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Abstract

Recent studies have demonstrated a novel molecular mechanism for the regulation of airway 

smooth muscle (ASM) contraction by RhoA GTPase. In ASM tissues both MLC phosphorylation 

and actin polymerization are required for active tension generation. RhoA inactivation 

dramatically suppresses agonist induced tension development and completely inhibits agonist 

induced actin polymerization, but only slightly reduces MLC phosphorylation. The inhibition of 

MLC phosphatase does not reverse the effects of RhoA inactivation on contraction or actin 

polymerization. Thus, RhoA regulates ASM contraction through its effects on actin 

polymerization rather than MLC phosphorylation. Contractile stimulation of ASM induces the 

recruitment and assembly of paxillin, vinculin and FAK into membrane adhesion complexes 

(adhesomes) that regulate actin polymerization by catalyzing the activation of cdc42 GTPase by 

the GIT-Pak PIX complex. Cdc42 is a necessary and specific activator of the actin filament 

nucleation activator, N-WASp. The recruitment and activation of paxillin, vinculin and FAK is 

prevented by RhoA inactivation, thus preventing cdc42 and N-WASp activation. We conclude that 

RhoA regulates ASM contraction by catalyzing the assembly and activation of membrane 

adhesome signaling modules that regulate actin polymerization, and that RhoA mediated assembly 

of adhesome complexes is a fundamental step in the signal transduction process in response to a 

contractile agonist.
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The small GTPase RhoA is widely recognized as an important regulator of contractility and 

shortening in smooth muscle tissues in response to stimulation with contractile agonists 

(Somlyo and Somlyo 2003;Puetz et al. 2009). RhoA can regulate phosphorylation of the 

20KD regulatory light chain of myosin II by inhibiting of the catalytic activity of MLC 

phosphatase, which leads to an increase in MLC phosphorylation. RhoA activates Rho 

kinase (ROCK), which inhibits MLC phosphatase activity by phosphorylating its regulatory 

subunit MYPT1 or by phosphorylating the inhibitory peptide of MLC phosphatase CPI-17 
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(Somlyo and Somlyo 2003;Puetz, Lubomirov, and Pfitzer 2009;Ito et al. 2004). In vascular 

smooth muscle, the stimulation of MLC phosphorylation resulting from the RhoA-mediated 

inhibition of MLC phosphatase is widely regarded as an important mechanism for the 

regulation of contraction in response to agonist stimulation (Somlyo and Somlyo 

2003;Puetz, Lubomirov, and Pfitzer 2009;Ito, Nakano, Erdodi, and Hartshorne 2004).

RhoA is also recognized as a key regulator of actin cytoskeletal dynamics and organization 

in most cell types. In airway smooth muscle and a number of other smooth muscle tissue 

types, actin polymerization plays a critical role in the regulation of active tension 

development (Walsh and Cole 2013;Yamin and Morgan 2012;Zhang and Gunst 

2008a;Gunst and Zhang 2008). Contractile stimulation triggers the polymerization of a small 

pool of actin and catalyzes the dynamic reorganization of the actin cytoskeletal system. 

Agonist induced force development is markedly reduced when actin polymerization is 

inhibited using either pharmacologic or molecular interventions. Studies of airway smooth 

muscle using a variety of molecular interventions to inhibit upstream cytoskeletal processes 

required for actin polymerization uniformly find that the polymerization of a small pool of 

actin is necessary for agonist-induced tension generation (Zhang et al. 2012;Zhang and 

Gunst 2008b;Zhang et al. 2010;Gunst and Zhang 2008;Tanget al. 2003 ;Opazo Saez A. et 

al. 2004;Tang and Gunst 2001).

Mechanisms for the regulation of actin polymerization and its role in regulating activation of 

the contractile apparatus and tension development have been analyzed extensively in airway 

smooth muscle tissues (Herrera et al. 2004;Zhang, Du, and Gunst 2010;Gunst and Zhang 

2008;Zhang et al. 2005;Dowell et al. 2005;Halayko and Stelmack 2005;An et al. 

2002;Gunst et al. 2003;Zhang and Gunst 2008a). The inhibition of either actin 

polymerization or of MLC phosphorylation in airway smooth muscle tissues depresses 

tension development in response to stimulation with ACh (Zhang, Du, and Gunst 2010) 

(Fig. 1A). However, the inhibition of actin polymerization using either molecular or 

pharmacologic approaches has little or no effect on the increase in MLC phosphorylation in 

response to agonist stimulation (Fig. 1B) (Gunst and Zhang 2008;Zhang, Du, and Gunst 

2010;Zhang, Wu, Du, Tang, and Gunst 2005;Mehta and Gunst 1999). Conversely, agonist 

induced actin polymerization is not suppressed when MLC phosphorylation is inhibited 

(Fig. 1C)(Zhang, Du, and Gunst 2010). Thus, in airway smooth muscle, actin 

polymerization and smooth muscle MLC phosphorylation appear to be distinct cytoskeletal 

processes that are independently regulated during contractile stimulation.

