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Gene expression in asthmatic airway smooth muscle:
a mixed bag!
Christopher D. Pascoe, Nicholas E. Swyngedouw, Chun Y. Seow, and Peter D. Paré

Abstract: It has long been known that airway smooth muscle (ASM) contraction contributes significantly to the reversible airflow
obstruction that defines asthma. It has also been postulated that phenotypic changes in ASM contribute to the airway hyper-
responsiveness (AHR) that is a characteristic feature of asthma. Although there is agreement that the mass of ASM surrounding the
airways is significantly increased in asthmatic compared with non-asthmatic airways, it is still uncertain whether there are quanti-
tative or qualitative changes in the level of expression of the genes and proteins involved in the canonical contractile pathway in ASM
that could account for AHR. This review will summarize past attempts at quantifying gene expression changes in the ASM of asthmatic
lungs as well as non-asthmatic ASM cells stimulated with various inflammatory cytokines. The lack of consistent findings in asthmatic
samples coupled with the relative concordance of results from stimulated ASM cells suggests that changes to the contractility of ASM
tissues in asthma may be dependent on the presence of an inflammatory environment surrounding the ASM layer. Removal of the
ASM from this environment could explain why hypercontractility is rarely seen ex vivo.

Key words: asthma, airway smooth muscle, gene expression, protein expression, cytokines.

Résumé : On sait depuis longtemps que la contraction du muscle lisse respiratoire (MLR) contribue de maniére significative a
I'obstruction réversible du débit d’air qui définit ’asthme. Il a aussi été postulé que des changements phénotypiques dans le MLR
contribue a I'hyperréactivité bronchique (HRB) qui caractérise 'asthme. Méme si I’on s’accorde sur le fait que la masse de MLR qui
entoure les voies respiratoires est significativement plus importante en situation d’asthme comparativement a I'absence d’asthme, on
ne sait pas encore avec certitude si des changements quantitatifs ou qualitatifs du niveau d’expression de genes et de protéines
impliqués dans les voies standards de régulation de la contraction chez le MLR pourraient expliquer I'HRB. Cet article de revue
résumera les tentatives passées de quantification de changements d’expression génique dans des cellules de MLR de poumons
asthmatiques et non asthmatiques, stimulées a I’aide de différentes cytokines inflammatoires. L’absence de données cohérentes issues
d’échantillons asthmatiques, couplée a la concordance relative des résultats obtenus a partir de cellules de MLR stimulées suggére que
les changements de contractilité du MLR dans I’asthme peuvent étre dépendants de la présence d’un environnement inflammatoire
autour de la couche de MLR. Le fait de retirer le MLR de son environnement pourrait expliquer pourquoi I’hyper-contractilité est
rarement observée ex vivo. [Traduit par la Rédaction]

Mots-clés : asthme, muscle lisse respiratoire, expression génique, expression protéique, cytokines.

Woodruff et al. 2004; Chin et al. 2012; James et al. 2012; Elliot et al.
2014), it is unclear whether the hyperplastic/hypertrophied ASM
behaves differently due to altered expression of genes for contrac-
tile, cytoskeletal, or inflammatory function.

Increased force production by ASM would be the obvious pheno-
typic change that could explain the excessive airway narrowing in
asthmatics. However, the majority of studies have shown that, when
normalized to the amount of ASM present, asthmatic ASM does not

Introduction

Asthma is a disease that affects nearly 300 million people world-
wide (Masoli et al. 2004) and is characterized by periods of breath-
lessness and wheezing caused by narrowing of the airways in the
lung. For over 300 years it has been hypothesized that airway
smooth muscle (ASM) plays a pivotal role in the development
of the symptoms associated with asthma and airway hyper-
responsiveness (AHR). In 1698 Sir John Floyer said “I have assign'd

the immediate cause of the asthma, to the straitness, compres-
sion, or constriction of the bronchia...” (Floyer 1698). However, to
date there has been no consensus on whether phenotypic differ-
ences in the ASM of asthmatics contributes to AHR (Gunst et al.
2012; Paré and Mitzner 2012). While there is general agreement
that there is a greater amount of ASM in mild/moderate, and
especially in severe, asthma (Dunnill et al. 1969; Ebina et al. 1993;

