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Abstract

Background: Regular use of ,-agonists may enhance non-specific airway responsiveness. The wingless/integrated (Wnt)
signaling pathways are responsible for several cellular processes, including airway inflammation and remodeling while
cAMP-PKA cascade can activate the Wnt signaling. We aimed to investigate whether the Wnt signaling pathways are
involved in the bronchial hyperresponsiveness induced by prolonged exposure to B,-adrenoceptor agonists in human
isolated airways.

Methodss: Bronchi were surgically removed from 44 thoracic surgery patients. After preparation, bronchial rings and primary
cultures of bronchial epithelial cells were incubated with fenoterol (0.1 uM, 15 hours, 37°C), a B,-agonist with high intrinsic
efficacy. The effects of inhibitors/blockers of Wnt signaling on the fenoterol-induced airway sensitization were examined
and the impact of fenoterol exposure on the mRNA expression of genes interacting with Wnt signaling or cAMP-PKA
cascade was assessed in complete bronchi and in cultured epithelial cells.

Results: Compared to paired controls, fenoterol-sensitization was abolished by inhibition/blockage of the Wnt/f-catenin
signaling, especially the cell-surface LRP5/6 co-receptors or Fzd receptors (1 uM SFRP1 or 1 uM DKK1) and the nuclear
recruitment of TCF/LEF transcriptions factors (0.3 uM FH535). Wnt proteins secretion did not seem to be involved in the
fenoterol-induced sensitization since the mRNA expression of Wnt remained low after fenoterol exposure and the
inactivator of Wnt secretion (1 uM IWP2) had no effect on the fenoterol-sensitization. Fenoterol exposure did not change
the mRNA expression of genes regulating Wnt signaling or cAMP-PKA cascade.

Conclusions: Collectively, our pharmacological investigations indicate that fenoterol-sensitization is modulated by the
inhibition/blockage of canonical Wnt/f-catenin pathway, suggesting a phenomenon of biased agonism in connection with
the B,-adrenoceptor stimulation. Future experiments based on the results of the present study will be needed to determine
the impact of prolonged fenoterol exposure on the extra- and intracellular Wnt signaling pathways at the protein
expression level.
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Introduction

Wnt (wingless/integrated) is a large family of secreted glyco-
proteins with highly conserved cysteine residues involved in lung
development and diseases [1]. The WNT gene family includes 19
members encoding Wnts, which can activate three distinct
signaling pathways. The best characterized canonical Wnt/ -
catenin pathway implicated the inhibition of glycogen synthase
kinase GSK-3, resulting a cytoplasmic accumulation of B-catenin
and its nuclear translocation [2—4]. The two non-canonical Wnt
pathways do not require B-catenin as a co-transcription factor
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[4,5]. Therefore, the Wnt/Ca®" signaling pathway is mediated by
protein kinase C' (PKC) and the Wnt/planar cell polarity (PCP)
pathway activates the small G proteins Rho and the mitogen-
activated proteins kinases (MAPK) cascade or alternatively triggers
activation of the c-Jun-N-terminal kinase (JNK) leading to the
transcription of target genes through the activator protein-1 (AP-1)
stimulation [1,2,5]. Wnts are expressed in the distal mesenchyme
and in airway epithelium and act via the seven membrane-
spanning Fzd cell-surface receptors [1,2,6,7]. The Fzd family
includes 10 distinct members [1,4,7], most of which can activate -
catenin signaling when combined with the lipoprotein-related
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co-receptors LRP5/6 [2,8]. The Wnt-induced phosphorylation of
LRP is critical for Fzd-LRP association [2,8]. Unlike the canonical
pathways, the Wnt/ Ca®" and the Wnt/PCP signaling pathways
are independent from LRP5/6 [2,8]. The Wnt signaling pathways
are responsible for several cellular processes, including cell
movement and polarity, proliferation and differentiation of the
airway epithelium, airway epithelial repair and cytoskeletal
reorganization after airway stretching [1,4,7,9-12]. Wnts also
exert autocrine-signaling activity on airway epithelial cells [1,6].
Depending on the cellular context, Wnts stimulate the canonical
signaling pathway, thereby up-regulating inflammatory genes such
as cyclo-oxygenase 2 (COX-2), interleukine-8 (IL-8), and matrix
metalloproteinases (MMPs) [1,4,13,14]. Conversely, the inflam-
matory mediator nuclear factor x-B (NF-kB) modulates Fzd
mRNA expression and GSK-3f suppression can induce NF-kB-
mediated transcription [7,15]. It has been suggested that
modulating the B-catenin pathway in the airway epithelium could
have promising impact on airway inflammation and remodeling
[4,9,14]. However, the involvement of the Wnt/f-catenin
signaling pathway in human airway responsiveness remains scarce.

Bo-adrenoceptor agonists are the most potent known airway
smooth muscle relaxants and they have been used for several
decades to treat asthma and chronic obstructive pulmonary
disease. However, regular use of Po-agonists alone may enhance
non-specific airway responsiveness and inflaimmation, thereby
deleteriously affecting control of chronic inflammatory airway
diseases [16-18]. Functional studies have suggested that untoward
effect involves cAMP-protein kinases A (PKA) cascade and
proinflammatory pathways mediated by NF-xB, leading to airway
smooth muscle sensitization, airway neuroinflammation, and
disturbance of the epithelial regulation of airway smooth muscle
contraction [19-23]. Nonetheless, the role of NF-kB and other
proinflammatory mediators in this untoward effect remains
unclear [24]. Moreover, PKA can activate the canonical Wnt
signaling via the Fzd and LRP5/6 phosphorylation [4,25]. PKA
also inhibits the GSK-3f activity, increasing B-catenin indepen-
dently of the Wnt signaling [26,27]. In the same way, the Gs, and
Gsg, proteins stimulated by the G-coupled membrane receptors
like Po-adrenoceptor may modulate the intracytosolic B-catenin
(4,8].

The purpose of this work was to investigate whether the Wnt
signaling pathways are involved in the bronchial hyperresponsive-
ness induced by prolonged exposure (15 hours) to Bo-adrenoceptor
agonists in human airways. Furthermore, we determined the
effects of inhibitors or blockers of Wnt signaling on the By-agonist-
induced sensitizing effect in human isolated bronchi and we
assessed the impact of prolonged exposure to Po-agonist on the
mRNA expression of genes interacting with Wnt signaling
pathways or Po-adrenoceptor/cAMP-PKA cascade in complete
human bronchi and in primary cultures of human bronchial
epithelial cells.

