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ABSTRACT To clarify the potential utility of target-
ing GRK2/3-mediated desensitization as a means of
manipulating airway smooth muscle (ASM) contractile
state, we assessed the specificity of GRK2/3 regulation
of procontractile and relaxant G-protein-coupled re-
ceptors in ASM. Functional domains of GRK2/3 were
stably expressed, or siRNA-mediated GRK2/3 knock-
down was performed, in human ASM cultures, and
agonist-induced signaling was assessed. Regulation of
contraction of murine tracheal rings expressing GRK2
C terminus was also assessed. GRK2/3 knockdown or
expression of the GRK2 C terminus caused a significant
(~30-90%) increase in maximal (-agonist and hista-
mine [phosphoinositide (PI) hydrolysis] signaling, with-
out affecting the calculated EC;,. GRK2 C-terminal
expression did not affect signaling by methacholine,
thrombin, or LTD4. Expression of the GRK2 N termi-
nus or kinase-dead holo-GRK2 diminished (~30-70%)
both PI hydrolysis and Ca®*" mobilization by every
G-coupled receptor examined. Under conditions of
GRK2 C-terminal expression, B-agonist inhibition of
methacholine-stimulated PI hydrolysis was greater. Fi-
nally, transgenic expression of the GRK2 C terminus in
murine ASM enabled ~30-50% greater B-agonist-me-
diated relaxation of methacholine-induced contraction.
Collectively these data demonstrate the relative selec-
tivity of GRKs for the 3,AR in ASM and the ability to
exploit GRK2/3 functional domains to render ASM

Abbreviations: ASM, airway smooth muscle; B,AR, B-2-
adrenoceptor; COPD, chronic obstructive pulmonary disease;
CysLTIR, cysteinyl leukotriene type 1 receptor; Epac, ex-
change protein directly activated by cAMP; FSK, forskolin;
GPCR, G-protein-coupled receptor; GRK, G-protein-coupled
receptor kinase; H1 HR, HI histamine receptor; hTERT,
human telomerase reverse transcriptase; ISO, isoproterenol;
m3mAChR, m3 muscarinic acetylcholine receptor; MCh,
methacholine; NTG, nontransgenic; PAR, protease-activated
receptor; PGE,, prostaglandin E2; PI, phosphoinositide; PKA,
protein kinase A, TP, thromboxane receptor
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hyporesponsive to contractile agents while increasing
responsiveness to bronchodilating [(-agonist.—Desh-
pande, D. A., Yan, H., Kong, K.-C., Tiegs, B. C.,
Morgan, S. J., Pera, T., Panettieri, R. A., Eckhart, A. D.,
Penn, R. B. Exploiting functional domains of GRK2/3
to alter the competitive balance of pro- and anticontrac-
tile signaling in airway smooth muscle. FASEB J. 28,
000-000 (2014). www.fasebj.org

Key Words: asthma + B-agonist = bronchodilation * desensitiza-
tion + G-protein-coupled receptor

AIRWAY SMOOTH MUSCLE (ASM) tone is regulated by
agonists of G-protein-coupled receptors (GPCRs) that
can cause either contraction or relaxation. Members of
the GPCR superfamily that activate the heterotrimeric
G protein G are primarily responsible for the signaling
events that promote contraction, whereas GPCRs that
activate G, promote relaxation. ASM contractile state
can be viewed as the sum effect of procontractile and
relaxant signaling events, and many therapies for ob-
structive lung diseases seek to either inhibit ASM pro-
contractile signaling via antagonism of ASM G -cou-
pled receptors, e.g., with tiotropium or montelukast,
antagonists of the m3 muscarinic acetylcholine recep-
tor (m3mAChR) and cysteinyl leukotriene type 1 recep-
tor (CysLTIR), respectively, or stimulate relaxation
through agonism of Ggcoupled receptors, e.g., with
B-agonists that activate the B-2-adrenoceptor (B,AR).
Similarly, other ASM functions, such as cell growth, are
stimulated by G -coupled receptors and inhibited by
G,-coupled receptors (1).
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Many GPCRs have been shown to undergo rapid
desensitization on stimulation with their cognate ago-
nist via a mechanism involving receptor phosphoryla-
tion (2). A family of kinases known as GPCR kinases
(GRKs) specifically recognize the agonist-occupied
form of the GPCR and rapidly phosphorylate the
receptor (3). This phosphorylation reduces the cou-
pling of the receptor with G protein, and promotes the
subsequent binding of arrestin proteins, which steri-
cally hinders receptor—G-protein interaction and pro-
motes receptor internalization via clathrin-coated pits
(4). The extents to which GRK- and arrestin-dependent
processes affect receptor responsiveness are both recep-
tor and cell specific. However, because much of the
insight into GRK and arrestin function has arisen
through studies using artificial cell lines, such as
HEK293 and COS, which enable overexpression of
GPCRs and other regulatory molecules, our under-
standing of how GPCRs are regulated in primary cell
types or under more physiological conditions is limited.
Few studies exist employing primary, differentiated
cells in which the regulation of endogenously ex-
pressed GPCRs by endogenously expressed GRKs and
arrestins is examined (reviewed in ref. 5). This stems in
part from the dearth of pharmacologic tools for manip-
ulating GRK/arrestin function, the difficulty in apply-
ing molecular biology techniques to primary cell types,
and the inherent difficulty of biochemical analysis of
low-abundance proteins such as GRKs, arrestins, and
most GPCRs.