Studies of airway smooth muscle also demonstrate that the molecular processes that catalyze 

actin polymerization occur at the cell cortex, suggesting that the actin filaments polymerized 

in response to stimulation with contractile agonists are localized to a cortical network of 

filaments (Zhang, Huang, and Gunst 2012;Zhang and Gunst 2008a;Gunst and Zhang 

2008;Opazo Saez A., Zhang, Wu, Turner, Tang, and Gunst 2004). While the function of this 

pool of actin in smooth muscle has not been established, it may stabilize the attachment of 

actin filaments to cell membrane junctions; thus strengthening these sites for the 

transmission of force between the contractile apparatus and the extracellular matrix. Cortical 

actin filaments may also provide a scaffold for the support and activation of signaling 
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modules critical for the transduction of signals from extracellular stimuli to the cytoskeleton 

(Gunst and Zhang 2008;Zhang, Huang, and Gunst 2012).

Multiple studies have documented a role for RhoA GTPase in regulating actin 

polymerization in airway smooth muscle (Hirshman and Emala 1999;Iizuka et al. 1999;Lesh 

et al. 2001;Togashi et al. 1998;Lesh, Emala, Lee, Zhu, Panettieri, and Hirshman 2001); thus 

RhoA activation might potentially affect airway smooth muscle tension development by 

modulating either actin polymerization or MLC phosphorylation. We evaluated the relative 

contributions of RhoA in the regulation of myosin light chain phosphorylation and actin 

polymerization during airway smooth muscle contraction and tension development. RhoA 

was inhibited in tracheal smooth muscle tissues by expressing inactive RhoA mutant protein 

(RhoA T19N) and by treating the tissues with C3 exoenzyme (Zhang, Du, and Gunst 2010). 

Both of these treatments were confirmed to inhibit the activity of endogenous RhoA in the 

intact tracheal smooth muscle tissues. When RhoA activity was inhibited, contractile tension 

development in response to stimulation of the tissues with ACh was reduced by 

approximately 60% and ACh-induced actin polymerization was completely inhibited; 

however, RhoA inhibition has only a small effect on the ACh-induced increase in MLC 

phosphorylation (Zhang, Du, and Gunst 2010) (Fig. 2). The RhoA mediated inhibition of 

myosin light chain phosphatase contributed slightly to the ACh-induced increase in MLC 

phosphorylation; however this effect was small in the airway smooth muscle tissues and did 

not contribute significantly to overall tension development. The inhibition of MLC 

phosphatase activity using calyculin A did not affect the reduction in actin polymerization or 

tension development caused by RhoA inactivation (Zhang, Du, and Gunst 2010) (Fig. 2). 

Thus, while RhoA-mediated processes are clearly important for the regulation of force 

generation in airway smooth muscle tissues during muscarinic stimulation, the evidence 

shows that the primary effect of RhoA is on the regulation of pathways that catalyze agonist 

induced actin polymerization. RhoA-mediated effects on ACh-induced MLC 

phosphorylation have little impact on airway smooth muscle contractility.

Agonist-induced actin polymerization is mediated by the actin nucleation promoting protein, 

neuronal Wiskott-Aldrich syndrome protein (N-WASP) in airway smooth muscle tissues 

(Zhang, Wu, Du, Tang, and Gunst 2005). N-WASP undergoes a change in conformation 

during its activation that enables it to bind to the actin-related protein complex (Arp2/3 

complex). The Arp2/3 complex creates a template for actin polymerization that facilitates 

the addition of monomeric actin (G-actin) to existing F-actin filaments (Rohatgi et al. 

1999;Mullins 2000;Higgs and Pollard 2001). N-WASp activation is directly and specifically 

regulated by the binding of the small GTPase cdc42 to its CRIB (Cdc42- and Rac-interactive 

binding) domain (Rohatgi et al. 2000;Rohatgi, Ma, Miki, Lopez, Kirchhausen, Takenawa, 

and Kirschner 1999;Higgs and Pollard 2000;Higgs and Pollard 2001;Carlier et al. 1999). 

Neither Rac nor Rho GTPases can bind directly to WASP family proteins, thus RhoA cannot 

directly regulate N-WASp activity (Suzuki et al.2000;Li et al. 1999).

In airwaysmooth muscle tissues; cdc42 activation is necessary for N-WASp activation, actin 

polymerization and active tension development (Tang and Gunst 2004). To determine 

whether RhoA is an upstream regulator of cdc42 and N-WASp activation, we evaluated its 

role in regulating cdc42 activation, N-WASp phosphorylation, and the coupling of N-WASP 
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to the Arp2/3 complex (Zhang, Huang, and Gunst 2012). N-WASP and Arp2/3 complex 

coupling was assessed using proximity ligation assays (PLA) in freshly dissociated smooth 

muscle cells and by co-immunoprecipitation assays in airway smooth muscle tissues after 

RhoA activity had been inhibited (Zhang, Huang, and Gunst 2012) (Fig. 3). The 

phosphorylation of N-WASP on Tyr 256, an indicator of its activation, was assessed by 

immunoblot. RhoA inactivation was found to inhibit N-WASp activation and its coupling to 

the Arp2/3 complex in airway smooth muscle tissues and freshly dissociated cells (Fig. 3A-

C). The ACh-induced activation of cdc42 was also inhibited by the inactivation of RhoA 

(Zhang, Huang, and Gunst 2012)(Fig. 3D). As RhoA cannot directly modulate N-WASp 

activation, we concluded that it must affect cdc42 and N-WASP activation by regulating 

upstream cytoskeletal signaling processes that mediate their activation.

