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ABSTRACT 36 

Background: The molecular mechanisms responsible for airway smooth muscle cells 37 

(aSMC) contraction and proliferation in airway hyperresponsiveness (AHR) associated with 38 

asthma are still largely unknown. The small GTPases of the Rho family (RhoA, Rac1 and 39 

Cdc42) play a central role in SMC functions including migration, proliferation and 40 

contraction.  41 

Objective: The objective of this study is to identify the role of Rac1 in aSMC contraction and 42 

to investigate its involvement in AHR associated with allergic asthma. 43 

Methods: To define the role of Rac1 in aSMC, ex- and in vitro analyses of bronchial 44 

reactivity were performed on bronchi from smooth muscle (SM)-specific Rac1 knockout mice 45 

(SM-Rac1-KO) and human individuals. In addition, this murine model was exposed to 46 

allergens (ovalbumin or house dust mite extract) to decipher in vivo the implication of Rac1 in 47 

AHR.  48 

Results: The specific SMC deletion or pharmacological inhibition of Rac1 in mice prevented 49 

the bronchoconstrictor response to methacholine. In human bronchi a similar role of Rac1 was 50 

observed during bronchoconstriction. We further demonstrated that Rac1 activation is 51 

responsible for bronchoconstrictor-induced increase in intracellular Ca2+ concentration and 52 

contraction both in murine and human bronchial aSMC, through its association with 53 

phospholipase C β2 and the stimulation of inositol 1,4,5-trisphosphate production. In vivo, 54 

Rac1 deletion in SMC or pharmacological Rac1 inhibition by nebulization of NSC23766 55 

prevented AHR in murine models of allergic asthma. Moreover, nebulization of NSC23766 56 

decreased eosinophil and neutrophil populations in bronchoalveolar lavages from asthmatic 57 

mice. 58 

Conclusion: Our data reveal an unexpected and essential role of Rac1 in the regulation of 59 

intracellular Ca2+ and contraction of aSMC, and the development of AHR. Rac1 thus appears 60 
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as an attractive therapeutic target in asthma, with a combined beneficial action on both 61 

bronchoconstriction and pulmonary inflammation.  62 

 63 

“Capsule summary” 64 

In this study, we unveiled an essential role of the protein Rac1 to initiate human and murine 65 

contraction of airway smooth muscle cells, and the development of airway 66 

hyperresponsiveness (AHR). 67 

“Clinical Implications statements” 68 

The nebulisation of Rac inhibitor prevents AHR in murine models of allergic asthma, with the 69 

additional advantage to also decrease pulmonary inflammation. Rac1 thus appears as a new 70 

attractive therapeutic target in asthma. 71 

 72 

 73 

Key words: Rac1, airway smooth muscle, asthma, airway hyperresponsiveness, calcium, 74 

PLC, pulmonary inflammation.  75 

 76 

Abbreviations/Acronyms : 77 

AHR: airway hyperresponsiveness  78 

aSMC: airway smooth muscle cells  79 

CCh : carbachol  80 

Der f : house dust mite extract-Dermatophagoides farinae  81 

IP3 : inositol 1,4,5-trisphosphate  82 

OVA: ovalbumine  83 
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Pak1 : p21-activated kinase 1  84 

PLCß2: phospholipase C β2 85 

SM-Rac1-KO : smooth muscle cell-specific Rac1 knockout mice   86 
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INTRODUCTION  87 

Allergic asthma is a major public health problem characterized by inflammation and chronic 88 

bronchial obstruction associated with airflow alteration (1, 2). The major cause of morbidity 89 

and mortality from the disease is airway obstruction, that depends on both tissue remodeling 90 

(3, 4) and airways hyperresponsiveness (AHR) (5-7) due to excessive contraction of airway 91 

smooth muscle cell (aSMC) of the bronchial wall and inflammation (8). Indeed, AHR results 92 

from a complex crosstalk between immune and bronchial wall cells, driven by a network of 93 

cytokines, growth factors and bronchoconstrictors. The degree of AHR correlates with asthma 94 

severity and the need for therapy. Current treatments consist in inhaled combination of long 95 

acting beta-adrenergic receptor agonist for bronchodilation and anti-inflammatory 96 

corticosteroids. However, 5-10% of patients with severe asthma are refractory to these 97 

available medications and remain at high risk of serious morbidity and life-threatening asthma 98 

attacks (9).  99 

As intracellular signalling molecules activated by extracellular stimuli, small GTPases of the 100 

Rho family (RhoA, Rac1 and Cdc42) act as molecular switches that regulate signalling 101 

cascades controlling SMC functions (10). Increasing evidence implicates the Rho protein 102 

Rac1 in the regulation of vascular SMC contraction (11, 12), and genetic deletion of Rac1 103 

regulator (13) or effector (14) has been shown to modulate AHR in experimental allergic 104 

models. Furthermore, Rac1 has been identified last year as a potential link between 105 

pulmonary inflammation and bronchoconstriction (15).  106 

Thus, we hypothesized that SM Rac1 could play an essential role in bronchoconstriction and 107 

during AHR associated with allergic asthma. To elucidate Rac1 functions in aSMC, we used a 108 

mouse model of SMC specific Rac1 deletion at adult stage (11). Notably, we observed that 109 

bronchi from these mice failed to develop contraction. We further demonstrate, in human and 110 

murine aSMC, that Rac1 is activated by bronchoconstrictor and plays a major role in the rise 111 
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in intracellular Ca2+ concentration through the control of PLC activity. In addition, we 112 

observed that inhibition of Rac1 activity prevents AHR-induced allergic asthma in mice, 113 

suggesting that Rac1 inhibition is a new therapeutic strategy against asthma. 114 