produce more force than non-asthmatic ASM (Bai 1991; Cerrina et al.
1989; Chin et al. 2012). When the variable analyzed is shortening
capacity or shortening velocity, the results are more heterogeneous.
Using human ASM tissues (trachea or bronchi) it was shown that
there was no difference in either shortening capacity or velocity of
shortening between asthmatic and controls (Bai 1991; Chin et al.
2012). However, using ASM cells from asthmatics, shortening velocity
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Fig. 1. Canonical signal pathways in airway smooth muscle contraction. The green arrow indicates an activation step. The red stop indicates
an inhibitory step. The green arrowhead indicates upregulation of gene or protein expression induced by a listed stimulus. Briefly, airway
smooth muscle (ASM) is stimulated by agonists binding to their respective G-protein coupled receptors on the surface of the cell, histamine to
H, receptor, and acetylcholine to M; receptor. Activation of the G-proteins leads to activation of 3 pathways. The first, activated through the
Gagj protein, leads to the generation of inositol trisphosphate (IP;) from membrane-bound phosphatidylinositol 4,5-bisphosphate (PIP,) by
phospholipase C (PLC). IP; liberates calcium (Ca?*) from the sarcoplasmic reticulum (SR) allowing the Ca?* to bind to calmodulin (CAM) to
activate myosin light chain kinase (MLCK). MLCK phosphorylates myosin light chain 20 (MLC,,), which is part of myosin, to activate cross-
bridge cycling and subsequent muscle shortening or force development. In parallel with this pathway, cyclic ADP ribose hydrolase (CD38) can
produce the second messenger cyclic ADP ribose (cADPR) to liberate Ca* from the sarcoplasmic reticulum and eventually lead to muscle
contraction. Activation of the Ga,; protein activates Rho kinase to inhibit myosin light chain phosphatase (MLCP) and lead to what is
known as calcium sensitization by preventing MLCP from dephosphorylating the MLC,,. The G-protein Ga is the protein that activates the
relaxing pathway in airway smooth muscle. Gog activation leads to cyclic AMP (cAMP) production from adenylate cyclase (AC). CAMP activates
MLCP to initiate dephosphorylation of MLC,, and cross-bridge detachment and eventual muscle relaxation. There are numerous inflammatory
mediators or cytokines shown in the figure that can upregulate the expression of a number of these proteins potentially altering the
signaling pathways they are a part of. Briefly, interleukin-13 (IL-13) has been shown to upregulate the expression of the H, receptor, myosin
heavy chain (MYH11), and CD38. CD38 expression has also been shown to be upregulated by interferon gamma (IFN-y), tumor necrosis factor
alpha (TNF-a), and interleukin 1-beta (IL-1B). There is also evidence that transforming growth factor beta (TGF-B) upregulates the expression of
alpha smooth muscle actin («¢SMA) and that immunoglobulin E (IgE) upregulates the expression of MLCK.

and shortening capacity were shown to be increased (Ma et al.
2002; Matsumoto et al. 2007). It is intuitive that if ASM can shorten
more, it could narrow the airways more extensively, but it is less
clear how increased shortening velocity would affect airway nar-
rowing. It has been shown that increased ASM shortening velocity
in rats can account for AHR by allowing more shortening to occur
between simulated breaths in an oscillation protocol (Solway and
Fredberg 1997; Bullimore et al. 2011).

Another potential difference between asthmatic and control
ASM that could contribute to AHR is the muscle's response to the
strains imposed on it by tidal breathing and deep inspirations (DIs). A
consistent difference between asthmatics and non-asthmatics in
vivo is the airways' response to strain. DIs protect non-asthmatics
from airway narrowing caused by subsequent administration of
spasmogen and dilate narrowed airways when DIs are taken after
challenge with a spasmogen. These phenomenon are known as
bronchoprotection and bronchodilation, respectively, and both
are absent or markedly attenuated in asthmatics (Fish et al. 1977;
Lim et al. 1987, 1989; Malmberg et al. 1993; Scichilone et al. 2000;
Skloot and Togias 2003). Chin et al. showed that asthmatic tra-
cheal ASM was less responsive to length oscillations mimicking
bronchoprotective DIs than tissue from non-asthmatics (Chin
et al. 2012).