Macromolecular protein complexes at integrin adhesion junctions (adhesomes) link 

extracellular matrix proteins to the actin cytoskeleton and play a critical role in the 

transduction of extracellular signals to pathways that regulate actin polymerization during 

airway smooth muscle contraction (Zhang and Gunst 2008a;Zhang and Gunst 2008b). The 

activation of airway smooth muscle results in the rapid recruitment and assembly of multiple 

proteins into adhesome complexes (Opazo Saez A., Zhang, Wu, Turner, Tang, and Gunst 

2004;Zhang, Wu, Du, Tang, and Gunst 2005;Zhang et al. 2007;Zhang, Huang, and Gunst 

2012;Zhang and Gunst 2006;Huang et al. 2011). The time course of adhesome protein 

recruitment is rapid and can be detected in dissociated cells andintact airway smooth muscle 

tissues by immunofluorescence techniquesand in living or fixed dissociated cells expressing 

GFP constructs of adhesome proteins (Huang, Zhang, and Gunst 2011;Zhang, Wu, Du, 

Tang, and Gunst 2005;Zhang, Wu, Wu, and Gunst 2007;Zhang and Gunst 2006)(Fig. 4). 

Among the proteins recruited are paxillin, focal adhesion kinase and vinculin, which 

undergo phosphorylation and activation after being recruited to membrane adhesomes in 

response to agonist stimulation (Huang, Zhang, and Gunst 2011;Huang et al. 2014;Opazo 

Saez A., Zhang, Wu, Turner, Tang, and Gunst 2004;Wang et al. 1996). The recruitment and 

phosphorylation of all of these proteins is required for agonist-stimulated actin 

polymerization and contraction in airway smooth muscle (Huang, Zhang, and Gunst 

2011;Huang, Day, and Gunst 2014;Opazo Saez A., Zhang, Wu, Turner, Tang, and Gunst 

2004;Tang, Turner, and Gunst 2003;Tang et al. 2005;Zhang, Huang, and Gunst 2012).

Vinculin binds to paxillin and the two proteins are maintained within a stable inactive 

complex in the cytoplasm of airway smooth muscle cells (Huang, Day, and Gunst 2014)

(Fig. 5). Contractile stimulation of airway smooth muscle stimulates recruitment of the 

inactive paxillin/vinculin complex to the membrane of airway smooth muscle cells; where 

vinculin subsequently undergoes phosphorylation at tyrosine 1065 (Huang, Zhang, and 

Gunst 2011). The phosphorylation of vinculin at this site regulates its conversion to an open 

ligand binding conformation that enables it to bind to talin and F actin as well as to other 

proteins involved in cytoskeletal dynamics(Huang, Zhang, and Gunst 2011;Huang, Day, and 

G unst 2014).

Paxillin also undergoes tyrosine phosphorylation after its recruitment to membrane adhesion 

complexes in airway smooth muscle. Paxillin is a substrate for FAK (Bellis et al. 

1995;Schaller and Parsons 1995), and FAK regulates the tyrosine phosphorylation of 
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paxillin in airway smooth muscle (Tang and Gunst 2001). The recruitment of FAK to 

adhesome complexes and its activation is required for the tyrosine phosphorylation of 

paxillin in airway smooth muscle (Zhang, Huang, and Gunst 2012).

After paxillin is recruited to the membrane and undergoes tyrosine phosphorylation, it 

interacts with protein complexes that contain guanine nucleotide exchange factors (GEFs) 

that can regulate the activity cdc42 (Zhang, Huang, and Gunst 2012) (Fig. 5). DOCK 

(Dedicator of Cytokinesis) family proteins have GEF activity towards cdc42 (Sinha and 

Yang 2008). DOCK180 interacts with Crk, a paxillin-binding adaptor protein that binds to 

tyrosine phosphorylated paxillin in airway smooth muscle (Petit et al. 2000;Tang, Zhang, 

and Gunst 2005;Zhang, Huang, and Gunst 2012). The PIX (PAK-interacting exchange 

factor) proteins have GEF activity towards cdc42 and bind to p21-activated kinase (PAK) as 

well as to GIT proteins (GIT1, G-protein receptor kinase interacting tyrosine 

phosphorylated) (Rosenberger et al. 2003;Sinha and Yang 2008) and GIT2, also called 

paxillin kinase linker or PKL). GIT proteins are ArfGAPS that also regulate cdc42 (Lynch et 

al. 2006). In airway smooth muscle cells, the binding of GIT molecules to the LD4 domain 

of paxillin regulates the localization of GIT-Pak-PIX complexes to membrane adhesion sites 

(Zhang, Huang, and Gunst 2012) (Fig. 5,6). After coupling to paxillin, the PIX-Pak-GIT 

signaling complex mediates the activation cdc42, which in turn regulates the activation of 

N-WASp and the Arp 2/3 complex and the polymerization of cortical actin (Zhang, Huang, 

and Gunst 2012)(Fig. 6.) In airway smooth muscle, the localization and assembly of these 

complexes of adhesome proteins is a necessary prerequisite to the process of actin 

polymerization that occurs during contractile stimulation, and the activation of upstream 

signaling scaffolding/proteins such as vinculin and paxillin depend on their recruitment and 

localization in membrane adhesion complexes (Huang, Day, and Gunst 2014;Opazo Saez 

A., Zhang, Wu, Turner, Tang, and Gunst 2004;Zhang, Huang, and Gunst 2012).