We recently characterized the effect of inhibiting
GRK-mediated desensitization on G-coupled GPCRs in
human ASM cells. Expression of either a GRK2/3
inhibitory peptide or a kinase-dead GRK2 or siRNA-
mediated knockdown of GRK2/3 resulted in increased
signaling of B,ARs, but not of EP2 prostanoid or A2b
adenosine receptors in human ASM cells (6). These
findings support the notion that targeting GRK/arres-
tin-mediated GRK desensitization may be an effective
strategy for improving the therapeutic efficacy of B-ago-
nists for obstructive lung diseases. However, because
B-agonist therapy is used to prevent or reverse the
consequences of ASM G,-coupled receptor activation,
which might also be affected by GRK inhibition, the
ultimate utility of this approach is unclear.

In this study, we examine the effect of diverse ap-
proaches for manipulating GRK activity to define GRK
selectivity for multiple G -coupled receptors in ASM
cells. In addition, we examine the effect of cellular GRK
inhibition or knockdown on signaling events influ-
enced by stimulation of ASM cells with various G-
coupled-receptor agonists combined with B,AR activa-
tion. Our results suggest that GRKs have limited
capacity to regulate most Gg-coupled receptors in ASM,
and exploiting functional domains of GRK2/3 may
have greater therapeutic potential than targeting
GRK2/3 activity per se. By taking advantage of the
diverse functionality of GRK2/3 conferred by their C-
and N-terminal domains, ASM can be rendered hypo-
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responsive to procontractile agents while B,AR signal-
ing and function is enhanced.

MATERIALS AND METHODS

Cell culture

Human ASM cultures were established as described previ-
ously (7) from human tracheae obtained from lung trans-
plant donors, under procedures approved by the Wake Forest
Baptist Medical Center and University of Maryland Medical
Center institutional review boards. Characterization of these
cells with regard to immunofluorescence of smooth muscle
actin and agonistinduced changes in cytosolic calcium has
been reported previously (8). Third- to sixth-passage cells, or
fifth- to eighth-passage cells stably selected after retroviral
infection, as described below, were plated at a density of 10*
cells/cm?® in 24-well plates and maintained in Ham’s F-12
medium supplemented with 10% FBS. Cell growth was ar-
rested 48 h prior to stimulation by washing once in PBS and
refeeding with Ham’s F-12 medium supplemented with 5
pwg/ml each of insulin and transferrin, as described previously
(9). For select experiments, ASM lines with stable expression
of human telomerase reverse transcriptase (hTERT; a gener-
ous gift from Bill Gerthoffer, University of South Alabama,
Mobile, AL, USA) were employed and maintained as de-
scribed previously (10).