Methods

Patients

The study and the consent procedure were approved by the
local Ethics Committee (Comité de Protection des Personnes, Ile
de France VIII, Boulogne-Billancourt, France). At least one day
prior scheduled surgery for lung cancer, patients gave written
informed consent that has been recorded in the individual’s file.
Bronchial tissues were surgically removed from 44 patients (28/16
men/women, 6611 year of age); all were smokers or ex-smokers.
Bronchial segments (inner diameter 2-3 mm) were collected from
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sites distant from the tumor. The absence of tumor infiltration was
retrospectively established in all bronchi.

Tissue preparations for function and RNA isolation
Tissues were dissected and washed in oxygenated Krebs-
Henseleit solution (composition in mM: 119 NaCl, 4.7 KCI, 2.5
CaCly, 1.2 KHyPO,4, 25 NaHCOj; and 11.7 glucose). For
function, rings of similar length from the same bronchi were
randomly distributed in paired groups. Half of the rings were
placed in oxygenated Krebs-Henseleit solution, in parallel the
other half was placed in oxygenated Krebs-Henseleit solution with
0.1 uM  fenoterol (Boehringer-Ingelheim, Germany) and both
were incubated (37°C) for 15 hours as previously described [22].
To investigate the implication of the Wnt-signaling pathways in
the fenoterol-induced bronchial hyperresponsiveness, experiments
were run in parallel (control and pretreated groups) in the absence
or presence of (Fig. 1): 1) two extracellular Wnt pathway
modulators, which inhibit Wnt signaling by directly sequestering
Wnt ligands and inhibiting both canonical and non-canonical Wnt
signaling [3,4,8,13,25]: secreted fizzled-related protein 1 (SFRPI,
1 uM) or WNT inhibitory factor 1 (WIF1, 1 uM); 2) an
extracellular  Wnt antagonist, which inhibits Wnt/B-catenin
signaling by binding LRP5/6 [1,2,4,28,29]: Dickkopf protein
family 1 (DKK1, 1 uM); 3) an intracellular inhibitor of Wnt
processing and secretion, which inactivates a regulator of Wnt
secretion (porcupine) [4,30]: IWP2 (1 uM); 4) a selective Rho-
kinase (ROCK1/2) blocker, which inhibits the Wnt-planar cell
polarity (PCP) pathway [12]: Y27632 (1 uM); 5) a blocker of
phosphoinositide 3-kinases (PI3Ks), which inhibits the Wnt-Ca**
pathway (4, 15): wortmaninn (I pM); 6) a selective peroxysome
proliferator activated receptor-y (PPAR-y) agonist, which inhibits
both noncanonical Wnt/JNK and canonical Wnt/-catenin
signaling [31,32]: pioglitazone (1 uM); 7) a modulator of Wnt
signaling in the nucleus, which inhibits the recruitment of the co-
activators B-catenin (TCF/LEF) [4]: FH535 (0.3 uM). Because of
its very short half-life, wortmaninn was added only after 15 hours
of incubation at 37°C, immediately to the organ bath after the last
change of fresh Krebs—Henseleit solution during the equilibration
period. SFRP1, WIF1 and DKK1 were purchased from Abcam
(Cambridge, MA). IWP2 came from Tocris Biosciences (Bristol,
United Kingdom). Y27632 was purchased from Cayman Chem-
icals (Ann Arbor, MI). Pioglitazone came from Adipogen (San
Diego, CA). Wortmannin and FH535 were purchased from Enzo
Life Sciences (Farmingdale, NY). All drugs were dissolved in
distilled water except for wortmannin, FH535 and pioglitazone
which were dissolved in pure ethanol and DMSO and then diluted
in Krebs-Henseleit solution. The final ethanol or DMSO
concentration (0.03%) did not alter airway tone or contractility
[19]. For RNA isolation, paired bronchial rings were immediately
(HO) immersed in RNAlater (Sigma, St. Louis, MO) or were first
incubated without or with 0.1 uM fenoterol in oxygenated Krebs-
Henseleit solution (37°C) for 15 hours (H15) before immersion in
RNAlater. Bronchi were then stored at —80°C until use.

Tissue preparations for primary culture

Tissues were processed within 24 hours after surgery. Bronchial
epithelial cells were harvested using enzymatic isolation proce-
dures to establish primary cultures, as previously described [33]. In
brief, bronchi were incubated for 24 hours at 4°C with 0.1%
protease in DMEM/Ham’s F12 medium. After neutralization of
these enzymes by 10% foetal bovine serum, the cells were
centrifuged at 800 rpm for 5 min. Cells were plated on home-
made permeable collagen supports and cultured at air-liquid
interface at 37°C in a humidified atmosphere of 5% COy in air.

October 2014 | Volume 9 | Issue 10 | €111350



32-Agonist Stimulation and Wnt/B-Catenin Signaling

Canonical WNT Noncanonical WNT

Wnt signaling Whnt signaling
Wnt o Whnt
Wnt J n
- Wnt @ﬁ % - Whnt
LRP5/6 FZD LRP5/6 FZD 2D
EF Y. O YT, ¥ 7. 7. O—

! AN MMy ! My

B porcupine QR[] I N ) ] VL]
-3 :
P Dsh ’ Dsh
Dsh S paam1
P P
Wnt 5 CK-1 RAC
<<
GSK-Sp‘ B-catenin )

ﬁ-catanln I I

Smooth muscle cell

; X
eytopiasm - ..ﬁ-catenin @ JNK@ PI3 RHO .
., PPARy = 1 " l 1
| AP-1 Ca* ROCK
P i [ —__
— e
— ~
é - %ﬁ =~ \
" Y
V peARy (S
TCF LEF PKC MAPK
.—catenm Y
- - Gel_'le_ Contractile filaments
EF transcription organization