Studies of focal adhesion formation during substrate adhesion in cultured cell lines have 

documented an important role for RhoA GTPase in the assembly and maturation of 

membrane adhesion complexes (Burridge and Wennerberg 2004;Chrzanowska-Wodnicka 

and Burridge 1996;Pasapera et al. 2010). In these cell lines, RhoA activation in response to 

a stimulus induces phosphorylation of the light chain of non-muscle myosin II, and this is 

prerequisite to the formation of focal adhesions and stress fibers (Vicente-Manzanares et al. 

2009). As adhesome assembly is clearly an essential process in the contractile activation of 

airway smooth muscle, we evaluated the possibility that RhoA might regulate actin 

polymerization and contraction by mediating the assembly and activation of critical 

signaling cascades within membrane adhesion junctions.

We evaluated the effects of RhoA inactivation on adhesome complex assembly in 

dissociated airway smooth muscle cells using PLA to assess protein interactions that 

occurred in response to contractile stimulation, and by co-immunoprecipitation analysis of 

tracheal smooth muscle tissue extracts(Figs. 5,6). The membrane recruitment of paxillin-

vinculin complexes and the tyrosine 1065 phosphorylation of vinculin and paxillin were 

dependent on the activation of RhoA (Huang, Zhang, and Gunst 2011). RhoA inactivation 

also prevented the membrane recruitment and activation of focal adhesion kinase and its 

interaction with paxillin at adhesome complexes (Zhang, Huang, and Gunst 2012) (Fig 5B, 
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Fig. 6). Furthermore, the association of the GIT-Pak-PIX complex with paxillin, which is 

required for activation of its GEF activity toward cdc42, was also inhibited by RhoA 

inactivation (Figs.5, 6). These observations demonstrate that RhoA is an upstream regulator 

of adhesome complex assembly in airway smooth muscle, and that the inactivation of RhoA 

prevents the assembly and activation of critical signaling cascades that regulateactin 

cytoskeletal dynamicsand actin polymerization.

In summary, these studies suggest a novel mechanism for the regulation of smooth muscle 

contraction by the small GTPase RhoA (Fig. 7). The effect of RhoA on airway smooth 

muscle contractility is clearly due to its role in the regulation of actin dynamics (Zhang, Du, 

and Gunst 2010;Zhang, Huang, and Gunst 2012). RhoA regulates actin dynamics by 

catalyzing the assembly of adhesome signaling complexes at the airway smooth muscle 

membrane that include the actin regulatory proteins paxillin, vinculin and FAK. These 

proteins undergo activation in response to a contractile stimulus only after recruitment and 

assembly into membrane associated adhesome complexes. After activated paxillin associates 

with the GIT-Pak-PIX signaling module, the GEF activity of PIX contributes to the 

activation of cdc42, which is essential for N-WASP activation and actin polymerization. By 

regulating the association of paxillin with the GIT-Pak-PIX complex, RhoA regulates the 

activation cdc42, leading to activation of the actin polymerization catalysts N-WASp and the 

Arp 2/3 complex and the subsequent polymerization of cortical actin.

These findings suggest that the RhoA-mediated assembly of adhesome signaling complexes 

is an essential upstream step in the process of excitation-contraction coupling and tension 

development in airway smooth muscle tissues during agonist-induced contractile activation. 

Furthermore, the catalytic function of RhoA on adhesome complex assembly appears to be 

the primary mechanism by which RhoA regulates the contractility of airway smooth muscle 

during agonist stimulation. The evaluation of other smooth muscle tissues types will provide 

evidence as to whether Rho-mediated adhesome assembly also plays an important role in 

regulating their physiologic functions.

Acknowledgments

This work was supported by National Heart, Lung, and Blood Institute Grants HL029289, HL074099; HL109628 
and the American Lung Association.

Reference List

1. An SS, Laudadio RE, Lai J, Rogers RA, Fredberg JJ. Stiffness changes in cultured airway smooth 
muscle cells. Am J Physiol Cell Physiol. 2002; 283(3):C792–C801. [PubMed: 12176736] 

2. Bellis SL, Miller JT, Turner CE. Characterization of tyrosine phosphorylation of paxillin in vitro by 
focal adhesion kinase. J Biol Chem. 1995; 270(29):17437–17441. [PubMed: 7615549] 

3. Burridge K, Wennerberg K. Rho and Rac take center stage. Cell. 2004; 116(2):167–179. [PubMed: 
14744429] 

4. Carlier MF, Ducruix A, Pantaloni D. Signalling to actin: the Cdc42-N-WASP-Arp2/3 connection. 
Chem Biol. 1999; 6(9):R235–R240. [PubMed: 10467124] 