Retroviral infection and siRNA transfection

Stable expression of GFP, GRK2CT-GFP, GRK2NT-GFP, and
GRK2K220R was achieved by retroviral infection, as described
previously (6). Briefly, retrovirus for the expression of each
was produced by cotransfecting GP2-293 cells with pVSV-G
[encoding the pantropic (VSV-G) envelope protein] and
either pLNCX2-GFP, pLNCX2-GRK2CT-GFP, pLNCX2-GRK2NT-
GFP, or pLNCX2-GRK2K220R-GFP. At 48 h after transfec-
tion, supernatants were harvested and used to infect hu-
man ASM cultures, with effective virus concentrations
established by immunoblot analysis. Cultures were selected
to homogeneity with 250 pg/ml G418 as described previ-
ously (6).

siRNA-mediated knockdown of GRK2/3 in ASM cells was
achieved by two separate methods using siRNA duplexes
(Dharmacon, Lafayette, CO, USA) targeting GRK2/3 (5'-
GAUCUUCGACUCAUACAUCATAT-3") or the scrambled
(control) sequence (5-GCGCGCUUUGUAGGAUUCGATAT-3).
One method involved mixing of oligos with Amaxa transfec-
tion buffer (Lonza AG, Basel, Switzerland) and 5 X 10°
harvested ASM cells and electroporating cells as previously
reported (6). A second method involved transfection of
oligos using Dharmafect (Dharmacon) as per the manufac-
turer’s instruction. Because each method enabled compara-
ble knockdown and elicited comparable results, as assessed by
immunoblot analysis and quantification using the Odyssey
system (LI-COR Biosciences, Lincoln, NE, USA), data gener-
ated using each approach were pooled and reported for each
siRNA construct transfection. At 24 h post-transfection, cells
were harvested from 10-cm dishes, then passaged onto 96-well
plates or coverslips (Ca** mobilization), 24-well plates [phos-
phoinositide (PI) hydrolysis or cAMP accumulation], or
6-well plates (immunoblot analysis of GRK2/3 knockdown as
per ref. 6) for subsequent assays performed 72 h later,
corresponding to the period of peak GRK2/3 knockdown.
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cAMP accumulation

Cells expressing GFP chimeric constructs as described above,
or cells transfected with scrambled/GRK2/3 siRNA, were
plated into 24-well plates and analyzed for agonistinduced
cAMP accumulation as described previously (9). Briefly, cells
were growth arrested, washed, and stimulated with PBS
containing 300 pM ascorbic acid, 1 mM RO-20-1724, and
either vehicle, isoproterenol (ISO; 1 nM-1 pM), 1 pM
prostaglandin E2 (PGE,), or 100 uM forskolin (FSK), for 10
min at 37°C. Reactions were quenched by buffer aspiration
and addition of 400 pl 100% cold ethanol. Isolated cAMP was
subsequently quantified by radioimmunoassay (9).

Measurement of PI generation

Human ASM cells were grown to confluence on 24-well plates
and loaded with 2 pCi/ml myo—[gH]inositol for 18 h. After
washing with PBS, the cells were incubated with DMEM
containing 5 mM LiCl for 15 min, then stimulated with
vehicle or the indicated agonist for 30 min. In select experi-
ments, cells were also pretreated with vehicle or 1 uM ISO for
5 min prior to addition of vehicle or indicated agonist.
Excepting those experiments examining the concentration-
dependent effect of agonist, maximal concentrations of ago-
nists employed were either >10-fold the EC;,, value known for
the target receptor, or those previously shown by our labora-
tory to maximally stimulate the target receptor (11-15).
Reactions were quenched with 20 mM formic acid and
inositol, and PI fractions were separated by anion exchange
chromatography as described previously (15). PI production
was calculated by dividing PI fraction by total (PI+inositol)
inositol fraction, and the data were reported as fold basal
(agonist-stimulated /vehicle).

Intracellular calcium ([Ca2+]i) measurements

Cells were plated onto collagen-coated 96-well plates, grown
to confluence, and loaded with 2 uM Fluo-4 AM (BD Biosci-
ences, San Jose, CA, USA) and probenecid for 1 h. Indicated
agonists were added by an automated pipetting system in
triplicate, and the 525-nm signals were generated by excita-
tion at 485 nm with a Flex Station II (Molecular Devices,
Sunnyvale, CA, USA) as previously reported (11). In select
experiments, cells were pretreated with vehicle or 1 pM
isoproterenol 5 min prior to stimulation with agonists. The
net peak Ca*" response was calculated as (maximum agonist-
induced fluorescence units) — (basal fluorescence units).