>

Smooth muscle cell
nucleus

Figure 1. Schematic representation of the canonical (Wnt/p-catenin) and non-canonical (Wnt/CaZ* and Wnt/PCP) signaling
pathways. Drugs used in the experiments and their action on Wnt signaling pathways are figured in black. Activation and inhibition are symbolized
by — and —|, respectively. In the presence of Wnt ligand, Fzd and LRP5/6 form a receptor complex leading to the recruitment of cytosolic proteins
Dsh and LRP5/6 phosphorylation. The phosphorylation and partial internalization of LRP5/6 initiate the disruption of the destruction complex (axin,
APC, CK-1, and GSK-3), allowing cytosolic B-catenin accumulation and then translocation into the nucleus, where -catenin serves as a coactivator of
TCF/LEF transcription factors to control gene transcription. Depending on the cellular context, the non-canonical Wnt signaling pathway is stimulated
by the binding of Fzd and ROR2/RYK coreceptors. The Wnt/Ca>* pathway induces PKC activation via the intracellular Ca** increase. The Wnt/PCP
pathway activates the small G proteins Rho and the MAPK cascade via the recruitment of the cytosolic proteins Dsh and DAAM1, or, alternatively,
triggers activation of JNK leading to the transcription of target genes through AP-1 activation.

doi:10.1371/journal.pone.0111350.g001

The culture medium consisted of DMEM/Ham’s F12 medium Bronchial function

supplemented with: insulin (5 pug/ml), transferrin (7.5 pg/ml), After 15 hours of incubation with or without fenoterol, the
hydrocortisone (1 uM), endothelial cell growth supplement (2 pg/ bronchial rings were suspended on hooks in a 5-ml organ baths
ml), epithelial growth factor (25 ng/ml), triiodothyronine (30 nM), containing Krebs-Henseleit solution, gassed with 95% O9-5%
L-glutamine (I mM), penicillin/streptomycin (100 pg/ml), genta- COy and maintained at 37°C.. Each preparation was connected to
mycin (50 ug/ml), and amphotericin B (1 ug/ml). The cultures a force displacement transducer and isometric tension was
reached confluence between 4 and 10 days after plating and recorded continuously for analysis (IOX2 software EMKA
developed a transepithelial potential difference. Then, 200 pl of  Technologies, Paris, France). Preparations were suspended with
culture medium with or without 0.1 pM fenoterol was deposited an initial tension of 1.5 g in organ baths [21,22]. Bronchial rings
on the apical side of each culture. After 15 hours, epithelial cells were maintained in organ bath for 1 hour with washing every 10—
were lysed in TRIzol reagent, and then stored at —80°C: until use. 15 min to equilibrate and stabilize at a resting tone. Function was

assessed by successive additions of endothelin-1 (ET-1), a peptide
implicated in chronic inflammatory diseases, to the rings in organ
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baths (107" to 1077 M with logarithmic increments) [19-22].
ET-1 was purchased from Sigma—Aldrich (St. Louis, MO). After
experiments, rings that had been patted dry were weighed.

RNA isolation and reverse transcriptase - quantitative
polymerase chain reaction (RT-qPCR) analysis

The RT-qPCR experiments were performed as described
previously [34]. Bronchial rings were crushed and homogenized
in TRIzol reagent immediately after dissection, using a Tissue-
Lyser LT ball mill (Qiagen Courtaboeuf, France). Total RNA was
extracted from bronchus homogenates using TRIzol. The amount
of RNA extracted was estimated by spectrophotometry at 260 nm
(Biowave DNA; Biochrom, Cambridge, England) and the quality
of the preparation was assessed in a microfluidic electrophoresis
system (RINA Standard Sensitivity kits for Experion, BioRad,
Marnes-la-Coquette, France). After treatment with DNase I (Life
Technologies, Saint Aubin, France), 1 pg of total RNA was
reverse-transcribed (SuperScript III First-Strand SuperMix kit,
Life Technologies). The resulting cDNA was then used for RT-
qPCR experiments with TagMan chemistry (Life Technologies).
After initial denaturation at 95°C for 10 min, 20 ng of cDNA were
amplified (using Gene Expression Master Mix, Life Technologies)
in 40 annealing/extension cycles (95°C for 15 sec and 60°C for
I min) in a StepOnePlus thermocycler (Life Technologies). The
sample’s fluorescence was measured after each cycle and the
threshold cycle (Ct) of the real-time PCR was defined as the point
at which a fluorescence signal corresponding to the amplification
of a PCR product was detectable. The reaction volume was 10 pl.
The following genes were considered as relevant for the study
[1,6,7,10-14,27,31,35]: 1) genes related to Fzd receptors: FZD1-
10; 2) genes related to Wnt proteins: WNT2, WNT3A, WNT5A,
WNT7B, WNT10A, and WNT1I1; 3) genes related to LRP5/6 co-
receptor: LRP5 and LRPG6; 4) genes that interact with the cAMP—
PKA cascade and the Po-adrenoceptor regulation: SLC9A3RI,
PPP2RIA, EP300, CTBPI, and FRATI; 5) two genes related to
PKC, p*®/JNK or Rho/MAPK signaling pathways: PKCE and
GADD45A4; 6) gene related to Wnt signaling pathway regulation:
WISPI. The expression of transcripts of the relevant genes has
been analyzed in the bronchi using a specific TagMan Array
based on predesigned reagents (Assay-on Demand, Life Technol-
ogies). In order to validate the extraction of intact cellular mRNA
and standardize the quantitative data, three reference genes,
hypoxanthine phosphoribosyltransferase (HPRTI), glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH) and B-glucuronidase
(GUSB) were amplified simultaneously.

Data analysis and statistics

Values are presented as means * SEM. The results were
analyzed using Student’s ¢ test for paired data and repeated
measures ANOVA with Bonferroni adjustments for multiple
comparisons (StatView 5.0, SAS Institute, Cary, NC). A value of
P<.05 was considered statistically significant. Because inadequate
statistical power cannot rule out related to small samples, the
standardized effect size d for the difference between means was
calculated to determine whether the observed effect of pretreat-
ment co-incubated with fenoterol was small (|d|=.20), medium
(|d]=.50), or large (|d|=.80) according to the Cohen’s conven-
tions [36]. Contractile responses were expressed as g/basal tone.
The data are expressed in terms of Emax for efficacy and —log
ECsy (pDg) for potency. Emax (g) represented the maximal
contraction induced by 0.1 uM ET-1 [19]. AEmax represented
the difference between Emax obtained with the fenoterol-treated
bronchi and Emax obtained with their paired controls. ET-1
potency (—log ECs5p) was derived graphically from the log
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concentration-effect curves and defined as the negative log of
the ET-1 concentration achieving 50% of the maximal effect. A(—
log EC5) represents the difference between —log EC5y obtained
with the fenoterol-treated bronchi and —log EC50 obtained with
their paired controls. The quantitative data obtained from RT-
qPCR experiments was expressed as relative expression (2749
[37] where AC, is the difference between the target gene C; and
the mean C of the reference genes.