 115 

 116 
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METHODS 137 

Mice. All experimental procedures and animal care were performed in accordance with the 138 

Regional Ethical Committee for Animal Experiments of the Pays de la Loire. C57Bl/6 139 

Rac1lox/lox and SMMHC-Rac1lox/lox mice were obtained as previously described (11). Rac1 140 

deletion in smooth muscle cells was induced in 8-week-old SMMHC-Rac1lox/lox males by 141 

intraperitoneal injection of tamoxifen (1 mg/day in sun-flower oil) for 5 consecutive days 142 

during two weeks. Tamoxifen-treated Rac1lox/lox mice were used as control. Analyses were 143 

performed 1 month after tamoxifen treatment.  144 

To validate Rac1 deletion in airways smooth muscle cells, DNA Rac1 status was analysed in 145 

trachea and liver by amplification of the wild type, floxed and deleted Rac1 alleles using three 146 

primers simultaneously: Reverse: 5'-TCCAATCTGTGCTGCCCATC-3'; Forward1: 5'-147 

CAGAGCTCGAATCCAGAAACTAGTA-3’; and Forward2 5'-148 

GATGCTTCTAGGGGTGAGCC-3'. All three primers were included in a single PCR and 149 

yielded PCR products of 115 bp (wild type), 140 bp (Rac1 deleted), and 242 bp (Rac1 150 

floxed). Detection of Rac1 mRNA was performed in tracheal and bronchial sections by in situ 151 

hybridization as described previously(11), using IHC of SM22a to detect SMC. 152 

Human airways. Human bronchi were obtained from donor tissues. Tissues were collected in 153 

physiologic saline solution and used for primary airway SMC culture or airways reactivity ex 154 

vivo.  155 

Cell culture. Primary airway SMC (aSMC) were isolated from primary bronchi of the 156 

indicated mouse strain or from human biopsies. Tissues were cleaned manually and the 157 

muscular layer was further digested 1h with collagenase II (1 mg/mL, Worthington) at 37°C 158 

under agitation. Cells grew up in DMEM (Gibco; Invitrogen) containing 10% foetal bovine 159 

serum, 100 units/mL penicillin and 100 µg/mL streptomycin at 37 °C and 5% CO2. The 160 

culture medium was changed every 72 hours. All experiments were performed between 161 
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passages 1 and 2. Primary vascular smooth muscle cells (vSMC) were isolated and cultured as 162 

described previously (16). 163 

Immunoblotting. Tissues or primary SMC in culture were incubated on ice with lysis buffer 164 

supplemented with proteases and phosphatases inhibitors cocktails (Sigma) and 165 

sodium orthovanadate. Lysates were subjected to SDS-PAGE, transferred to nitrocellulose 166 

membranes and incubated with specifics antibodies. Rac1 antibody (610651) was from BD 167 

biosciences. PLCβ2 (129889) was from Abcam. MYPT1 (2634), p-MLC2 (3671), MLC2 168 

(3672), p-Pak (2605), Pak1 (2602) antibodies were from Cell Signaling Technology. p-MYPT 169 

(sc17556) antibody was from Santa Cruz Biotechnology and tubulin from Beckman Coulter. 170 

Immune complexes were detected with appropriate secondary antibodies and enhanced 171 

chemiluminescence reagent (Clarity ECL BioRad). Protein band intensities were quantified 172 

using ImageJ Software (NIH software). Co-immunoprecipitation of PLCβ2 with Rac1 was 173 

carried out using anti-Rac1 or anti-PLCβ2 antibodies (1µg) incubated with Protein A 174 

magnetic beads 1h at 4°C according to the supplier’s specifications (µMacs Protein A/G 175 

Microbeads MultiMACS Protein A/G Kit, Miltenyi Biotec).  176 

Analysis of Rac1 activity. In human or murine aSMC lysates, Rac1 activity was evaluated by 177 

active Rac immunoprecipitation using anti-Rac-GTP antibody (26903, NewEast Biosciences). 178 

The precipitated active Rac was subjected to SDS-PAGE and detected by immunoblot with 179 

anti-Rac1 antibody (BD biosciences). In pulmonary paraffin-embedded sections, Rac-GTP 180 

levels were detected by immunofluorescence. Sections were deparaffinized and permeabilized 181 

(PBS+0,1% Triton-X100) before incubation with anti-Rac-GTP antibody (1/500) overnight at 182 

4°C. After three washes in PBS, sections were incubated 1h at room temperature with the 183 

secondary Alexa568-labeled anti-mouse antibody (1/1000).  184 

Intracellular calcium measurements. Murine and human aSMC were seeded at 2.104 185 

cells/well in 8-chamber borosilicate coverglass (Lab-Tek).  Rac1lox/lox cells were treated or not 186 
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with 4-hydroxy-tamoxifen (1 µM, 48 h) to induce Rac1 deletion in SM-Cre positive cells 187 

(SMC-Rac1-KO). FluoForte probes were loaded using FluoForte calcium assay kit (Enzo Life 188 

Science) according to the supplier’s specifications. When indicated, Rac1 inhibitor 189 

NSC23766 (10 µM), IP3 receptor antagonist 2-ABP (10 µM) and PLC inhibitor U73122 (10 190 