Ex vivo ASM tension development

Because gene ablation of GRK2 is embryonically lethal (16),
studies employed heterozygote C57BL/6 mice expressing
GRK2CT under the smooth muscle-specific SM22a promoter
(GRK2CT-TG; littermates not expressing the transgene [non-
transgenic (NTG)] served as controls) as previously reported
(17) as a potential means of GRK2/3 inhibition in vivo. Mice
were euthanized at 12 wk of age, and their tracheal segments
were excised and either digested for immunoblot analysis of
GRK2CT expression or shipped overnight for subsequent anal-
ysis of ISO-mediated relaxation of methacholine (MCh)-in-
duced contraction the next day. Tracheal ring preparations
were mounted into a multiwire myograph chamber in Krebs-
Henseleit solution (pH 7.40) maintained at 37°C with 5% CO,
and 95% O, with frequent changing of the solution. The
chambers were mounted onto the Myo-Interface (model 610 M)
and connected to the transducer and Powerlab (AD Instru-
ments, Sydney, NSW, Australia) for data transferring and record-
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ing. Chartb software for Windows (AD Instruments) was used to
collect and analyze the data. A basal tension of 0.5 g was set, and
the tracheal rings were stimulated with 10 uM MCh for 5 min.
The rings were washed, preload was reset to 0.5 g for 30 min,
and then rings were stimulated with 60 mM KCI. After stabiliza-
tion, the tracheal rings were again washed, preload was reset to
0.5 g, and then rings were stimulated with 10 pM MCh and
allowed to contract for 10 min. Stimulation of the rings with 10
puM MCh produces ~80% maximum tension in the rings, as
determined previously (18). Subsequently, the precontracted
rings were stimulated with increasing concentrations of ISO (10,
100, and 1000 nM) for 5 min, tension was recorded, and
maximal inhibition was calculated as previously reported (19).
Studies involving the use of mouse tissue were approved by the
Animal Care and Use Committee of Wake Forest Baptist Medi-
cal Center.

Data analysis

Data are presented as mean * SE values. Statistically signifi-
cant differences among groups were assessed by analysis of
variance, and Tukey post hoc tests for specific pairwise differ-
ences, or { test where appropriate, with values of P < 0.05
sufficient to reject the null hypothesis.

RESULTS

Regulatory effect of expressed GRK2/3 functional
domains

To examine the capacity of GRK2/3 to regulate GPCRs
in ASM, cells were infected with retrovirus enabling
expression of GFP chimeras of GRK2/3 regulatory
constructs GRK2CT, GRK2K220R, and GRK2NT and
selected with 250 pg/ml G418 to establish stable expres-
sion as per Kong e al. (6). Consistent with our previous
studies, expression of GRK2CT-GFP or GRK2K220R-GFP,
both previously shown to inhibit GRK2/3 activity via seques-
tration of Gf3y (20), increased cAMP accumulation in hu-
man ASM cells simulated with maximal concentrations of
ISO (activating the Gocoupled B,AR in ASM) but not PGE,
or FSK (Fig. 14, B). Conversely, expression of GRK2NT-GFP
had no effect on maximal cAMP accumulation stimulated by
ISO. No significant effect of any of the constructs was
observed on calculated EC;, values.

With respect to procontractile GPCRs known to be
expressed in human ASM, expression of GRK2CT-GFP
caused a modest (24+11%) but statistically significant
increase in PI hydrolysis stimulated by 10 uM histamine
[activating the H1 histamine receptor (H1 HR) ], while
significantly inhibiting (49%=11%) PI hydrolysis stimu-
lated by 1 puM sulprostone (EP3 receptor) (Fig. 1C). No
effect of GRK2CT-GFP expression was observed on PI
hydrolysis stimulated by maximal (i.e., concentrations
>10XEC, values reported for their cognate receptors)
concentrations of thrombin—protease-activated recep-
tor-1 (PAR-1), U46619-thromboxane receptor (TP),
MCh-m3mAChR, or LTD4-CysLTIR.

The most profound effect was observed in cells
expressing GRK2NT-GFP or GRK2K220R-GFP (which
retains the functional N terminus of GRK2), as maxi-
mal PI hydrolysis stimulated by each of the agonists,
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Figure 2. Regulation of agoniststimulated cAMP accumulation and PI production in ASM by GRK2/3 knockdown. A) Human
ASM cells were transfected with either a scrambled siRNA or siRNA targeting GRK2/3 as previously reported (6). Representative
immunoblot demonstrating GRK2/3 knockdown; numbers associated with bands represent quantification of emission signal
from secondary antibody by the Odyssey system (44). B) Effect of GRK2/3 knockdown on ISO dose-dependent effect on
intracellular cAMP accumulation; n = 4. C) Effect of GRK2/3 knockdown on agonist-stimulated PI hydrolysis; n = 5. Data depict

mean * sE values. *P < 0.05 vs. SCR siRNA group.

this phenomenon, we analyzed m3mAChR responsive-
ness in hTERT-expressing human ASM cell lines, which
maintain  m3mAChR expression and signaling. In
hTERT lines subject to siRNA-mediated knockdown of
GRK2/3 (93%x1%, n=4), MCh-induced [Ca2+]i flux
was not affected by GRK2/3 knockdown (Fig. 3C).
Similarly, GRK2/3 knockdown did not affect MCh-
induced PI hydrolysis in hTERT ASM cells (data not
shown).