5. Chrzanowska-Wodnicka M, Burridge K. Rho-stimulated contractility drives the formation of stress 
fibers and focal adhesions. J Cell Biol. 1996; 133(6):1403–1415. [PubMed: 8682874] 

6. Dowell ML, Lakser OJ, Gerthoffer WT, Fredberg JJ, Stelmack GL, Halayko AJ, Solway J, Mitchell 
RW. Latrunculin B increases force fluctuation-induced relengthening of ACh-contracted, 

Zhang et al. Page 6

Can J Physiol Pharmacol. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



isotonically shortened canine tracheal smooth muscle. J Appl Physiol. 2005; 98(2):489–497. 
[PubMed: 15465883] 

7. Gunst SJ, Tang DD, Opazo SA. Cytoskeletal remodeling of the airway smooth muscle cell: 
amechanism for adaptation to mechanical forces in the lung. Respir Physiol Neurobiol. 2003; 
137(2–3):151–168. [PubMed: 14516723] 

8. Gunst SJ, Zhang W. Actin cytoskeletal dynamics in smooth muscle: a new paradigm for the 
regulation of smooth muscle contraction. Am JPhysiol Cell Physiol. 2008; 295(3):C576–C587. 
[PubMed: 18596210] 

9. Halayko AJ, Stelmack GL. The association of caveolae, actin, and the dystrophin-glycoprotein 
complex: a role in smooth muscle phenotype and function? Can J Physiol Pharmacol. 2005; 83(10):
877–891. [PubMed: 16333360] 

10. Herrera AM, Martinez EC, Seow CY. Electron microscopic study of actin polymerization in 
airway smooth muscle. Am J Physiol Lung Cell Mol Physiol. 2004; 286(6):L1161–L1168. 
[PubMed: 14751850] 

11. Higgs HN, Pollard TD. Activation by Cdc42 and PIP(2) of Wiskott-Aldrich syndrome protein 
(WASp) stimulates actin nucleation by Arp2/3 complex. J Cell Biol. 2000; 150(6):1311–1320. 
[PubMed: 10995437] 

12. Higgs HN, Pollard TD. Regulation of actin filament network formation through ARP2/3 complex: 
activation by a diverse array of proteins. Annu Rev Biochem. 2001; 70:649–676. [PubMed: 
11395419] 

13. Hirshman CA, Emala CW. Actin reorganization in airway smooth muscle cells involves Gq and 
Gi-2 activation of Rho. Am J Physiol. 1999; 277(3 Pt 1):L653–61. [PubMed: 10484474] 

14. Huang Y, Day RN, Gunst SJ. Vinculin phosphorylation at Tyr1065 regulates vinculin 
conformation and tension development in airway smooth muscle tissues. J Biol Chem. 2014; 
289(6):3677–3688. [PubMed: 24338477] 

15. Huang Y, Zhang W, Gunst SJ. Activation of vinculin induced by cholinergic stimulation regulates 
contraction of tracheal smooth muscle tissue. J Biol Chem. 2011; 286(5):3630–3644. [PubMed: 
21071443] 

16. Iizuka K, Yoshii A, Samizo K, Tsukagoshi H, Ishizuka T, Dobashi K, Nakazawa T, Mori M. A 
major role for the rho-associated coiled coil forming protein kinase in G-protein-mediated Ca2+ 
sensitization through inhibition of myosin phosphatase in rabbit trachea. Br J Pharmacol. 1999; 
128(4):925–933. [PubMed: 10556927] 

17. Ito M, Nakano T, Erdodi F, Hartshorne DJ. Myosin phosphatase: structure, regulation and 
function. Mol Cell Biochem. 2004; 259(1–2):197–209. [PubMed: 15124925] 

18. Lesh RE, Emala CW, Lee HT, Zhu D, Panettieri RA, Hirshman CA. Inhibition of 
geranylgeranylation blocks agonist-induced actin reorganization in human airway smooth muscle 
cells. Am J Physiol Lung Cell Mol Physiol. 2001; 281(4):L824–L831. [PubMed: 11557586] 

19. Li R, Debreceni B, Jia B, Gao Y, Tigyi G, Zheng Y. Localization of the PAK1-, WASP-, and 
IQGAP1-specifying regions of Cdc42. J Biol Chem. 1999; 274(42):29648–29654. [PubMed: 
10514434] 

20. Lynch EA, Stall J, Schmidt G, Chavrier P, Souza-Schorey C. Proteasome-mediated degradation of 
Rac1-GTP during epithelial cell scattering. Mol Biol Cell. 2006; 17(5):2236–2242. [PubMed: 
16481404] 

21. Mehta D, Gunst SJ. Actin polymerization stimulated by contractile activation regulates force 
development in canine tracheal smooth muscle. J Physiol. 1999; 519(Pt 3):829–840. [PubMed: 
10457094] 

22. Mullins RD. How WASP-family proteins and the Arp2/3 complex convert intracellular signals into 
cytoskeletal structures. Curr Opin Cell Biol. 2000; 12(1):91–96. [PubMed: 10679362] 