Results

Sample

Mean patted-dry weight of bronchi exposed to fenoterol was
comparable with that of their paired controls (28.21%£2.18 vs
27.55%1.90 mg, n =44, P=0.76). Fenoterol (0.1 uM, 15 hours)
did not change significantly the basal tone of human bronchi
before contraction with ET-1 (1.16%0.08 vs 1.08*0.08 g in
paired controls, n =44, P =0.39). Incubation of the bronchi with
0.1 uM  fenoterol significantly enhanced the FET-1-induced
contraction (Figure 2). Emax was 3.12+0.14 g in the presence
of fenoterol vs 1.94*0.11 g for the paired—control rings (AEmax
= 1.18%0.12 g, n=44, P<.0001). —log ECs5, values was
8.36%0.09 log units in the presence of fenoterol vs 8.27+0.10
log units for the paired—control rings [A(—log ECs;;) =
0.08%x0.09, n =44, P =0.37; Fig. 2].

RT-PCR

The mRNA levels of the 3 housekeeping genes were unaffected
by incubation with fenoterol or incubation time (not shown). At
basal state (HO), whole human bronchi mainly expressed FZD6
mRNA while the WNTs expression was low, and WIF1 expression
remained practically undetectable (Fig. 3). Incubation with Krebs-
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Figure 2. Concentration-response curves for endothelin-1 (ET-
1)-induced contraction in human bronchi after 15 hours of
incubation with 0.1 pM fenoterol or Krebs-Henseleit solution
for the paired control (open circles, control; filled circles,
0.1 uM fenoterol). AEmax: difference between maximal induced
contractions of fenoterol-pretreated bronchi and paired-control bron-
chi. Values are means = SEM (n=44). *P<.01, **P<.001 fenoterol vs
paired control.

doi:10.1371/journal.pone.0111350.g002
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Henseleit solution for 15 hours led to a rise in GADD45A mRNA
expression, a gene involved in p*®/JNK activation (Fig. 3).
Compared to paired tissues incubated with Krebs-Henseleit
solution, incubation with 0.1 pM fenoterol for 15 hours did not
alter the mRNA expression of genes related to Wnt signaling
pathway (FZD1-10, WNT2, WNT3A, WNT5A, WNT7B,
WNTI10A, WNT11, LRP5/6, and WISP1) or genes interacting
with the modulation of cAMP-PKA cascade (SLC9A3RI,
PPP2RIA, EP300, CTBPI, and FRATI) or the p**/JNK or
Rho/MAPK signaling pathways (PKCE and GADD45A) (Fig. 3).
Moreover, FZD6, WNT7B and LRP5 mRNA were mostly
expressed by cultured human bronchial epithelial cells (Fig. 4).
Compared to paired controls, mRNA expression of the genes of
interest did not appear to be changed in fenoterol-treated
epithelial cells (Fig. 4).

Effect of extracellular Wnt inhibitors on fenoterol-
sensitization

Blocking the extracellular Wnts or the Fzd receptors by 1 uM
SFRP1 or 1 pM WIF1 increased the contractile response to ET-1
of human bronchi (Fig. 5A-B). When the same paired human
bronchi were incubated with 0.1 uM fenoterol, co-incubation with
SFRP1 abolished the sensitizing effect provoked by fenoterol or
SFRP1 exposure (Fig. 5A, Tables 1 and 2) whereas co-incubation
with WIF1 did not change significantly the fenoterol-induced
sensitizing effect (Fig. 5B, Tables 1 and 2).

Effect of the inactivation of Wnt Secretion on fenoterol-
sensitization

Inactivating the Wnt secretion by co-incubation with 1 pM
IWP2 had no significant effect on the rise in maximal airway

contraction to ET-1 elicited by fenoterol exposure for 15 hours in
10 human bronchi (Fig. 5C, Tables 1 and 2).
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Effect of a LR5/6 inhibitor on fenoterol-sensitization

Compared to paired controls, co-incubation with 1 uM DKK1
significantly decreased the fenoterol-induced rise in efficacy to ET-
1 in human bronchi (Fig. 5D, Tables 1 and 2).

Effect of intracellular Wnt/Ca?* and Wnt/PCP pathways
inhibitors on fenoterol-sensitization

In absence of fenoterol, 1 uM wortmaninn and 1 uM Y27632
produced opposite effects on the bronchial contraction to ET-1
(Fig. 6A-B). Blockage of PI3Ks by 1 uM wortmaninn or blockage
of Rho-kinases by 1 pM Y27632 abolished the rise in airway
maximal response to ET-1 provoked by fenoterol exposure for
15 hours (Fig. 6A-B, Tables 1 and 2).

Effect of nuclear modulators of Wnt signaling on
fenoterol-sensitization

As seen in Fig. 6C and Tables 1 and 2, co-incubation with a
non-selective inhibitor of canonical and non-canonical Wnt
signaling pathways, pioglitazone (1 uM), decreased the fenoterol-
induced rise in airway maximal contraction to ET-1 in human
bronchi. Similarly, inhibiting the canonical Wnt/ B-catenin path-
way by co-incubation with 0.3 uM FH535, abolished the
sensitization induced by fenoterol exposure for 15 hours (Fig. 6D,
Tables 1 and 2). Pioglitazone and FH535 had opposite effects on
the bronchial contraction to ET-1 (Fig. 6C-D).