Effects of targeting GRK2/3 under conditions of
combined G coupled-receptor and [3,AR activation in
ASM

We previously demonstrated that either expression of
GRK2CT-GFP or GRK2/3 knockdown augments 3,AR-
but not EP2R- mediated signaling in ASM cells (6).
To determine whether GRK2/3 inhibition translates
into improved ByAR-mediated functional antagonism
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Figure 3. Regulatory effect of GRK domains and GRK2/3 knockdown on agoniststimulated Ca®" mobilization in ASM. A) ASM
cultures expressing GFP, GRK2CT-GFP (CT-GFP), GRK2NT-GFP (NT-GFP), or GRK2K220R-GFP (KR-GFP) plated in 96-well
plates were loaded with Fluo-4 AM, and Ca®* mobilization in response to the indicated agonists was assessed as previously
reported (11); n = 5-7 paired observations. *P < 0.05 vs. GFP (control). B) Same analysis of agonistinduced Ca®" mobilization
using cells transfected with SCR or GRK2/3 siRNA [96 h post-transfection; n=6 thrombin (THR) and MCh stimulation, n=8
histamine (HIST)]. C) Ca** mobilization in response to increasing concentrations of MCh in hTERT-immortalized human ASM
cells transfected with SCR or GRK2/3 siRNA (96 h post-transfection; n=4).
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Figure 4. Effect of GRK2CT and GRK2/3 knockdown on B-agonist regulation of contractile agonist signaling in ASM. A,
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design as B, comparing cells transfected with control or GRK2/3 siRNA; n = 4 (THR), 5 (MCh), and 6 (HIST).

of ASM procontractile GPCRs, ASM cultures stably
expressing GRK2CT-GFP were examined for PI hy-
drolysis and Ca®" mobilization under conditions of
combined Gg-coupled-receptor agonist (thrombin,
histamine, or MCh) and B,AR (ISO) stimulation.
GRK2CT-GFP expression resulted in a significantly
greater percentage inhibition of thrombin- and MCh-
stimulated PI hydrolysis (Fig. 4A4). PI production
under conditions of concomitant histamine and ISO
treatment was similar in cultures expressing GFP and
GRK2CT-GFP, although histamine-stimulated PI gen-
eration was significantly greater in GRK2CT-GFP-
expressing cells. With respect to regulation of ISO
inhibition of stimulated calcium mobilization, analy-
sis of net peak calcium mobilization failed to reveal a
statistically significant regulatory effect of either
GRK2CT-GFP expression (Fig. 4B) or GRK2/3 siRNA-
mediated knockdown (Fig. 4C). ISO inhibition of
thrombin-, histamine-, or MCh-stimulated PI hydrolysis
was also not significantly affected by GRK2/3 siRNA-
mediated knockdown (not shown).
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Functional effect of GRK2CT expression in ASM

To examine the potential role of GRK2/3 inhibition on
regulation of ASM contraction, tracheae were isolated
from transgenic mice expressing GRK2CT under the
control of the smooth muscle-specific SM22a promoter
(17). As shown in Fig. 54, lysates of ASM tissue from
heterozygote GRK2CT-TG mice exhibit GRK2CT ex-
pression whereas those generated from littermate con-
trols (NTG) do not. Tracheal segments were suspended
in a myograph for analysis of regulation of MCh-
induced tension development. Although KCl-mediated
tension development did not differ between groups
(Fig. 5B), that elicited by 10 uM MCh was modestly but
significantly lower (169*11 ws. 209+19% for NTG,
P<0.05, n=6, % KClstimulated values; Fig. 5C) in
segments from GRK2CT-TG mice. Progressive addition
of ISO (10 nM-1 pM) to MCh-contracted tracheal
segments reduced tension development, and this re-
duction was significantly greater at each ISO dose in
segments from GRK2CT-TG mice (Fig. 5D).
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Figure 5. ISO-mediated relaxation of tracheal rings in transgenic mice expressing
GRK2CT. A) Immunoblot analysis of lysate obtained from digestion of tracheae from
mice expressing GRK2CT under the SM22a promoter (GRK2CT "™, heterozygote=
GRK2CT-TG) or from littermate NTG controls. B) Tracheal rings were stimulated with
60 mM KCI, and change in tension was determined. C) After washing, rings were
stimulated with 10 pM MCh, and tension development measured was normalized to
values for KClinduced tension. D) Relaxation of 10 pM MCh-contracted tracheal
segments by indicated concentrations of ISO, performed as described in Materials and
Methods. Graphs depict mean * sk values from 6 observations/group. *P < 0.05 vs. NTG.
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DISCUSSION