A different approach to assess whether there are phenotypic
differences between asthmatic and non-asthmatic ASM is to ex-
amine the tissue's gene expression profile at the mRNA or protein
level. Changes to the mechanical properties of the asthmatic
ASM that could contribute to AHR would likely be manifested by
changes in the expression of the genes or proteins associated with
the contractile pathway (Fig. 1). In this report we review the liter-
ature concerning the changes in ASM mRNA and (or) protein with
a focus on the genes that could alter the contractile function of
the muscle. Genetically determined or acquired changes in the
expression of myosin light chain kinase (MLCK), myosin heavy
chain (MYH11), a-smooth muscle actin (a-SMA), transgelin (TAGLN
or SM22), as well as other key proteins involved in contraction
(CD38, H1 receptor) could contribute to changes in ASM force
production, shortening capacity or shortening velocity and serve
as viable targets to treat the exaggerated airway narrowing that
characterizes AHR.

That there is no convincing evidence that asthmatic ASM is
phenotypically different from non-asthmatic ASM could be due to
the removal of many of the inflammatory mediators in ex vivo or
in vitro experiments. Alternatively there may be no changes in
the canonical contractile pathways in asthmatic ASM but rather
changes in the expression of genes related to ASM stiffness and
response to strain.

Major contractile proteins

Myosin light chain kinase

MLCK is important in regulating contraction in the ASM by
phosphorylating the regulatory light chain of myosin (MLC,)
upon calcium influx into the cytoplasm (Mabuchi et al. 2010). As
such, it has a special role in initiating the force, shortening, and
velocity of shortening in ASM and therefore airway narrowing in
asthmatics (Zhang et al. 2010). MLCK comes in 4 isoforms, 3 of
which are called non-muscle MLCK (nmMLCK), and the last which
is called smooth muscle MLCK (smMLCK) (Gallagher et al. 1991).
Because of smMLCK's importance in initiating contraction of ASM
tissues, it is an attractive target to help explain AHR in asthmatics.

There have been a number of studies looking at the expression
of MLCK in samples from asthmatics and non-asthmatics at both
the mRNA and the protein level; however, similar to studies ana-
lyzing ASM mechanics, there has been no consensus on whether
MLCK levels are changed in asthma. In 2002, Ma et al. isolated
single ASM cells from bronchial biopsies of mild asthmatic and
non-asthmatic subjects to compare their contractility, and used
whole biopsies to compare the message level of smMLCK using
real-time PCR (Ma et al. 2002). They found that there was a 2.5-fold
increase in smMLCK mRNA in asthmatic subjects that was related
to a greater shortening capacity in the asthmatic cells. This study
was followed up in 2003 by Benayoun et al.,, who showed that
regardless of the type of asthma (intermittent, mild, moderate, or
severe) there was an increase in the smMLCK protein expression
as assessed by immunohistochemistry (IHC) (Benayoun et al. 2003).
Interestingly, there was a further increase in the levels of smMLCK
in severe asthmatics compared with those with milder disease.
Leguillette et al. showed increased expression of smMLCK mRNA
by quantitative PCR in biopsies from mild to moderate asthmatics
(Léguillette et al. 2009). The expression of smMLCK protein in the
ASM was verified by IHC but not quantified. Increased smMLCK at
the gene or protein level is not a universal finding however. The
results of 2 studies showed that in bronchial biopsies (Woodruff
et al. 2004) and in ASM cells (Matsumoto et al. 2007) there was no
difference in either the mRNA or protein levels of MLCK in asth-
matics. This was despite the fact that the asthmatic cells studied
by Matsumoto et al. produced more extensive contraction in a
collagen gel, although the contraction was not faster (Matsumoto
et al. 2007). Care should be taken when interpreting the results of
gel contraction assays as they are likely to represent contributions
from cross-bridge cycling, cytoskeletal remodeling, and remodel-
ing of the collagen gel itself (Ceresa et al. 2009; Wright et al. 2013)
and so may not give a true indication of the shortening capacity of
ASM. The differences between the results in these 5 studies could
be related to numerous things including asthma severity, RNA
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isolation or quantification techniques, or removal of ASM tissues
from inflammatory environments. In another study, Ammit
et al. examined the expression of smMLCK in non-asthmatics
who were classified as either sensitized or non-sensitized to aller-
gens (Ammit et al. 2000). The sensitized non-asthmatics displayed
greater smMLCK protein expression than the non-sensitized non-
asthmatics, possibly indicating that a change in smMLCK may be
related to allergic status rather than inflammation. It is interest-
ing to note that the freshly isolated ASM cells expressed only

-
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smMLCK, whereas the ASM cells in culture sometimes expressed
nmMLCK in addition to the smMLCK indicating that there may be
some phenotype modulation occurring due to the culturing pro-
cess (Ammit et al. 2000). It is unclear from the results whether the
cultured cells express a mixture of the 2 isoforms of MLCK or
whether there are distinct populations of cells in culture that
express one isoform over the other.