µM) were added 1 h before loading probes. After basal fluorescence recording, cells were 191 

stimulated with carbachol (30 µM). The fluorescence was recorded using Metamorph 192 

software and quantified with ImageJ Software (NIH software). 193 

IP3 assay. Murine and human aSMC were used to measure IP3 content after indicated 194 

treatments according to manufacturer’s protocol (HitHunter® IP3 Fluorescence Polarization 195 

Assay, DiscoverX). 196 

Airways reactivity ex vivo. Murine and human primary bronchi or murine trachea were 197 

cleaned, cut in rings and mounted on a multichannel isometric myograph in Krebs-Henseleit 198 

physiological solution (118.4 mM NaCl, 4.7 mM KCl, 2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM 199 

KH2PO4, 25 mM NaHCO3 and 11 mM glucose) at 37°C under oxygen. A pre-tension of 0.5 200 

mN was applied. We constructed dose-response curves to methacholine (Sigma). When 201 

indicated, rings were pre-incubated 1h before contraction with PLC inhibitor U73122 202 

(Tocris), IP3R inhibitor 2-ABP (Tocris) or PAK inhibitor IPA3 (Tocris) at 10 µM. To inhibit 203 

Rac activity  ex vivo, we observed that NSC23766 should be incubated 12h with bronchial 204 

rings. In contrast, the Rac inhibitor EHT1864 (Sigma) induced an efficient activity at 10-5M 205 

after 1h of incubation (Supplementary Fig. 2A). Thus, to limit incubation time, EHT1864 206 

(Sigma) was selected to analyze airways reactivity ex vivo. The wire myograph was connected 207 

to a digital data recorder (MacLab/4e, AD Instruments) and recordings were analyzed using 208 

LabChart v7 software (AD Instruments). 209 

Airways responsiveness measurement in vivo. Airway responsiveness was assessed in 210 

conscious, unrestrained mice using a barometric, whole-body plethysmography (EMKA 211 
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Technologies) by recording respiratory pressure curves in response to inhaled methacholine 212 

(Sigma) at concentrations of 0–40 mg/ml for 1 min. Airway responsiveness was expressed in 213 

enhanced pause (Penh) units. The Penh values measured after stimulation were averaged and 214 

expressed as the fold-increase over baseline values. Alternatively, dynamic airway resistance 215 

was measured using an invasive FlexiVent apparatus (SCIREQ). In these analyses, mice 216 

were anesthetized (ketamine/xylazine), paralyzed (rocuronium bromide), tracheotomised and 217 

mechanically ventilated (150 breaths/min). Increasing concentrations of methacholine were 218 

administered via a nebulizer aerosol system (Aeroneb, Aerogen). When required, the Rac 219 

inhibitor NSC23766 (Tocris) and salbutamol were nebulised (300 µl at 5 mM) 10 min before 220 

methacholine challenge. 221 

Respiratory parameters. Mice were placed in physiocages (Bioseb) to measure gas exchanges 222 

during 24h after a two-day acclimatizing period. The recording room was maintained with a 223 

12-hour-light/12-hour-dark cycle. 224 

Allergic asthma models. Allergic asthma was induced in mice using a total house dust mite 225 

extract (Dermatophagoides Farinae, Der f, from Stallergenes) as described previously(15). 226 

Briefly, mice were sensitized on days D0, D7, D14 and D21 by skin application of 500 µg 227 

Der f in 20 µL of dimethylsulfoxyde (DMSO, Sigma) onto the ears. Control mice were 228 

sensitized with DMSO. Intranasal challenges were performed with 250 µg of Der f in 40 µL 229 

of sterile PBS on D27 and D34. When indicated, allergic asthma was induced using 230 

ovalbumin (OVA) model. 10 µg OVA (A5503, Sigma) was administrated by intraperitoneal 231 

injections in alum vehicle (77161, Thermo scientific) on days D0, D14 and D21. Mice were 232 

then challenged through intranasal route with aerosolized OVA (50 µg in PBS) on D27, D28 233 

and D29. Control mice were sensitized with PBS/alum. When indicated, allergic asthma mice 234 

were treated by repeated inhalations of NSC23766 or salbutamol (5 mM in PBS) before each 235 
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challenge and methacholine nebulization. All mice were sacrificed on 24h after last intranasal 236 

challenge for analysis. 237 

Bronchoalveolar lavage fluid analysis. Mice were tracheotomised and 1 ml of sterile PBS 238 

was administrated intratracheally through a catheter. Cells and supernatants from recovered 239 

fluid were separated by centrifugation. Total cell number was count on Kova slides by optical 240 

microscopy. Identification of immune cells subpopulations were performed by flow 241 

cytometry analysis (15). Acquisition was performed on LSR II (BD Bioscience) and analyzed 242 

with FlowJo software. 243 

Histology. Paraformaldehyde (4% in PBS, 1 mL) was administered intratracheally in the 244 

lungs through a flexible catheter, trachea was ligatured and lungs excised. Lungs were fixed 245 

in 4% paraformaldehyde for 48h and embedded into paraffin. 6 µm sections were stained with 246 

periodic acid-Schiff or hematoxylin/eosin for morphological studies. Histological grade was 247 

determined to assess inflammation and pulmonary remodelling (15). 248 

Statistics. All data are expressed as the mean ± SEM of sample size n. For multiple 249 

comparisons, the non-parametric Kruskal-Wallis test was used followed by Dunns’ post-test. 250 