Signaling through GPCRs mediates numerous ASM
functions, including contraction, growth, and syn-
thetic functions that orchestrate airway inflammation
and promote remodeling of the airway (1). The
significance of GPCRs in regulating ASM function,
and consequently airway function, is evidenced by
the fact that almost every drug used in the treatment
of obstructive airway diseases directly or indirectly
targets either GPCRs, GPCR signaling, or processes
that produce GPCR agonists.

GPCR ligands are useful asthma and chronic obstruc-
tive pulmonary disease (COPD) therapies but have
limitations. One widely recognized limitation is the loss
of BoAR responsiveness that occurs with chronic admin-
istration of inhaled B-agonist. This loss of responsive-
ness is reflected in a loss of bronchoprotective effect
(21-24), deterioration of asthma control, and suscepti-
bility to exacerbations (25). It is presumed that ASM
BoAR desensitization is mechanistically linked to these
problems, but to date only association and not causality
has been demonstrated. In murine models of heart
failure, elevated levels of circulating catecholamines
induce increased expression of GRK2 and promote
BoAR desensitization; inhibition of GRK-mediated
BoAR desensitization by transgenic expression of the C
terminus of GRK2 (GRK2CT) reverses BAR desensiti-
zation, improves B-agonist-stimulated cardiac function,
and reverses disease phenotype (reviewed in ref. 5).
Interestingly, Finney et al. (26) recently observed that
lung GRK2 levels are elevated in rats treated chronically
with B-agonist, suggesting that the “catecholamine hy-
pothesis” (5, 27-29) may also apply to ASM.

The current work extends our previous finding
regarding the effectiveness of GRK inhibition to
enhance B,AR signaling in ASM cells and reveals the
ability of different GRK2 domains to regulate the
complement of GPCRs in ASM in a therapeutically
advantageous manner.

Early studies from our group established that over-
expressed GRK2 (originally termed BARK for B-ad-
renergic receptor kinase) could effect greater desen-
sitization of the B,AR in human ASM cells (9), and
that desensitization of the B,AR and A2b adenosine
receptor, but not the EP2 receptor, could be en-
hanced by overexpression of arrestin-2 or arrestin-3
(30). This latter study was the first to provide clues as
to the specificity of arrestins for G,-coupled receptors
and identified the mechanism underlying the relative
desensitization-resistant nature of the EP2 receptor.
More recently, we determined that inhibition of
GRK2/3, via (as in the current study) either expres-
sion of GRK2CT or GRK2K220R, or siRNA-mediated
knockdown of GRK2/3, augmented signaling of the
BoAR but not that of the EP2R or A2b adenosine
receptor in human ASM (6).

However, given the potential role of GRKs to regu-
late responsiveness of G, -coupled receptors in ASM,
whether augmentation of B,AR signaling by targeting
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GRK-dependent desensitization mechanisms would
serve to improve the ability of B-agonists to inhibit
procontractile signaling in ASM remained unclear.
Indeed, previous studies employing recombinant re-
ceptors in cellular expression systems or cell-free assays
implicate a role for GRKs in regulating numerous
Gcoupled receptors. Expression of GRK3, and to a
lesser extent GRK2, augmented thrombin-stimulated
phosphorylation of wild-type PAR-1 expressed in Rat 1
cells, while quenching thrombin-stimulated Ca*" mo-
bilization (31). When expressed in HEK293 cells, the 3
isoform of the TP internalizes in a GRK-dependent
manner (32), and the HI HR undergoes agonist-
induced phosphorylation and desensitization depen-
dent on GRK2/3 (33). The m3mAChR has been shown
to be a substrate for GRK2 (34), although other kinases
also appear capable of phosphorylating and regulating
the m3mAChR, in a cell-specific manner (35, 36).
Interestingly, Luo et al. (37) recently demonstrated that
Ca®" mobilization by endogenous m3mAChR in HEK293
cells is increased by knockdown of GRK2, arrestins, or
casein-kinase-la.