Changes in the expression of several genes and proteins, includ-
ing smMLCK, have been reported following the stimulation of
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cultured non-asthmatic cells with inflammatory cytokines and
other related mediators (Balhara et al. 2014). Balhara et al. have
recently shown that the gene and protein expression of smMLCK
is upregulated in human ASM cells by the allergic antibody immu-
noglobulin E (IgE) (Balhara et al. 2014). IgE is well known to play a
key role in mediating the allergic response of asthmatics, and
serum IgE levels in asthmatics are consistently elevated compared
with non-asthmatic populations (Borish et al. 2005). IgE is an im-
munoglobulin produced in B cells that binds to the high affinity
IgE receptor (FceRI) on mast cells or basophils. Interaction of the
receptor with IgE-bound allergens causes cross-linking of the re-
ceptor and the subsequent release of various inflammatory medi-
ators that can cause smooth muscle contraction (e.g., histamine)
or lead to allergic inflammation (cytokines, chemokines and en-
zymes) (Holt et al. 1999). It has been shown that the high- and
low-affinity IgE receptors (FceRI and FceRII/CD23, respectively) are
expressed in human ASM (Balhara et al. 2014). Balhara et al. dem-
onstrated that IgE increases smMLCK mRNA and protein in human
ASM via FceRI. smMLCK mRNA levels were increased significantly
at 6 (~1.5-fold), 24 (~2.2-fold), and 48 (~1.5-fold) hours after the
addition of IgE to the cultured cells (but not at 12 h). Likewise,
Western blots showed smMLCK protein increased 48 h (~2.5 fold-
change) post IgE stimulation (Balhara et al. 2014). Their results sug-
gest that IgE upregulates smMLCK protein via the Syk, ERK1/2, P38,
JNK, and PI3K signaling pathways, and that there is a plausible role
for IgE to alter the contractile machinery in human ASM. It is possi-
ble that smMLCK protein expression may only be increased follow-
ing stimulation of ASM cells or tissue with IgE, allergens, or
inflammatory mediators. If this was true, the results of Balhara et al.
would agree with those of Ammit et al. and may explain why in some
cases, muscle tissue from asthmatic subjects (removed from the in-
flammatory environment) display no difference in smMLCK protein
or shortening kinetics.

Myosin heavy chain

MYHI11 is the major contractile protein in smooth muscle and is
composed of a phosphorylatable neck region and a head that can
bind to actin to actively shorten the muscle (Sellers et al. 1985).
The gene can be alternatively spliced to give rise to 4 distinct
isoforms (Eddinger and Murphy 1988). The SM1 and SM2 isoforms
differ at the carboxy terminus of the protein with SM1 having a
unique 43 amino acid terminus and SM2 having a shorter termi-
nus of 9 unique amino acids (Eddinger and Murphy 1988). The SM1
isoform has been shown to contain a non-helical tail that may
affect the shortening velocity of smooth muscle (Hewett et al.
1993; Cai et al. 1995). More recently, studies have suggested that
the SM1 and SM2 isoforms control cell length rather than velocity
of shortening (Meer and Eddinger 1997). These 2 isoforms are
mutually exclusive, meaning that SM1 and SM2 cannot exist within
the same protein. The SMA and SMB isoforms arise owing to alter-
nate splicing between exons 5 and 6 (Kelley et al. 1993; White et al.
1993) and are also mutually exclusive. The SMB isoform contains a
short 7 amino acid insert between these 2 exons and it has been
shown to propel actin faster. This has led to the hypothesis that
increased expression of this isoform will result in muscle that
shortens faster (Lauzon et al. 1998).

Isoforms of MYH11, including SMA, SMB, and SM2 were shown to
be upregulated at the gene level in asthmatics when compared
with non-asthmatics (Léguillette et al. 2009) and were negatively
correlated with PC,, values; however, these findings did not agree
with the results of previous studies (Ammit et al. 2000; Ma et al.
2002; Woodruff et al. 2004). Ma et al. did not detect SMB in their
samples, only SMA (Ma et al. 2002). The finding that SMB is present
in the ASM and is increased in asthmatic subjects needs to be
replicated.