Discussion

This study shows that fenoterol, a By-agonist with high intrinsic
efficacy, sensitized human bronchi at least in part via the Wnt/ -
catenin signaling, notably the LRP5/6 co-receptor and the nuclear
recruitment of TCF/LEF. Conversely, fenoterol exposure did not
change the Wnt secretion and the mRINA expression of genes

Figure 3. Gene-expression in complete human bronchi at basal state (H0) and after 15 hours of incubation (H15) with 0.1 uM
fenoterol or Krebs-Henseleit solution (paired controls). Data are expressed as relative expression (where AC; is the difference between the
target gene C; and the mean C; of the reference genes). Values are means * SEM (n=8). No difference between fenoterol and paired controls were

statistically significant.
doi:10.1371/journal.pone.0111350.g003

PLOS ONE | www.plosone.org

October 2014 | Volume 9 | Issue 10 | €111350



2500 -
OControl H15
BFenoterol H15

2000 -
=)
[—3
e
X

g

~ 1500 -
[
=]
)
$
(-8

= 1000
-4
2
=
)
o

500

0 4

2O 1

U TU TS IHS AT S PPN 2%,
FELL XL 4’@%\‘}:\6‘:\\{‘@:“;&;\(‘ &

32-Agonist Stimulation and Wnt/B-Catenin Signaling

© N Q AN &

Qo AP (SRR
OB IR NI

V @QQQ QQQQC;VQ\Y\

oV

Figure 4. Gene-expression in primary cultures of human airway epithelial cells incubated with or without (paired controls) 0.1 pM
fenoterol for 15 hours. Data are expressed as relative expression (where AC; is the difference between the target gene C; and the mean C; of the
reference genes). Values are means = SEM (n=6). No difference between fenoterol and paired controls were statistically significant.

doi:10.1371/journal.pone.0111350.9g004

interacting with the regulation of Wnt proteins, Fzd-receptors,
LRP5/6 co-receptor, PKC, p**/JNK or Rho/MAPK, and
cAMP-PKA cascade. Moreover, the present study confirms the
implication of p*®*/JNK and Rho/MAPK signaling pathways in
the fenoterol-induced sensitizing effect [19] which could also be
explained by the involvement of the non-canonical Wnt signaling.
Taken together, our observations suggest that 15 hours of
fenoterol exposure provokes the recruitment of Wnt/B-catenin
signaling via the LRP5/6 co-receptor and/or Fzd-receptors
phosphorylation, regardless of the Wnt secretion. In this way,
the involvement of Wnt/B-catenin signaling in the fenoterol-
sensitization suggests a mechanism of functional selectivity or
biased agonism in connection with the Po-adrenoceptor stimula-
tion [38-40]. However, the stimulation of Wnt/B-catenin
signaling pathway by fenoterol does not fully account for the
fenoterol-induced sensitizing effect. Indeed, previous reports have
shown that untoward effect was mediated by various pro-
inflammatory mediators activated via the prolonged stimulation
of the Bo-receptor [19-23]. Pertinently, co-incubation with anti-
inflammatory drugs or proinflammatory mediator receptor antag-
onist such as corticosteroids or non-steroidal anti-inflammatory
drugs did not fully inhibit the fenoterol-sensitization [19,20]. The
involvement of the Wnt/ B-catenin signaling pathway, which is not
directly influenced by these drugs, brings a better understanding of
previous published data.

In the classical pharmacological model, agonist binding to
seven-transmembrane receptor such as Po-adrenoceptor provokes
changes in receptor conformation that results in the dissociation of
heterotrimeric G proteins into Gs, and Gsg, subunits leading to
the stimulation of cAMP—PKA cascade and the G protein-
coupled receptor kinases which mediate receptor desensitization.

PLOS ONE | www.plosone.org

However, in the last decade, this classical model became
incomplete [38-40]. The functionnal selectivity or biased agonism
is a property of a ligand-receptor complex where seven-
transmembrane receptors can adopt multiple active conformations
that can result in different signaling pathways activation.
Depending on the cellular context and the intrinsic activity of a
specific ligand, Pg-adrenoceptor stimulation can switch coupling
from Gs to Gi heterotrimeric proteins or activate intracellular
signaling pathways (MAPK, PI3SK, PKC) via B-arrestin, a G
protein-coupled receptor kinase [38]. The Giy o subunit can also
interact with the LRP5/6-Fzd receptor complex thus activating
the canonical Wnt pathway [41] Moreover, both G, and Gy,
subunits have been shown to promote canonical Wnt signaling via
Dsh, a protein involved in the Wnt/B-catenin pathway by
interacting with the initiation of LRP5/6 phosphorylation by the
axin-GSK-3B complex (Fig. 1) [4,8]. It has also been shown that
activated-phosphorylated forms of LRP5/6 may trigger Wnt/ -
catenin signaling in an Fzd- and Dsh-independent manner [8]. In
line with these findings, we showed herein that DDKI1, a blocker
of LRP5/6, inhibited the fenoterol-induced sensitization of human
bronchi. Intriguingly, we also found that SPRP1 and WIF1, two
extracellular Wnt scavengers, increased the contraction of human
bronchi in absence of fenoterol whereas only SFRP1 inhibited the
fenoterol-induced sensitizing effect. The sensitizing effect provoked
by WIF1 in absence of fenoterol can be explained by the fact that
the ROR2/RYK co-receptor contains a WIF-binding sequence,
which may facilitate the non-canonical Wnt pathway activation
[4]. Unlike WIF1, SFRP1 can also act by binding to Fzd receptors
[42], thereby indicating prolonged Bs-adrenoceptor stimulation
may lead to mimic Wnt/B-catenin signaling activation by
stimulating indirectly LRP5/6 or Fzd receptors [4,8]. We
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Figure 5. Concentration-response curves for endothelin-1 (ET-1)-induced contraction in human bronchi after 15 hours of
incubation with 0.1 uM fenoterol or Krebs-Henseleit solution for the paired control in presence or in absence of: (4) SFRP1 (1 uM);
(B) WIF1 (1 pM); (Q) IWP2 (1 pM); (D) DKK1 (1 uM). Open circles, control; Filled circles, 0.1 uM fenoterol; Open square, control + pretreatment;
Filled square, fenoterol + pretreatment. Values are means *= SEM. For comparisons, see Tables 1 and 2.

doi:10.1371/journal.pone.0111350.g005

hypothesize that cAMP—PKA cascade induces phosphorylation
and activation of LRP5/6 and Fzd receptors in a Wnt ligand-
independent manner as suggested by the lack of significant effect
of IWP2 and WIF1 on the feneterol-induced sensitization. The
absence of changes in mRNA expression of genes modulating Wnt
proteins and Fzd receptors after fenoterol exposure supports this
hypothesis. In our in vitro model of fenoterol-induced Wnt/ -
catenin activation, the direct participation of the GSK-3f
inhibition provoked by the cAMP—PKA cascade [43] is unlikely
given that wortmaninn, a PI3K inhibitor which activates GSK-3
[15], abolished the airway hyperesponsiveness elicited by fenoterol
exposure. Similarly, pioglitazone, a PPAR-y agonist also known as
a GSK-3P activator [44], inhibited the fenoterol-sensitizing effect.
By contrast, we cannot completely exclude the activation of the
non-canonical Wnt signaling by B-arrestin [45] since wortmaninn
and Y27632, two blockers of the Wnt/PCP and Wnt/Ca®
pathways, abolished the fenoterol-sensitizing effect. However, we
have previously shown that the MAPK and PKC pathways can be
triggered by other intracellular mediators that non-canonical Wnt
signaling [19] and the involvement of the non-canonical Wnt

PLOS ONE | www.plosone.org

signaling cannot explain the effects of specific canonical Wnt
inhibitors as DDK1 or FH535 in the present study.