To examine the selectivity of GRK2/3 for G -coupled
receptors in human ASM, we employed two strategies:
expression of recombinant proteins (GRK2CT and,
GRK2K220R) capable of inhibiting GRK activity, and
GRK2/3 knockdown using siRNA. GRK2CT represents
the C-terminal domain of GRK2, which contains a
pleckstrin-homology domain capable of sequestering
Gg; Gg has been previously shown to be important for
GRK2 activation (38). Kinase-dead GRK2 (GRK2K220R)
lacks phospho-transfer ability and also contains the C
terminus of GRK2 and was the first construct used to
effectively inhibit GRK activity and demonstrate the
role of GRK2 in homologous desensitization of the
B-AR in intact cells (20). Both ectopic expression and
siRNA approaches increased histamine-stimulated PI
hydrolysis, but failed to affect PI hydrolysis by throm-
bin, the TXA2 analog U46619, LTD4, or MCh. These
findings suggest that among these G, -coupled recep-
tors in ASM cells, only the HIHR appears regulated
significantly by GRK2/3.

However, consistent with the ability of the N-terminal
domain of GRK2/3 to interdict G,-PLC coupling (39),
expression of either GRK2NT or GRK2K220R signifi-
cantly decreased both PI hydrolysis and Ca** mobiliza-
tion stimulated by each G, -coupled-receptor agonist.

Human ASM expresses PAR-1 and PAR-2 (40), recep-
tors that can couple to both G, and G;. Our previous
studies of mitogenic signaling (11, 41) suggest that
thrombin-mediated signaling in ASM cells is mediated
primarily by G, but also has a G; component. Given that
G; utilizes Gg, to activate PLC, the effects of both
GRK2CT or GRK2K220R may be complex. Whereas
Gy, sequestration may mitigate GRK-mediated desensi-
tization of PAR-1 or PAR-2, it may also inhibit Gg,-
dependent PLC activation by G, thus offsetting any
relief of PAR desensitization. However, the lack of
effect of GRK2/3 knockdown suggests that PARs in
ASM are largely insensitive to GRK2/3, and the major-



ity of PI and Ca®" mobilization mediated by thrombin
is dependent on G,

Similarly, human ASM expresses mAChR subtypes
m3, which couples to Gq, and m2, which couples to G;.
Consistent with our previous studies (11, 41) and those
examining the role of mAChR subtypes in ASM con-
traction (42), MCh-stimulated PLC activation resulting
in PI hydrolysis and Ca®" mobilization in ASM appears
mediated primarily by the m3mAChR and is signifi-
cantly inhibited by constructs containing the GRK2
N-terminal domain.

One interesting observation was the capacity of
GRK2CT-GFP to significantly reduce PI hydrolysis stim-
ulated by sulprostone in ASM cells. Sulprostone is an
agonist for the EP3 subtype of EP family GPCRs, and we
have previously noted the capacity of sulprostone to
stimulate p42/p44 mitogen-activated protein kinase in
human ASM cells in a pertussis toxin-sensitive manner
(18). Presumably, the ability of GRK2CT to inhibit
sulprostone-mediated PI hydrolysis reflects inhibition
of EP3 receptor-, Gg,-dependent PLC activation. Thus,
the EP3 receptor is distinct from most GPCRs capable
of promoting PLC signaling in ASM, which appear to
do so via G, in a Ggindependent manner.