23. Opazo Saez A, Zhang W, Wu Y, Turner CE, Tang DD, Gunst SJ. Tension development during 
contractile stimulation of smooth muscle requires recruitment of paxillin and vinculin to the 
membrane. Am J Physiol Cell Physiol. 2004; 286(2):C433–C447. [PubMed: 14576084] 

24. Pasapera AM, Schneider IC, Rericha E, Schlaepfer DD, Waterman CM. Myosin II activity 
regulates vinculin recruitment to focal adhesions through FAK-mediated paxillin phosphorylation. 
J Cell Biol. 2010; 188(6):877–890. [PubMed: 20308429] 

Zhang et al. Page 7

Can J Physiol Pharmacol. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Petit V, Boyer B, Lentz D, Turner CE, Thiery JP, Valles AM. Phosphorylation of tyrosine residues 
31 and 118 on paxillin regulates cell migration through an association with CRK in NBT- II cells. 
J Cell Biol. 2000; 148(5):957–970. [PubMed: 10704446] 

26. Puetz S, Lubomirov LT, Pfitzer G. Regulation of smooth muscle contraction by small GTPases. 
Physiology (Bethesda). 2009; 24:342–356. [PubMed: 19996365] 

27. Rohatgi R, Ho HY, Kirschner MW. Mechanism of N-WASP activation by CDC42 and 
phosphatidylinositol 4, 5-bisphosphate. J Cell Biol. 2000; 150(6):1299–1310. [PubMed: 
10995436] 

28. Rohatgi R, Ma L, Miki H, Lopez M, Kirchhausen T, Takenawa T, Kirschner MW. The interaction 
between N-WASP and the Arp2/3 complex links Cdc42-dependent signals to actin assembly. Cell. 
1999; 97(2):221–231. [PubMed: 10219243] 

29. Rosenberger G, Jantke I, Gal A, Kutsche K. Interaction of alphaPIX (ARHGEF6) with beta-parvin 
(PARVB) suggests an involvement of alphaPIX in integrin-mediated signaling. Hum Mol Genet. 
2003; 12(2):155–167. [PubMed: 12499396] 

30. Schaller MD, Parsons JT. pp125FAK-dependent tyrosine phosphorylation of paxillin creates a 
high-affinity binding site for Crk. Mol Cell Biol. 1995; 15(5):2635–2645. [PubMed: 7537852] 

31. Sinha S, Yang W. Cellular signaling for activation of Rho GTPase Cdc42. Cell Signal. 2008; 
20(11):1927–1934. [PubMed: 18558478] 

32. Somlyo AP, Somlyo AV. Ca2+ sensitivity of smooth muscle and nonmuscle myosin II: modulated 
by G proteins, kinases, and myosin phosphatase. Physiol Rev. 2003; 83 (4):1325–1358. [PubMed: 
14506307] 

33. Suzuki T, Mimuro H, Miki H, Takenawa T, Sasaki T, Nakanishi H, Takai Y, Sasakawa C. Rho 
family GTPase Cdc42 is essential for the actin-based motility of Shigella in mammalian cells. J 
Exp Med. 2000; 191(11):1905–1920. [PubMed: 10839806] 

34. Tang DD, Gunst SJ. Depletion of focal adhesion kinase by antisense depresses contractile 
activation of smooth muscle. Am J Physiol Cell Physiol. 2001; 280(4):C874–C883. [PubMed: 
11245605] 

35. Tang DD, Turner CE, Gunst SJ. Expression of non-phosphorylatable paxillin mutants in canine 
tracheal smooth muscle inhibits tension development. J Physiol. 2003; 553(1):21–35. [PubMed: 
12949231] 

36. Tang DD, Zhang W, Gunst SJ. The adapter protein CrkII regulates neuronal Wiskott-Aldrich 
syndrome protein, actin polymerization, and tension development during contractile stimulation of 
smooth muscle. J Biol Chem. 2005; 280(24):23380–23389. [PubMed: 15834156] 

37. Tang DD, Gunst SJ. The small GTPase Cdc42 regulates actin polymerization and tension 
development during contractile stimulation of smooth muscle. J Biol Chem. 2004; 279(50):51722–
51728. [PubMed: 15456777] 

38. Togashi H, Emala CW, Hall IP, Hirshman CA. Carbachol-induced actin reorganization involves Gi 
activation of Rho in human airway smooth muscle cells. Am J Physiol. 1998; 274(5 Pt 1):L803–9. 
[PubMed: 9612296] 

39. Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. Non-muscle myosin II takes centre 
stage in cell adhesion and migration. Nat Rev Mol Cell Biol. 2009; 10 (11):778–790. [PubMed: 
19851336] 

40. Walsh MP, Cole WC. The role of actin filament dynamics in the myogenic response of cerebral 
resistance arteries. J Cereb Blood Flow Metab. 2013; 33(1):1–12. [PubMed: 23072746] 

41. Wang Z, Pavalko FM, Gunst SJ. Tyrosine phosphorylation of the dense plaque protein paxillin is 
regulated during smooth muscle contraction. Am J Physiol. 1996; 271(5 Pt 1):C1594–602. 
[PubMed: 8944643] 

42. Yamin R, Morgan KG. Deciphering actin cytoskeletal function in the contractile vascular smooth 
muscle cell. J Physiol. 2012; 590(Pt 17):4145–4154. [PubMed: 22687615] 