For individual comparisons, statistical analysis was performed using non-parametric t-test 251 

(Mann-Whitney). Data analysis was performed using the GraphPad Prism software. The 252 

threshold for statistical significance was set at P< 0.05. 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 
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 261 

 262 

RESULTS 263 

Inhibition of Rac1 expression or activity prevents bronchoconstriction in human and 264 

mice airways. 265 

To elucidate the specific functions of Rac1 in SMC, we generated tamoxifen-inducible and 266 

SMC-specific Rac1 knockout mice (SM-Rac1-KO) (11). In situ hybridization and western-267 

blot analysis confirmed the loss of Rac1 mRNA and protein expression in aSMC, which did 268 

not affect normal respiratory function under basal condition (Supplementary Fig.1). We first 269 

studied the functional impact of Rac1 deletion in aSMC by measuring the contractile response 270 

of bronchial rings from control (Rac1lox/lox) and SMC-Rac1-KO mice. The maximal 271 

contraction induced by the muscarinic receptor agonist methacholine was reduced by ~50% in 272 

bronchial rings from SM-Rac1-KO mice compared to Rac1lox/lox mice (Fig.1A). This 273 

inhibitory effect of SMC Rac1 deletion on methacholine-induced bronchoconstriction was 274 

mimicked by the pharmacological Rac inhibitors (EHT1864 and NSC23766) in bronchial 275 

rings from control mice and humans (Fig. 1A and Supplementary Fig. 2A). Similarly, the 276 

bronchoconstriction induced by serotonin was reduced by ~70% in murine bronchial rings 277 

incubated with EHT1864 (Supplementary Fig. 2B). 278 

To confirm in vivo the role of Rac1 in bronchoconstriction, we next measured the pulmonary 279 

resistance in control and SMC-Rac1-KO mice. Although the baseline resistance was similar 280 

in the two groups, aerosolized methacholine-induced increase in pulmonary resistance was 281 

significantly smaller in SMC-Rac1-KO mice than in control mice (Fig.1B). Consistent with 282 

this result, inhalation of the Rac inhibitor NSC23766 in control mice decreased methacholine-283 

induced bronchoconstriction with an efficacy similar to salbutamol, a reference 284 

bronchodilator used by asthmatic patients (Fig.1B). In contrast, inhalation of NSC23766 in 285 
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SMC-Rac1-KO mice had no effect on methacholine-induced bronchoconstriction (data not 286 

shown), demonstrating the specific inhibition of NSC23766 on Rac activity. These results 287 

suggest that Rac1 plays a major role in aSMC contraction in vivo. 288 

 289 

Bronchoconstrictors stimulate Rac1/PLCß2 association to modulate intracellular Ca2+ 290 

concentration in aSMC. We next sought to identify the mechanism by which Rac1 291 

controlled aSMC contraction by first analysing the activity of Rac1 and its main effector, p21-292 

activated kinase 1 (Pak1). Stimulation of murine and human aSMC with the muscarinic 293 

cholinergic receptor agonist carbachol (CCh) increased Rac1 and Pak1 activity (Fig. 1C). 294 

NSC23766 treatment prevented Pak1 activation, indicating that muscarinic receptor 295 

stimulation turns on Rac1 and its downstream effector Pak1 in aSMC. The Pak inhibitor IPA3 296 

had no significant effect on muscarinic receptor stimulation-induced contraction of mouse 297 

bronchial rings and only a weak inhibitory effect on tracheal rings (Fig.1D), as previously 298 

described (14). However, both bronchial and tracheal contractions were similarly reduced by 299 

pharmacological Rac1 inhibition (Fig. 1D), suggesting that the effect of Rac1 in 300 

bronchoconstriction is independent of Pak1.  301 

We next examined the status of two essential signalling pathways involved in SMC 302 

contraction: Ca2+-sensitization and Ca2+ signalling pathways (10). Stimulation of murine and 303 

human aSMC by CCh, in the absence or in the presence of Rac1 inhibitor, did not 304 

significantly affect the level of phosphorylated myosin phosphatase target subunit (MYPT), 305 

suggesting that the activity of the myosin light chain phosphatase was not modified and the 306 

Ca2+-sensitization pathway not activated (Fig. 1C). In contrast, the CCh-induced rise in 307 

intracellular Ca2+ in control murine and human aSMC was abolished by Rac1 deletion or 308 

inhibition (Fig. 2A), suggesting that Rac1 regulates bronchial contraction by controlling 309 

intracellular Ca2+ signalling.  310 
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Activation of phospholipase C (PLC) β, production of inositol 1,4,5-trisphosphate (IP3) and 311 

opening of IP3 receptor-Ca2+ release channels of the sarcoplasmic reticulum are the main 312 

mechanisms activated by G-protein-coupled receptor agonists to induce cytosolic Ca2+ 313 

increase in SMC (17). To understand how Rac1 regulates intracellular Ca2+, we thus used 314 

inhibitors of PLC (U73122) and IP3 receptor (2-ABP). Both U73122 and 2-ABP prevented 315 

muscarinic receptor activation-induced intracellular Ca2+ rise in aSMC and constriction of 316 

bronchial rings from control mice, but had no effect in aSMC and bronchial rings from SMC-317 

Rac1-KO mice (Fig. 2B and Supplementary Fig. 2B). Consistent with this observation, we 318 

found that CCh promoted production of IP3 in murine and human aSMC that was abolished 319 

by the PLC inhibition (U73122), and in a similar extend, by the Rac inhibitor NSC23766 320 