In this study, we found that pioglitazone and FH535, two
nuclear blockers of Wnt signaling, abolished the fenoterol-
sensitizing effect. Pioglitazone acts by stimulating PPAR-y, a
nuclear hormone receptor which inhibits both canonical and non-
canonical Wnt signaling pathways [2,31,44,46]. PPAR-y is
expressed in airway smooth muscle and epithelial cells and is
induced by cAMP [22]. However, the mechanism of action of
pioglitazone may also involve the simulation of the voltage-gated
Ca™ channels on the airway smooth muscles [32], which would
explain why pioglitazone increased the bronchial contraction in
absence of fenoterol. FH535 is a specific inhibitor of Wnt/ -
catenin signaling, indicating fenoterol-sensitization mainly involves
the canonical Wnt pathway. Moreover, FH535 has the effect of
blocking the transcription of B-catenin-dependent genes, suggest-
ing that the fenoterol-sensitizing effect was mediated, at least in
part, by gene transcription. Although we couldn’t find herein an
increase in mRNA expression of genes regulating Wnt signaling
pathways, we have previously shown that fenoterol up-regulated
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Table 1. Action of pretreatments on the changes in efficacy (AEmax) of endothelin-1 (ET-1) in human isolated bronchi.

AEmax ET-1, g Effect size (pretreatment)

Pretreatment 15 hours, 37°C

n Fenoterol only Fenoterol + Pretreatment d [95% ClI]

SFRP1 (1 uM) 8 1.16x0.17 —0.72£0.42%** —2.09 [-3.17 - —0.78]
WIF1 (1 puM) 8 0.68+0.22 0.220.40 —0.51 [-3.17 - 0.51]

IWP2 (1 puM) 10 0.73+0.10 0.24+0.21 —0.95 [-1.83 - —0.01]
DKK1 (1 uM) 8 1.81+0.26 0.43+0.30%* —1.75 [-2.79 - —0.52]
Wortmaninn® (1 uM) 8 0.67+0.16 —0.22+0.25% —1.51 [-2.53 - —0.33]
Y27632 (1 uM) 10 1.24%0.30 —0.01x£0.15%** —1.68 [-2.62 - —0.62]
Pioglitazone (1 uM) 11 0.90*+0.17 —0.13+0.719%** —1.74 [-2.65 - —0.71]
FH535 (0.3 uM) 9 0.76%+0.21 0.02*0.19** —1.23 [-2.17 - —0.17]

Values were determined in paired human bronchi after incubation with 0.1 uM fenoterol or oxygenated Krebs-Henseleit solution (control) for 15 hours at 37°C with or
without pretreatment co-incubated with fenoterol (Fig. 5-6). Emax (g) represented the maximal contraction induced by 0.1 uM ET-1. AEmax represented the difference
between Emax obtained with the fenoterol-treated bronchi and Emax obtained with their paired controls. The observed effect of pretreatment co-incubated with
fenoterol is small (|d|=.20), medium (|d|=.50), or large (|d|=.80) according to the Cohen’s conventions [36]. The 95% ClI for d consists of the uncertainty around the real
effect of pretreatment. "Except for wortmaninn which was added in organ bath before concentration-response curve for ET-1. *P<.05, **P<.01, ***P<.001 with vs
without pretreatment.

doi:10.1371/journal.pone.0111350.t001

the mRINAs of cytokines/proteins implicated in the recruitment of 15 hours at 37°C could validate our functional results because of

T and B cells or the activation and proliferation of bronchial
epithelial cells (CCL20/MIP-3a, FOXA2, PPAR-y) in human
isolated bronchi and in cultured epithelial cells [32]. Moreover,
the Wnt/B-catenin signaling directly or indirectly increases the
mRNA expression of various genes such as NF-xB, CXCL8/IL-8,
COX2, and MMP [4,10,15]; this is consistent with previous
findings showing that the sensitizing effect of fenoterol was
inhibited by gliotoxine (a NF-kB inhibitor) or indomethacin (a
COX-2 inhibitor) [19].

The major limitation of the present study is its almost
exclusively functional design with the use of classical pharmaco-
logical means (inhibitors/blockers). Given that measurement of
mRNA expression could not exactly reflect the changes of Wnt
excretion, our results should be confirmed at the protein
expression level, and extrapolating our data to clinical outcomes
was beyond the scope of our study. However, it is uncertain that
investigating the Wnt excretion during fenoterol incubation for

the action of the epithelial peptidases, limiting the half life of
excreted proteins [47]. In addition, the very limited expression of
Wnt mRNA observed herein and the absence of significant effect
of IWP2 or WIF1 on fenoterol-sensitization may be taken as
indirect evidence of the stimulation of Wnt/B-catenin signaling
pathway at the intra-cytosolic level by cAMP—PKA cascade.

Conclusion

Collectively, our pharmacological investigations indicated that
fenoterol may activate, at least in part, the Wnt/B-catenin
signaling pathway in human isolated bronchi, suggesting a
mechanism of biased agonism. To a clinical point of view, these
findings highlight the interest of Wnt signaling pathways in
inflammatory airway diseases. Future experiments based on the
results of the present study will be needed to determine the impact

Table 2. Action of pretreatments changes in potency (A-log ECsp) of endothelin-1 (ET-1) in human isolated bronchi.