Interestingly, we failed to observe an effect of siRNA-
mediated GRK2/3 knockdown on calcium mobilization
by any of the agonists tested, including histamine.
Potential confounding effects of loss of m3mAChR
signaling in cultured primary ASM cells were excluded
by using hTERT-immortalized human ASM cells that
retain m3mAChR responsiveness. Similarly, we could
not observe a regulatory effect of GRK2/3 knockdown
on the ability of ISO to inhibit (G,-coupled-receptor-
stimulated) calcium mobilization or PI hydrolysis. Sev-
eral factors likely contribute to this lack of effect. One
possible contributing factor is the data variability within
and between groups in these experiments. Perhaps
more important, however, is the relatively short time
frame in which peak calcium mobilization is achieved
(typically <20 s), which may limit the capacity of GRKs
to affect this signal against the backdrop of other
established regulatory mechanisms affecting calcium
release and sequestration by the sarcoplasmic reticu-
lum. Of note, GRK2/3 knockdown was effective in
regulating histamine-stimulated PI hydrolysis, which
reflects 30 min of HI1 histamine receptor activation,
and GRK2CT-GFP expression also augmented hista-
mine-stimulated PI hydrolysis but also has no effect on
calcium mobilization.

Within the context of concomitant stimulation of
ASM with both G -coupled-receptor agonists and B-ag-
onist, ISO was able to inhibit both thrombin- and
MCh-stimulated PI hydrolysis to a greater extent in
GRK2CT-GFP-expressing relative to control (GFP-ex-
pressing) cells. Whereas a greater percentage inhibi-
tion of histamine-stimulated PI hydrolysis was also
observed for GRK2CT-GFP cells, the absolute PI hydro-
lysis was similar between groups under conditions of
combined histamine and ISO stimulation, due to the
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augmenting effect of GRK2CT-GFP under conditions
of histamine treatment alone.

Consistent with the ability of GRK2CT expression to
augment B,AR but not m3mAChR signaling, we ob-
served a greater B-agonist-mediated relaxation of MCh-
contracted tracheal rings isolated from transgenic mice
expressing GRK2CT (Fig. 5). What specific pharmaco-
mechanical coupling processes are affected, as a con-
sequence of augmented B,AR signaling, are unclear.
Our inability to detect an effect of GRK inhibition on
B-agonist inhibition of whole-cell calcium mobilization
suggests that inhibition of calcium mobilization may
not be a critical mechanism by which cAMP [and
effector protein kinase A (PKA)/exchange protein
directly activated by cAMP (Epac)] activity stimulated
by B,AR activation antagonizes ASM contraction. In-
deed, the capacity of ISO to inhibit peak intracellular
calcium mobilization by various agonists in our Flex
Station analyses is only ~15%; it is possible that the
regulatory effect of cAMP/PKA/Epac on ASM contrac-
tion is more dependent on regulation of compartmen-
talized calcium (affecting calmodulin activation or ry-
anodine receptor regulation), myosin light chain kinase and
phosphatase, and HSP20 (43).

Although GRK2/3 knockdown was able to increase
BoAR- but not MCh-mediated signaling in ASM, we
were unable to demonstrate an augmentation of B,AR-
mediated inhibition of MCh-mediated signaling. Thus,
although the ability of GRK2CT expression to increase
ISO-mediated inhibition of MCh-mediated signaling
and contraction suggests a functional consequence of
GRK2/3 inhibition, definitive proof of such is lacking.
Future studies, perhaps employing inducible ablation
of the GRK2 gene in ASM to escape the embryonic
lethality of the global GRK2 knockout, will be required
to clarify this issue.

From a therapeutic standpoint, findings from the
present study suggest that peptides mimicking the
N-terminal domain of GRK2/3 could serve as an effec-
tive global inhibitor of those Gy -coupled GPCRs that
mediate ASM contraction. Although several small-mol-
ecule antagonists for different G, -coupled receptors
are currently marketed for the treatment of asthma and
COPD, the effectiveness of these drugs tends to be
limited, in part due to the fact that airway inflammation
associated with these diseases promotes elevated levels
of numerous procontractile agonists in the airway.
Thus, inhibition of just one receptor is often insuffi-
cient to antagonize bronchoconstriction, except for
those patients in which bronchoconstriction is domi-
nated by one particular agonist/receptor.

In addition, peptides that mimic both N- and C-ter-
minal domains of GRK2 would have added therapeutic
value. C-terminal domain peptides could preferentially
relieve desensitization of the B,AR, rendering either
endogenous or exogenous (3-agonists more efficacious
in reversing or preventing bronchoconstriction. More-
over, any Gg,-dependent procontractile signaling, me-
diated possibly by G; activation, would also be antago-
nized by such a construct. Future studies clarifying the
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utility of these approaches in vivo could help usher in a
new approach to the management of obstructive airway
d1.se.ase' by nonspecific targeting of G, signaling and
mitigation of B,AR desensitization.
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