(Fig. 2C). Interestingly, we observed that 5HT-dependent bronchoconstriction is also 321 

sensitive to inhibitors of PLC (U73122) and IP3 receptor (2-ABP) (Supp. Fig. 2C). These 322 

results unveil a key role of Rac1 activity on the PLC/IP3 signalling coupling 323 

bronchoconstrictor receptor to cytosolic Ca2+ rise in aSMC and contraction.   324 

In recombinant systems and in vitro assays, active Rac1, 2 and 3 have been shown to interact 325 

with PLCβ2 isoform (18-20). While PLCβ2 expression was weak in murine vascular SMC, 326 

aSMC highly expressed the PLCβ2 isoform and CCh stimulation increased its association 327 

with Rac1 (Fig. 2D, E). This effect was blocked by NSC23766 suggesting that Rac1-PLCβ2 328 

association required Rac1 activation (Fig. 2E). To confirm these results, we transiently 329 

expressed wild type Rac1 (Rac1WT), a constitutively active (Rac1V12) or a negative (Rac1N17) 330 

Rac1 mutant in 3T3 cells and assessed their interaction with PLCβ2 (Figure 2F). The amount 331 

of Rac1WT  immunoprecipitated with PLCβ2 was increased by CCh stimulation. The Rac1V12 332 

mutant was constitutively associated with PLCβ2 and CCh did not increase this association. 333 

By contrast, there was no interaction between PLCβ2 and Rac1N17 both in the absence or 334 

presence of CCh. These results demonstrate for the first time the association of endogenous 335 
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PLCβ2 with active Rac1 and its critical role in inducing IP3 production, cytosolic Ca2+ rise 336 

and aSMC contraction in response to bronchoconstrictor. 337 

Inhibition of Rac1 expression or activity protects from airway hyper-responsiveness. 338 

We thus hypothesized that Rac1 could be causally involved in the excessive pathological 339 

bronchoconstriction associated with asthma. To assess this hypothesis, we first measured 340 

airway Rac1 activity in a mouse model of human allergic asthma, induced by percutaneous 341 

sensitization and intranasal challenge with house dust mite extract-Dermatophagoides farinae 342 

(Der f) (15). Exposure to Der f resulted in an increase in Rac1 activity in bronchi and 343 

peribronchial inflammatory cells that was inhibited by repeated NSC23766 nebulizations (Fig. 344 

3A). Der f sensitization induced AHR that was prevented by acute NSC23766 nebulization 345 

(Fig. 3B) and SMC Rac1 deletion (Fig. 3C), suggesting a role of Rac1 activation in AHR. Ex 346 

vivo measurements of tension response to methacholine demonstrated the increased 347 

contraction of bronchial rings from Der f sensitized-mice compared to naive animals, and the 348 

inhibitory action of the Rac inhibitor EHT1864 confirmed that allergic asthma-associated 349 

excessive bronchoconstriction and AHR is dependent on Rac1 activity (Fig. 3D). 350 

 351 

Rac inhibitor inhalation prevents pulmonary inflammation in murine allergic asthma 352 

models. 353 

Histological analysis of lung sections showed that Der f-induced AHR was associated with 354 

massive mucus production and strong cellular infiltration of the airways that were similar in 355 

control and SMC-Rac1-KO mice (Fig. 4). These results indicate that aSMC Rac1 is not 356 

involved in lung inflammation associated to allergic asthma. However, we observed that 357 

repeated NSC23766 inhalations not only prevented AHR, but also reduced inflammatory cell 358 

infiltration and airway remodelling in Der f-sensitized mice (Fig. 5). Rac inhibition in Der f-359 

sensitized mice decreased eosinophil and neutrophil influx in bronchoalveolar lavage (Fig. 360 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
André et al. 

 

17 

17 

5C). We observed the similar combined bronchodilator and anti-inflammatory effect of 361 

repeated NSC23766 treatment in ovalbumine (OVA)-induced asthmatic mice (Sup Fig. 3). 362 

The beneficial effect of NSC23766 on OVA-induced AHR was similar to that obtained with 363 

the reference bronchodilator salbutamol (Supplementary Fig. 3A) which had no action on 364 

inflammation (Supplementary Fig. 3D).  365 

 366 
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 386 

 387 

DISCUSSION 388 

Taken together, our results greatly extend our understanding on the role of Rac1 in the control 389 

of murine and human aSMC contraction and have direct translational implications in asthma 390 

treatment. Our data establish that Rac1, acting through PLCβ2, links bronchoconstrictor G-391 

protein coupled receptors to intracellular Ca2+ signaling and contraction. By a screen of 17 392 

members of the Rho protein family in recombinant systems in COS-7 cells, only the active 393 

forms of Rac (Rac1, Rac2, and Rac3) have been identified to be able to bind PLCβ2 and 394 

stimulate PLCβ activity, thus defining PLCβ2 as a Rac1 effector (19). This direct interaction 395 

between active GTP-bound Rac1 and PLCβ2 has been confirmed by the description of the 396 

crystal structure of the complex, demonstrating that Rac1 engages the pleckstrin-homology 397 

(PH) domain of PLCβ2 to optimize its orientation for substrate membranes (20). However, 398 

until now, the existence of such interaction of native proteins in endogenous systems and its 399 

role in the regulation of biological/physiological/pathophysiological processes have never 400 

been described. Here, we demonstrate that stimulation of murine and human muscarinic 401 

cholinergic receptor in aSMC increased Rac1 activity and promoted its association with 402 