Pretreatment 15 hours, 37°C

A(-log ECs) ET-1, log unit

Effect size (pretreatment)

n Fenoterol only Fenoterol + Pretreatment d [95% ClI]

SFRP1 (1 uM) 8 0.46+0.17 —0.20£0.14*** —1.53 [-2.55 - —0.34]
WIF1 (1 uM) 8 0.45+0.17 0.12£0.19 —0.62 [—1.59 - 0.41]
IWP2 (1 uM) 10 0.15*+0.12 0.20%+0.21 0.09 [—0.79 - 0.97]
DKK1 (1 uM) 8 —0.08+0.14 —0.18+0.14 —0.26 [—1.23 - 0.74]
Wortmaninn (1 uM) 8 0.08+0.09 0.33*+0.16 0.67 [—0.37 - 1.63]
Y27632 (1 uM) 10 0.20+0.32 —0.08+0.23 —0.32 [-1.19 - 0.58]
Pioglitazone (1 uM) 1 0.33+0.18 0.03+0.09 —0.63 [—1.46 - 0.25]
FH535 (0.3 puM) 9 —0.36+0.21 —0.24+0.14 —0.22 [-0.71 - 1.14]

Values were determined in paired human bronchi after incubation with 0.1 uM fenoterol or oxygenated Krebs-Henseleit solution (control) for 15 hours at 37°C with or
without pretreatment co-incubated with fenoterol (Fig 5-6). ET-1 potency (—log ECs,) was derived graphically from the log concentration-effect curves and defined as
the negative log of the ET-1 concentration achieving 50% of the maximal effect. A(—log ECso) represents the difference between —log ECs, obtained with the fenoterol-
treated bronchi and —log EC50 obtained with their paired controls. The observed effect of pretreatment co-incubated with fenoterol is small (|d|=.20), medium (|d|=
.50), or large (|d|=.80) according to the Cohen’s conventions [36]. The 95% Cl for d consists of the uncertainty around the real effect of pretreatment. "Except for
wortmaninn which was added in organ bath before concentration-response curve for ET-1. *P<<.05, **P<<.01, ***P<<.001 with vs without pretreatment.
doi:10.1371/journal.pone.0111350.t002
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Figure 6. Concentration-response curves for endothelin-1 (ET-1)-induced contraction in human bronchi after 15 hours of
incubation with 0.1 pM fenoterol or Krebs-Henseleit solution for the paired control in presence or in absence of: (4) Wortmaninn
(1 pM); (B) Y27632 (1 pM); (Q) Pioglitazone (1 uM); (D) FH535 (0.3 uM). Open circles, control; Filled circles, 0.1 uM fenoterol; Open square,
control + pretreatment; Filled square, fenoterol + pretreatment. Values are means = SEM. For comparisons, see Tables 1 and 2.

doi:10.1371/journal.pone.0111350.g006

of prolonged fenoterol exposure on the extra- and intracellular
Whnt signaling pathways at the protein expression level.

Author Contributions

Conceived and designed the experiments: CF SGD SBL EN AC PD.
Performed the experiments: CF SGD SBL MB EN. Analyzed the data: CF

References

1.

PLOS ONE | www.plosone.org

Kénigshoft M, Eickelberg O (2010) WN'T signaling in lung disease. A failure or a
regeneration signal? Am J Resp Cell Mol Biol 42: 21-31.

. Baron R, Kneissel M (2013) WNT signaling in bone homeostasis and disease:

from human mutations to treatments. Nat Med 19: 179-192.

. Hahne G, Grossmann TN (2013) Direct targeting of B-catenin: inhibition of

protein-protein interactions for the inactivation of Wnt signaling. Bioorg Med

Chem 21: 4020-4026.

. Baarsma HA, Koénigshoff M, Gosens R (2013) The WNT signaling pathway

from ligand secretion to gene transcription: Molecular mechanisms and
pharmacological targets. Pharmacol Ther 138: 66-83.

. Reis M, Liebner S (2005) Wnt signaling in the vasculature. Exp Cell Res 319:

1317-1323.

. Wang Z, Shu W, Lu MM, Morrisey EE (2005) Wnt7b activates canonical

signaling in epithelial and vascular smooth muscle cells through interactions with
Fzdl, Fzd10, and LRP5. Mol Cell Biol 25: 5022-5030.

SGD SBL MB EN AC PD. Contributed reagents/materials/analysis tools:
CF SGD SBL MB EN AC PD. Wrote the paper: CF SGD SBL MB EN
AC PD.

. Neumann J, Schaale K, Farhat K, Endermann T, Ulmer A]J, et al. (2010) Ehlers

S, Reiling N. Frizzledl is a marker of inflammatory macrophages, and its ligand
Wnt3a is involved in reprogramming Mycobacterium tuberculosis-infected
macrophages. FASEB J 24: 4599-4612.

. MacDonald BT, Tamai K, He X (2009) Wnt/B-catenin signaling: Components,

mechanisms and diseases. Dev Cell 17: 9-26.

. Roth HM, Wadsworth SJ, Kahn M, Knight DA (2012) The airway epithelium

in asthma: Developmental issues that scar the airways for life? Pulm Pharmacol

Ther 25: 420-426.

. Villar J, Cabrera NE, Valladares F, Casula M, Flores C, et al. (2011) Activation

of the Wnt/ B-catenin signaling pathway by mechanical ventilation is associated
with ventilator-induced pulmonary fibrosis in healthy lungs. Plos One 6:¢23914.

. Zhang Y, Goss AM, Cohen ED, Kadzik R, Lepore JL, et al. (2008) A Gata6-

Wnt pathway required for epithelial stem cell development and airway
regeneration. Nat Genet 40: 862-870.

October 2014 | Volume 9 | Issue 10 | €111350



20.

21.

23.

24.

26.

27.

28.

. Faisy C, Pinto FM, Le Guen M, Naline E, Grassin Delyle S, et al. (2011) Airway

response to acute mechanical stress in a human model of stretch. Crit Care
15:R208.

. Chien AJ, Conrad WH, Moon RT (2009) A Wnt survival guide: from flies to

human disease. J Invest Dermatol 129: 1614-1627.

. Levinen B, Wheelock AM, Eklund A, Grunewald J, Nord M (2011) Increased

pulmonary Wnt (wingless/integrated)-signaling in patients with sarcoidosis.

Respir Med 105: 282-291.

. Takahashi-Yanaga F (2013) Activator or inhibitor? GSK-3 as a new drug target.

Biochem Pharmacol 86: 191-199.
Sears MR (2002) Adverse effects of beta-agonists. J Allergy Clin Immunol 110:
322-328.

. Giembycz MA, Newton R (2006) Beyond the dogma: novel beta2-adrenoceptor

signaling in the airways. Eur Respir J 27: 1286-1306.

. Nelson HS, Weiss ST, Bleecker ER, Yancey SW, Dorinsky PM (2006) The

Salmeterol Multicenter Asthma Research Trial: a comparison of usual
pharmacotherapy for asthma or usual pharmacotherapy plus salmeterol. Chest
129:15-26.