43. Zhang W, Du L, Gunst SJ. The effects of the small GTPase RhoA on the muscarinic contractionof 
airway smooth muscle result from its role in regulating actin polymerization. Am J Physiol Cell 
Physiol. 2010; 299(2):C298–C306. [PubMed: 20445174] 

44. Zhang W, Gunst SJ. Interactions of airway smooth muscle cells with their tissue matrix: 
implications for contraction. Proc Am Thorac Soc. 2008a; 5(1):32–39. [PubMed: 18094082] 

Zhang et al. Page 8

Can J Physiol Pharmacol. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



45. Zhang, W.; Gunst, SJ. Dynamics of Cytoskeletal and Contractile Protein Organization: An 
Emerging Paradigm for Airway Smooth Muscle Contraction. In: Chung, KF., editor. Airway 
Smooth Muscle Biology and Pharmacology. Wiley Press; 2008b. 

46. Zhang W, Huang Y, Gunst SJ. The small GTPase RhoA regulates the contraction of smooth 
muscle tissues by catalyzing the assembly of cytoskeletal signaling complexes at membrane 
adhesion sites. J Biol Chem. 2012; 287(41):33996–34008. [PubMed: 22893699] 

47. Zhang W, Wu Y, Du L, Tang DD, Gunst SJ. Activation of the Arp2/3 complex by N-WASp is 
required for actin polymerization and contraction in smooth muscle. Am J Physiol Cell Physiol. 
2005; 288(5):C1145–C1160. [PubMed: 15625304] 

48. Zhang W, Wu Y, Wu C, Gunst SJ. Integrin-linked kinase (ILK) regulates N-WASp-mediated actin 
polymerization and tension development in tracheal smooth muscle. J Biol Chem. 2007; 282(47):
34568–34580. [PubMed: 17897939] 

49. Zhang WW, Gunst SJ. Dynamic association between alpha-actinin and beta-integrin regulates 
contraction of canine tracheal smooth muscle. J Physiol-London. 2006; 572(3):659–676. 
[PubMed: 16513669] 

Zhang et al. Page 9

Can J Physiol Pharmacol. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Inhibition of either MLC phosphorylation or actin polymerization prevents ACh 
induced tension development in tracheal smooth muscle tissues
Contractile tension, actin polymerization and myosin light chain phosphorylation were 

measured in tracheal smooth muscle tissues that were treated with 30 μM ML-7 to inhibit 

MLC kinase or 1 μM Latrunculin A (Latr A) to inhibit actin polymerization. A. Treatment 

with ML-7 or Latr A significantly depresses ACh stimulated tension development (n=8). B. 
ACh stimulated MLC phosphorylation is significantly inhibited by ML-7, but not by Latr A 

(n=5). C. The increase in actin polymerization in response to ACh stimulation is 

significantly inhibited by Latr A but not by ML-7 (n=6). *Significant difference between 
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ML-7 or Latr A treated tissues and untreated tissues (P< 0.05). Values are means ± SE. 

(Modified from (Zhang, Du, and Gunst 2010) and from (Mehta and Gunst 1999).
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Figure 2. Inhibition of RhoA activity suppresses ACh induced tension development and actin 
polymerization, but it causes only a small reduction in ACh induced myosin light chain (MLC) 
phosphorylation
RhoA activation was inhibited by the expression of RhoA T19N in tracheal smooth muscle 

tissues. A. RhoA inhibition significantly depressed ACh-stimulated contractile force, and the 

depression of contraction was not reversed by treatment with the MLC phosphatase 

inhibitor, calyculin A (n = 6). B. RhoA inhibition caused a small inhibition of ACh induced 

MLC phosphorylation. Treatment with calyculin A prevented the decrease in MLC 

phosphorylation caused by RhoA inhibition (n = 9). C. RhoA inhibition inhibited the 

increase in actin polymerization in response to ACh stimulation. Treatment with calyculin A 

had no effect on the inhibition of actin polymerization caused by RhoA inhibition (n = 6). 

*Significant difference between sham-treated tissues and tissues treated with RhoA T19N or 

RhoA T19N plus calyculin A (P< 0.05). Values are means ± SE. (Modified from (Zhang, 

Du, and Gunst 2010).
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Figure 3. RhoA inactivation inhibits ACh induced N-WASp activation in airway smooth muscle 
tissues
A. In situ proximity ligation assay ( PLA) in freshly dissociated differentiated canine 

tracheal smooth muscle cells stimulated with ACh for 5 min. PLA yields a fluorescent signal 

when the target proteins are localized within 40 nm of each other. In sham-treated tissues, 

stimulation with ACh induces the interaction of N-WASp and Arp2 at the membrane. The 

inactivation of RhoA by the expression of RhoA T19N inhibits the ACh stimulated 

interaction between N-WASp and the Arp2/3 complex. B: ACh induced a significant 

increase in the co-immunoprecipitation of Arp2 with N-WASp in sham-treated tissues but 

not in RhoA T19N treated tissues (n =4). IP : immunoprecipitate; IB, immunoblot. C: N-

