an increase in [Ca21]i being
associated with relaxation has remained a
vexing issue, because such increases in
HASM virtually always result in contraction.
We found that TAS2R-stimulated [Ca21]i
occurred faster, was restricted to the slender
tendrils of HASM, and was closely associated
with the cell membrane, compared with a
more global increase in [Ca21]i found with
histamine, indicative of a specialized [Ca21]i
pool, which was part of TAS2R-specific
signaling that distinguishes it fromGq-
receptor–based signaling (2). Indeed, it is
recognized that many of the receptor-
generated “second messengers,” such as
[Ca21]i (26) and cAMP (28), exist in distinct
compartments, which appear to be
colocalized with other components of a
signaling complex. When SR/ER Ca21 is
depleted by agents such as thapsigargin,
TAS2R-mediated relaxation is lost, further

indicating a role for [Ca21]i in the relaxation
effect (2). However, the components of the
signaling complex that leads to relaxation
were not recognized before the current study;
thus, there was an incomplete understanding
of the mechanism of action of a target to
which therapeutic agents are currently under
investigation (29, 30).

Here we show that signaling from the
G protein activates Par3 in HASM, which
has previously been shown to be a binding
partner to activated PLCb (22). Par3
activation leads to inactivation of LIMK
(23), which then favors dephosphorylation
(activation) of cofilin, which destabilizes
F-actin through severing, resulting in
HASM relaxation (summarized in
Figure 6). Importantly, we found that
siRNA-mediated Par3 knock-down ablated
the TAS2R agonist effect on cofilin. In
addition, the critical findings were observed
regardless of whether the HASM had been
cotreated with Gq-receptor agonists, which
constrict the airway. Thus, the idea that
TAS2R agonists signal to relaxation strictly
by “competitive” mechanisms with Gq-
receptor actions (31) seems less likely, at
least in human airway SM. Indeed, in
prior work we showed that relaxation of
human airway rings, and isolated HASM,
was readily observed under resting
(nonstimulated) conditions. Interestingly,
in a recent report with mice, gustducin
expression was detected in the mouse
airway SM, and when deleted the TAS2R-
evoked bronchodilation was lost (31). We
find in HASM that this function is likely
performed by Gi1,2,3 (6). We note that
these G proteins and gustducin are closely
related within the same family, are
homologous in multiple structural regions,
and are all PTX sensitive. Whether this
difference between human and mouse
TAS2R signaling to these G proteins
constitutes a fundamental difference or
represents minor species-specific variation
with preservation of the main components
leading to relaxation has yet to be
addressed. The pathway we identified in
the current work has been reported to be
modulated by [Ca21]i. This is apparent
from the interplay between calcineurin and
CaMK (calcium/calmodulin-dependent
protein kinase) pathways. At low calcium
concentrations, CaMKII phosphorylates
SSH1 leading to inhibition, and also
activates LIMK by phosphorylation,
collectively driving cofilin phosphorylation
and inactivation (32, 33). At higher

intracellular [Ca21]i, calcineurin-mediated
dephosphorylation of SSH1 releases SSH1
from 14-3-3 inhibitory control, which
activates SSH1 (34–36). Simultaneously,
calcineurin deactivates CaMKII (32),
thereby driving cofilin dephosphorylation.
We found that the dephosphorylation of
cofilin by TAS2R agonists is not apparent
in the absence of TAS2R-stimulated Ca21

release, nor does it occur when Par3 (or
cofilin) expression is silenced. These
findings, in conjunction with the known
effects of [Ca21]i on cofilin dynamics,
suggest a convergence of the two signals
(Figure 6). The collective data also indicate
that both the stimulation of [Ca21]i and
the signaling through Par3/LIMK are
necessary for TAS2R-mediated relaxation.
The TAS2R-mediated actions of SSH1 on
cofilin dephosphorylation are also expected
to contribute to cofilin activation and to
promote relaxation. To relate the molecular
findings to airway physiology, we used
MTC from isolated HASM and PCLS from
human lungs to examine the relaxation
effects of TAS2R agonists on HASM. These
studies were performed under conditions
of significant decreases in Par3 and cofilin
expression from specific siRNA transfections
of the HASM cells or the lung slices. The
former protein represents an early
(“proximal”) partner in the receptor–effector
complex, whereas cofilin action is several
steps removed and at the interface with
actin. In studies using either MTC or PCLS,
the knock-down of either of these two
proteins had virtually the same effect:
TAS2R-mediated relaxation was ablated.

As can be noted from our current and
previous results (2, 37), and those of others
(18), the effective concentrations of agonists
that are necessary to fully activate TAS2Rs
are relatively high (micromolar range). This
is consistent with multiple studies using
recombinant expression of TAS2Rs, which
show low apparent affinities of bitter tastants
for this receptor family (18). This may be due
to evolutionary pressure to sense a broad
range of exogenous bitter substances, which
(in the case of the tongue) are in close
contact with the receptor. We recognize that
nonspecific effects are more likely when these
higher concentrations are used in
biochemical or physiologic studies. To
minimize this potential, we studied two
TAS2R14 agonists with diverse structures
(low common substructure similarity score),
yet with similar potencies. We obtained
comparable results with either. The apparent
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lower affinity of many TAS2R agonists has
not deterred preclinical drug discovery
efforts, because receptor mutagenesis and
structure-activity studies (29, 30, 38) have
tentatively identified agonist binding sites
and potentially higher-affinity agonists.
These receptors appear to undergo less
agonist-promoted desensitization (24) and
may be more readily biased toward clinically
favorable outcomes than b2AR (13, 16).
Thus, inhaled TAS2R agonists may be

effective therapy alone or in addition to
b-agonists for treating or preventing
reversible airflow obstruction in asthma or
chronic obstructive pulmonary disease.
In the current work we have revealed that
these receptors lead to relaxation by
signaling to cofilin and through modulation
of the actin cytoskeleton. This provides
additional clarification of the mechanism of
action of TAS2Rs in the HASM cell and
points to elements in the pathway between

receptor activation and F-actin severing
that may represent additional therapeutic
targets and disease or response-modifying
genes.�
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