. Faisy C, Naline E, Diehl JL, Emonds-Alt X, Chinet T, et al. (2002) In vitro

sensitization of human bronchus by By-adrenergic agonists. Am J Physiol Lung
Cell Mol Physiol 283: 1033-1042.

Faisy C, Naline E, Rouget C, Risse PA, Guerot E, et al. (2004) Nociceptin
inhibits the in vitro fenoterol-induced neurosensitization of human bronchi.
Naunyn-Schmiedeberg’s Arch Pharmacol 370: 167-175.

Faisy C, Pinto F, Danel C, Naline E, Risse PA, et al. (2006) Endothelin-1
receptors expression modulation by Bs-adrenergic agonist in human isolated
bronchi. Am J Respir Cell Mol Biol 34: 410-416.

. TFaisy C, Pinto F, Danel C, Naline E, Buenestado A, et al. (2010) Modulation of

CD8+ T and B-cells chemotaxis by Bo-adrenoceptor agonist in isolated COPD
airways. Pharmacol Res 61: 121-128.

Agrawal DK, Ariyarathna K, Kelbe PW (2004) (S)-Albuterol activates pro-
constrictory and pro-inflammatory pathways in human bronchial smooth muscle
cells. J Allergy Clin Immunol 113: 503-510.

Holden NS, Rider CF, Bell MJ, Velayudhan J, King EM, et al. (2010)
Enhancement of inflammatory mediator release by Bo-adrenoceptor agonists in
airway epithelial cells is reversed by glucocorticoid action. Br J Pharmacol 160:

410-420.

5. Wang HY, Liu T, Malbon CC (2006) Structure-function analysis of frizzleds.

Cell Signal 18: 934-941.

Armstrong DD, Esser KA (2005) Wnt/B-catenin signaling activates growth-
control genes during overload-induced skeletal muscle hypertrophy. Am J Phy-
siol Cell Physiol 289: 853-859.

Gallegos TF, Kouznetsova V, Kudlicka K, Sxeeney DE, Bush KT, et al. (2012)
A protein kinase A and Wnt-dependent network regulating an intermediate
stage in epithelial tubulogenesis during kidney development. Dev Biol 364: 11—
21.

Dun Y, Yang Y, Xiong Z, Feng M, Zhang Y, et al. (2013) Induction of Dickkopf-
1 contributes to the neurotoxicity of MPP* in PC12 cells via inhibition of the
canonical Wnt signaling pathway. Neuropharmacology 67: 168-175.

PLOS ONE | www.plosone.org

10

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

32-Agonist Stimulation and Wnt/B-Catenin Signaling

Shi Q, Luo S, Jia H, Feng H, Lu X, et al. (2013) Wnt/B-catenin signaling may
be involved with the maturation, but not the differentiation, of insulin-producing
cells. Biomed Pharmacother 67: 745-750.

Niwa H (2011) Wnt: What’s needed to maintain pluripotency? Nat Cell Biol
13:1024-1026.

Katoh M, Katoh M (2007) WNT signaling pathway and stem cell signaling
network. Clin Cancer Res 13: 4042-4045.

Majithiya JB, Paramar AN, Balaraman R (2005) Pioglitazone, a PPARY agonist,
restores endothelial function in aorta of streptozotocin-induced diabetic rats.
Cardiovasc Res 66: 150-161.

Blouquit S, Morel H, Hinnrasky J, Naline E, Puchelle E, et al. (2002)
Characterization of ion and fluid transport in human bronchioles. Am J Respir
Cell Mol Biol 27: 503-510.

Grassin-Delyle S, Abrial C, Fayad-Kobeissi S, Brollo M, Faisy C, et al. (2013)
The expression and relaxant effect of bitter taste receptors in human bronchi.
Respiratory Research 14:134.

. Verkaar F, Van Rosmalen JW, Smits JF, Blankesteijn WM, Zaman GJ (2009)

Stably overexpressed human frizzled-2 signals through the B-catenin pathway
and does not activate Cay ™~ mobilization in human embryonic kidney 293 cells.
Cell Signal 21:22-33.

Cohen J (1992) A power primer. Psychol Bull 112: 155-159.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2~ **CT method. Methods 25: 402—408.
Rajagopal S, Rajagopal K, Lefkowitz RJ (2010) Teaching old receptors new
tricks: biasing seven-transmembrane receptors. Nat Rev Drug Discov 9: 373—
386.

Reiter E, Ahn S, Shukla AK, Lefkowitz RJ (2012) Molecular mechanism of -
arrestin-biased agonism at seven-transmembrane receptors. Annu Rev Pharma-
col Toxicol 52: 179-197.

Urban JD, Clarke WP, Von Zastrow M, Nichols DE, Kobilka B, et al. (2007)
Functional selectivity and classical concept of quantitative pharmacology.
J Pharmacol Exp Ther 320: 1-13.

Halleskog C, Schulte G (2013) Pertussis toxin-sensitive heterotrimeric Gy;/q
proteins mediate Wnt/B-catenin and WNT/ERKI1/2 signaling in mouse
primary microglia stimulated with purified WNT-3A. Cell Signal 25: 822-828.
Saini S, Majid S, Dahiya R (2011) The complex roles of Wnt antagonists in
RCC. Nat Rev Urol 8: 690-699.

Almeida MQ), Stratakis CA (2011) How does cAMP/protein kinase A signaling
lead to tumors in the adrenal cortex and other tissues? Mol Cell Endocrinol
336:162-168.

Panza A, Pazienza V, Ripoli M, Benegiamo G, Gentile A, et al. (2013) Interplay
between SOX9, B-catenin and PPARY activation in colorectal cancer. Biochim
Biophys Acta 1833:1853-1865.

. Kim GH, Park EC, Lee H, Na HJ, Choi SC, et al. (2013) B-Arrestin 1 mediates

non-canonical Wnt pathway to regulate convergent extension movements.
Biochem Biophys Res Comm 435: 182-187.

Lu D, Carson DA (2010) Repression of B-catenin signaling by PPARY ligands.
Eur J Pharmacol 636: 198-202.

Spina D (1998) Epithelium smooth muscle regulation and interactions.

Am J Respir Crit Care Med 158: S141-S145.

October 2014 | Volume 9 | Issue 10 | €111350