PLCβ2. Activation of Rac1 leads to its translocation from the cytosol to the plasma membrane 403 

(21). Interestingly, a direct interaction between muscarinic receptor and PLCß leading to a 404 

close spatial proximity to both its substrate, PIP2, and its activator, Gαq, has been recently 405 

described in CHO cells (22). This observation thus suggests that muscarinic receptor 406 

stimulation induces Rac1 activation and its translocation at the plasma membrane promoting 407 

Rac1/PLCβ2 interaction. Our results further show that this protein interaction is necessary to 408 

potentiate IP3 production, and consequently intracellular Ca2+ rise and contraction in murine 409 

and human aSMC smooth muscle cell. 410 
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Studies focused on the role of Rac1 in SMC contraction by the use of pharmacological tools 411 

and genetic mouse models have produced conflicting data, reporting relaxing and contracting 412 

effects of Rac1 activity. Rahman et al. observed that pharmacological inhibition of Rac1 413 

reduced or potentiated the contraction in different visceral SM tissues (urinary bladder and 414 

ileum) and arteries, depending on the contracting agonist used (23). For example, Rac 415 

inhibition by NSC23766 in mouse saphenous artery had no effect on KCl-induced 416 

contraction, decreased the contractile response to phenylephrine and potentiated the 417 

contraction induced by thromboxan A2 receptor stimulation (23). However, the specific 418 

depletion of Rac1 expression in vascular SMC demonstrates that the activation of Rac1 419 

promotes vasorelaxation by positively regulating cyclic GMP-dependent signalling (11, 12). 420 

Inconsistent observations have also been reported in airway SMC since relaxing properties 421 

have been ascribed to Rac1 activity in guinea pig trachea (24), while activation of Pak1, the 422 

main effector of Rac1, has been associated with contraction of murine tracheal segments and 423 

human bronchial rings (14). These results suggest that the regulation of Rac1 activity by 424 

contracting agonists, its downstream target effectors, and consequently its functions in the 425 

regulation of SMC contraction, could be different according to SMC type and/or species. 426 

Different pattern of expression of intracellular signalling molecules in different SMC might 427 

support, at least in part, the inconsistent role of Rac1 in the regulation of SMC contraction. 428 

The essential role of PLCβ 2 unveiled by our study fits with this hypothesis. We 429 

demonstrated that the connection between Rac1 and the PLCβ2/Ca2+ signaling is responsible 430 

for the role of Rac1 in human and murine bronchial smooth muscle contraction. Accordingly, 431 

this new signaling pathway is expected to be essential particularly in SMC that strongly 432 

express the PLCβ2 isoform, as in human aSMC.  433 

In addition to its role in aSMC contraction, we demonstrate that Rac1 is activated in airways 434 

from murine model of asthma. Deletion of the Rac1 gene in SM or pharmacological Rac1 435 
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inhibition prevented AHR, highlighting the potential of targeting Rac1 in asthma in humans. 436 

We observe that Rac inhibitors decreased basal pulmonary function (Fig. 1B) and airway 437 

contractility (Fig. 3D) but do not affect airway resistance (Fig. 3B). This apparent discrepancy 438 

is probably due to the experimental procedure. Indeed, the analysis of respiratory function 439 

was performed in conscious mice, while mice were anesthetized, paralyzed, tracheotomied 440 

and mechanically ventilated to evaluate airway resistance. All these procedures could alter 441 

airway reactivity and mask NSC23766 and EHT1864 effects. 442 

Long-acting muscarinic antagonists (LAMAs) have been shown to produce beneficial 443 

effects on airway tone, smooth muscle contraction, mucus secretion, and vasodilation (25, 444 

26), and on patients with symptomatic asthma (27-29). As we found that muscarinic receptor 445 

stimulation induced Rac1 activation, these positive actions of LAMAs could result at, least in 446 

part, from a reduced Rac1 activation and Rac1-mediated effects. However, despite the 447 

availability of therapies combining inhaled corticosteroids to reduce inflammation and long-448 

acting β2-receptor agonist or LAMAs to limit AHR, asthma control remains suboptimal for 449 

many patients that are resistant to these treatments (30). Interestingly, inhalation of Rac 450 

inhibitors not only prevented AHR by inhibiting SMC Rac1, but also decreased pulmonary 451 

inflammation, probably by blocking Rac activity in immune/inflammatory cells. In fact, 452 

activation of Rac in leukocytes has been described to be involved in respiratory inflammation 453 

(13, 15, 31), and it is well-established that allergic asthma-associated airway inflammation is 454 

involved in AHR (15, 32).  455 

Rac has also been reported to control epithelial barrier function and, although specific 456 

deletion of Rac1 in the epithelial cells did not affect the integrity of the airway epithelium in 457 

vivo in basal condition, it exacerbated inflammation and augmented Th2 cytokines in asthma 458 

models induced by house dust mite extract or ovalbumin as allergens (33). This effect has 459 

been ascribed to defective clearance of apoptotic cells by Rac1-deficient epithelial cells. One 460 
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would thus expect that Rac inhibitors, which inhibit Rac1 in all cell types, including bronchial 461 

epithelial cells, would also produce an aggravation of allergic inflammation. In fact, we did 462 

not observe such increase in allergic airway inflammation after treatment of allergic mice 463 

with pharmacological Rac1 inhibitors, which by contrast, reduced lung inflammation. 464 