WASp tyrosine 256 phosphorylation, an indicator of N-WASp activation, measured by 

immunoblot in extracts of muscle tissues. ACh induced N-WASp phosphorylation was 

significantly inhibited in tissues treated with RhoA T19N (n = 5). D: RhoA inactivation 

inhibits the ACh-induced activation of cdc42 in tracheal smooth muscle tissues. Activated 

cdc42 (cdc42-GTP) was affinity-precipitated from muscle extracts and the amount of 

activated cdc42 precipitated from each extract was quantified by immunoblot. Activated 

cdc42 was significantly higher in extracts from ACh stimulated sham-treated tissues than 

from ACh stimulated tissues expressing RhoA T19N (n = 8). All values are means ± S.E. *, 

significantly different, p < 0.05. (Modified from (Zhang, Huang, and Gunst 2012).
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Figure 4. 
A. Contractile stimulation with ACh induces the rapid recruitment of recombinant EGFP-

vinculin to the membrane of a live airway smooth muscle cell that was enzymatically 

dissociated from a tracheal smooth muscle tissue expressing EGFP-vinculin. Frames are 

successive images of the same cell. The localization of EGFP-vinculin was monitored by 

confocal microscopy during stimulation with 10−4 MACh. (Modified from (Huang, Zhang, 

and Gunst 2011). B: Vinculin is diffusively distributed throughout the cytoplasm in the 

unstimulated tracheal smooth muscle tissue but appears localized to the cell membrane in 

the ACh-stimulated tissue. Tracheal smooth muscle tissues were stimulated with 10−4 

MACh or left unstimulated and quickly frozen and fixed. Tissue cross-sections were 

analyzed for vinculin immunofluorescence. (Unpublished data).
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Figure 5. RhoA regulates the recruitment of adhesome proteins to the cell membrane in response 
to contractile stimulation
Proximity ligation assays (PLA) were used to evaluate protein interactions in cells 

dissociated from tracheal smooth muscle tissues with or without RhoA T19N to inhibit 

RhoA activation. Fluorescence spots indicate target proteins are localized within 40 nm of 

each other. A. PLA was used to evaluate the interaction of paxillin and vinculin in freshly 

dissociated cells stimulated with 10−4 M ACh for 5 min or left unstimulated. In sham treated 

tissues, fluorescent spots were observed throughout the cytoplasm of unstimulated cells but 

primarily at the cell membrane of ACh stimulated cells. In cells from RhoA T19N-treated 

tissues, PLA spots were distributed throughout the cytoplasm of both unstimulated and 

ACh-stimulated cells. B. PLA reveals interaction between paxillin and FAK at the 

membrane of muscle cells after contractile stimulation with ACh, whereas interactions 

between paxillin and FAK are not observed in unstimulated muscle cells. RhoA T19N 

inhibited the formation of paxillin/FAK complexes in response to ACh stimulation. C. β-
PIX and paxillin interact at the membrane of smooth muscle cells after contractile 

stimulation, but they do not interact in unstimulated muscle cells. Expression of RhoA T19N 

inhibited the formation of paxillin/β-PIX complexes. Modified from (Zhang, Du, and Gunst 

2010)and (Zhang, Huang, and Gunst 2012).

Zhang et al. Page 15

Can J Physiol Pharmacol. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. RhoA regulates interaction of paxillin with the GIT-Pak-PIX complex and the 
phosphorylation of paxillin, FAK and vinculin
A. Co-immunoprecipitation of GIT1 and β-PIX with paxillin increased in ACh-stimulated 

tissues and was significantly inhibited in tissues expressing RhoA T19N (n = 4).B. Paxillin 

phosphorylation at tyrosine 118 was significantly increased by ACh stimulation in sham-

treated tissues but not RhoA T19N-inhibited tissues (n = 10). C. FAK phosphorylation at 

tyrosine 397 was significantly increased by ACh in sham-treated tissues but not in RhoA 

T19N-inhibited tissues (n = 11). D, Vinculin phosphorylation at tyrosine 1065 was 

significantly increased by ACh stimulation in sham-treated tissues but not in RhoA T19N 

inhibited tissues (n= 5). All values are means ± S.E. *, significantly different, p < 0.05. 

(Modified from (Zhang, Huang, and Gunst 2012)).
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Figure 7. Model for molecular mechanism by which RhoA regulates actin polymerization and 
contraction in airway smooth muscle
1–2, ACh stimulation activates RhoA. 3, Activation of RhoA induces the independent 

recruitment of paxillin-vinculin complexes and FAK to cell adhesomes. FAK and paxillin 

interact at the membrane and activated FAK catalyzes the phosphorylation of paxillin, which 

is bound to activated vinculin. P hosphorylation of paxillin facilitates the formation of a 

complex containing paxillin, GIT, PAK and PIX. 4. The GIT-Pak-PIX complex induces the 

activation of cdc42 through the GEF activity of PIX. 5. cdc42 activation catalyzes the 

activation of N-WASp, which interacts with the Arp2/3 complex to induce actin 

polymerization in the cortical region of the smooth muscle cell. This enables the 

transmission of tension generated by the smooth muscle actomyosin crossbridge cycling 

within the contractile apparatus.
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