However, our result is in agreement with a protective role of Rac inhibitors already described 465 

in pulmonary inflammation and asthma (13, 34). 466 

In summary, our results in mice and human tissues reveal a new and fundamental role 467 

of Rac1 to promote aSMC contraction and AHR. Rac1 inhibition simultaneously prevents 468 

both AHR and pulmonary inflammation offering the opportunity to aggregate in a single 469 

molecule the desired anti-inflammatory and bronchodilatory actions of anti-asthma therapy. 470 

The development of Rac inhibitors could thus pen up a new avenue for the treatment of 471 

pulmonary pathologies characterized by AHR and inflammation. 472 
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FIGURE LEGENDS 473 

Figure 1: Rac1 controls human and murine aSMC contraction. (A) Contractile responses 474 

to methacholine in bronchi from control (Rac1lox/lox), SMC-Rac1-KO mice (n=5-7) and 475 

humans (n=5). When indicated, human and murine bronchial rings were pre-treated with 476 

Rac1 inhibitor (EHT1864) before methacholine stimulation (n=5-7). (B) Analysis of airways 477 

reactivity to methacholine by a non-invasive plethysmography approach in Rac1lox/lox and 478 

SMC-Rac1-KO mice (n=12) (left panel). Control mice were treated or not with NSC23766 or 479 

salbutamol (n=10) (right panel). A.U, arbitrary units. (C) Immunoblot analysis and 480 

quantification of Rac-GTP, Pak and MYPT expression and phosphorylation at different time 481 

of carbachol (CCh) stimulation in murine aSMC (upper panel) and after 5 min of CCh 482 

stimulation in human aSMC pre-incubated or not with NSC23766 for 1 h (lower panel). 483 

Corresponding quantifications are displayed on the right of the blots (n=3). (D) Contractile 484 

responses to methacholine in bronchi (upper panel) and trachea (lower panel) from Rac1lox/lox 485 

mice (n=6-8). When indicated, rings were pre-treated with the Pak1 inhibitor IPA3 or the Rac 486 

inhibitor EHT1864. Data are expressed as mean ± SEM. *P<0.05 and **P<0.01 versus 487 

control, $P<0.05 vs CCh.  488 

 489 

Figure 2: Rac1 interacts with PLCβ2 to modulate IP3 production and intracellular Ca2+ 490 

concentration in aSMC. Representative images and quantification of intracellular Ca2+ level 491 

in aSMC- Rac1lox/lox, aSMC-Rac1-KO and human aSMC loaded with the calcium probe 492 

FluoForte (scale bar: 50 µm). Cells were pre-incubated for 1 h with NSC23766 (A), U73122 493 

or 2-ABP (B). For each condition, pick of calcium was quantified at least in 25 cells (n=3-5 494 

independent experiments). (C) Measurement of CCh-induced IP3 production in murine (left 495 

panel) and human (right panel) aSMC pre-treated or not with Rac or PLC inhibitors (n=6). 496 

(D) Western blot analysis of PLCβ2 expression in human aSMC (HaSMC), vascular (vSMC) 497 
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and aSMC from control or SMC-Rac1-KO mice. (E) Co-immunoprecipitation of endogenous 498 

PLCβ2 with Rac1 in mouse aSMC under resting condition or stimulated with CCh in the 499 

absence or presence of NSC23766 (n=3). (F) Co-immunoprecipitation of endogenous PLCβ2 500 

with the indicated Rac1 mutants expressed in 3T3 cells stimulated or not with CCh (n=3). 501 

TCL, total cell lysate. IP, immunoprecipitate. Data are expressed as mean ± SEM, *P<0.05, 502 

** P<0.01 and ***P<0.001 versus control; $P<0.05 and $$P<0.01 versus CCh-treated cells. 503 

 504 

Figure 3: Airway hyperresponsiveness is dependent of Rac1 activity in murine allergic 505 

asthma model. (A) Representative images of Rac1-GTP immunofluorescence in lung 506 

sections from naive (DP) and Der f-sensitized (Der f) mice treated with NSC23766 or vehicle 507 

(NaCl) nebulization (n = 5-7). Nuclei were detected by DAPI staining. Scale bar, 100 µm. (B) 508 

Analysis of airway reactivity to methacholine challenges by invasive methods (FlexiVENT) 509 

in naive (DP) and Der f-challenged mice (Der f) treated with NSC23766 or vehicle (NaCl) 510 

nebulization (n=5-8). Data are expressed as mean ± SEM. *P<0.05 versus DP NaCl; $P<0.05 511 

versus Der f NaCl. (C) Analysis of airway reactivity to methacholine challenges by invasive 512 

methods (FlexiVENT) in control Rac1lox/lox and SMC-Rac1-KO mice challenged with Der f 513 

(n=5-8). Data are expressed as mean ± SEM; *P<0.05 versus control. (D) Contractile 514 

responses to methacholine in bronchi rings from naive (DP) and Der f-sensitized mice (Der f) 515 

(n=6) pre-incubated with the Rac1 inhibitor EHT1864. Data are expressed as mean ± SEM. 516 

*P<0.05 versus DP NaCl mice; $P<0.05 versus Der f NaCl.  517 

 518 

Figure 4: SM-Rac1 deletion has no effect on pulmonary remodelling associated to 519 

allergic asthma. (A) Hematoxylin/eosin (HE) and periodic acid-Schiff (PAS) staining of lung 520 

sections from naive (DP) and Der f-sensitized (Der f) mice of the indicated genotypes. Scale 521 
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bars, 100 µm.  Sections are representative of 4–6 mice of each genotype. (B) Histological 522 

grade evaluated on lung sections from naive and Der f-sensitized mice of the indicated 523 

genotypes. (C) Infiltrating cell concentration in BAL fluid from Rac1lox/lox and SMC-Rac1-524 

KO sensitized to Der f (n=6). Data are expressed as mean ± SEM. **P<0.01 versus Raclox/lox 525 

DP NaCl mice. 526 

 527 

Figure 5: NSC23766 inhalations reduces pulmonary remodelling associated to allergic 528 

asthma. (A) Hematoxylin/eosin (HE) and periodic acid-Schiff (PAS) staining of lung 529 

sections from Der f-sensitized control mice treated with repeated NSC23766 or vehicle 530 

(NaCl) nebulizations. Scale bars, 100 µm. Sections are representative of 5-7 lungs for each 531 

experimental condition. (B) Histological grades evaluated on lung sections from naive and 532 

Der f-sensitized control mice treated with NSC23766 or NaCl (n=6). (C) Infiltrating cells in 533 

BAL fluid of naïve (DP) and Der f-sensitized mice (Der f) submitted to repeated NSC23766, 534 

salbultamol or NaCl treatments (n=5 in each experimental group). Data are expressed as mean 535 

± SEM. **P<0.01 and ***P<0.001 versus DP NaCl mice; $P<0.05 and $$P<0.01 versus Der f 536 

NaCl. 537 

538 
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Targeting of Rac1 prevents bronchoconstriction and airway hyperresponsiveness 1 

by 2 

Gwennan André-Grégoire1,2*, Florian Dilasser1,2*, Julie Chesné1,2, Faouzi Braza1,2, Antoine 3 

Magnan1,2,3, Gervaise Loirand1,2,3‡ and Vincent Sauzeau1,2,3‡✝ 4 

 5 

SUPPLEMENTARY INFORMATIONS 6 

 7 

LEGENDS TO SUPPLEMENTARY FIGURES 8 

Supplementary Figure 1: Validation of Rac1 deletion in airway SMC and assessment of 9 

airway function in SM-Rac1-KO mice. (A) Genomic DNA status detected by PCR and (B) 10 

immunoblot analysis of Rac1 protein expression in tracheas from the indicated mice after 11 

tamoxifen treatment (n=4). Data are expressed as mean ± SEM. ***P<0.001 versus SMC-12 

Rac1lox/lox mice. (C) Hematoxylin/eosin (HE) staining, immunohistochemical detection (IHC) 13 

of  SM22a (SMC labelling) and in situ hybridization (ISH) analysis of Rac1 mRNA 14 

expression in trachea (left panels) and bronchi (right panels) sections. Scale bars HE- 400µm, 15 

IHC/ISH- 40 µm. (D) Respiratory function assessed by gas exchanges measurement in 16 

metabolic cages in Rac1lox/lox and SMC-Rac1-KO mice (n=6). (E) Immunoblot analysis of 17 

indicated contractile protein expression and phosphorylation in Rac1lox/lox and SMC-Rac1-KO 18 

bronchis (n=4).  19 

 20 

Supplementary Figure 2: Rac1/PLCβ2/IP3 signalling pathway is involved in 21 

bronchoconstriction. (A) Contactile responses to methacholine in bronchi pre-incubated 22 

with Rac inhibitors, NSC23766 (12h) or EHT1864 (1h). (B) Contractile responses to 23 
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2 

methacholine in bronchi from Rac1lox/lox (left panel) and SMC-Rac1-KO (right panel) mice 24 

pre-treated or not with the PLC inhibitor U73122 or the IP3 receptor inhibitor 2-ABP (n=4-6). 25 

Data are expressed as mean ± SEM.*P<0.05 versus Rac1lox/lox. 26 

 27 

Supplementary Figure 3: Inhibition of Rac1 activity prevents airway hyper-28 

responsiveness and pulmonary inflammation in OVA-sensitized mice. (A) Analysis of 29 

airway reactivity to methacholine challenges by non-invasive plethysmography in mice (n=9-30 

10) challenged with ovalbumine (OVA) (o/o) or alum vehicle (ap/ap). When indicated, mice 31 

were treated with either salbutamol, the Rac inhibitor NSC23766, or the vehicle NaCl. (B) 32 

Airway reactivity to methacholine measured by FlexiVENT in naive and OVA-challenged 33 

mice pre-treated with NSC23766 or vehicle (NaCl) (n=5-6). (C) Histological sections and 34 

grades of lungs from naive (ap/ap) and OVA-sensitized (o/o) mice treated by repeated 35 

inhalations of NSC2366 or vehicle (NaCl). Sections are representative of 5–6 lungs in each 36 

experimental group. Upper panels, hematoxylin/eosin (HE) staining. Lower panels, periodic 37 

acid-Schiff (PAS) staining. Scale bars, 100 µm. (D) Infiltrating cells in BAL fluid of naive 38 

(ap/ap) and OVA-sensitized mice (o/o) submitted to NSC23766, salbultamol or NaCL 39 

(vehicle) treatments (n=5-6 in each experimental group). Data are expressed as mean ± SEM. 40 

*P<0.05 and **P<0.01 versus ap/ap NaCl, $P<0.05 versus o/o NaCl.  41 

 42 

 43 

 44 
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