As with MLCK, there is the possibility that the in vivo inflam-
matory milieu stimulates ASM cells to increase MYH11 expression.
Lee et al. examined the expression of ~6500 genes in airway epi-
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thelial cells, ASM cells, and lung fibroblasts in response to stimu-
lation with interleukin (IL)-13 (Lee et al. 2001) using a microarray
approach. I1-13 is a cytokine produced by Th-2 lymphocytes dur-
ing allergic hypersensitivity and is a central mediator of asthma
(Lee et al. 2001). In ASM cells, IL-13 caused a 3.61-fold increase in
MYHI11 gene expression over the baseline, suggesting that IL-13 can
regulate MYH11 expression in these cells. The work by Lee et al.
suggests that IL-13 alone can cause different patterns of gene ex-
pression in the 3 airway cell types, including smooth muscle, via a
common pathway that involves the transcription factor STAT6.
Thus IL-13 produced during allergic inflammation could enhance
the contractile response of ASM and contribute to the airway
hyper-responsiveness associated with asthma.

Actin

The other major constituent of the ASM contractile apparatus is
alpha smooth muscle actin (a-SMA), a protein that forms the fila-
ment lattice to which the phosphorylated myosin heads attach
to shorten the muscle (Webb 2003). This protein is often used as a
marker for mature, contractile smooth muscle cells (Skalli et al.
1986) but is also known to play a role in fibroblast contractility
(Hinz et al. 2001). It has been postulated that increased expression
of a-SMA or cytoskeletal actins may contribute to the lack of effect
of deep inspiration seen in asthmatics (Scichilone et al. 2000) by
increasing stiffness and making the muscle more resistant to the
force reduction caused by oscillating strain (Wang et al. 2000;
Chin et al. 2012). However, to date no difference in the expression
of a-SMA in ASM from asthmatics and non-asthmatics has been
reported (Woodruff et al. 2004; Léguillette et al. 2009).

Woodman et al. have shown that human ASM cells increase
their expression of a-SMA when co-cultured with mast cells or
when mast cell-derived B-tryptase was added (Woodman et al.
2008). Tryptases are the most abundant serine-proteinase found in
the secretory granules of mast cells, with B-tryptase being the
major isoform expressed. B-tryptases have been implicated in the
pathogenesis of allergic and inflammatory diseases such as asthma.
Woodman et al. also found that ASM-derived TGF-31secretion and
agonist-provoked contraction were increased in the presence of
B-tryptase (Woodman et al. 2008). Overall, it has been suggested
that B-tryptase increases TFG-B1 secretion in ASM, which then
upregulates contractile protein expression in ASM via autocrine
stimulation.

Other proteins

There are numerous proteins other than those described above
that are highly expressed in ASM. These include proteins that
contribute to solidifying the actin filament network, signaling
calcium release, or acting as receptors for spasmogens.

Transgelin/SM22

Transgelin (TAGLN or SM22) is a protein that binds to actin
filaments and causes their gelation, leading to a more ordered
actin filament network (Shapland et al. 1993). There is little knowl-
edge about the function of TAGLN in ASM, and whether it is
over-expressed in the ASM of asthmatics is debated (Woodruff
et al. 2004; Léguillette et al. 2009). While Léguillette et al. were
able to show an increase in TAGLN mRNA expression in asthmatic
airway biopsies, Woodruff et al. did not detect a difference in their
sample of asthmatics, although it should be noted that this was a
small sample size. The disagreement in the results may be due the
use of different tissues, with Woodruff using pure muscle from
laser captured tissues and Léguillette using whole biopsies con-
taining ASM, epithelial cells, and fibroblasts. More studies need
to be done to determine how changes in TAGLN expression may
contribute to AHR in asthma.
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CD38

Cyclic ADP ribose (cADPR) hydrolase, or CD38, is a multifunc-
tional cell surface enzyme known to play a role in intracellular
Ca?*regulation (Malavasi et al. 2008). Additionally, CD38 catalyzes
the synthesis and degradation of cADPR, which regulates Ca2*
release in ASM via the ryanodine receptor channel (Deshpande
et al. 2003). In asthmatics, increased Ca2* sensitivity could contrib-
ute to augmented ASM contraction in response to agonists (see
Fig. 1) (Deshpande et al. 2003).

Despande et al. investigated the regulation of CD38 expression
and the role of cADPR-mediated calcium release in airway inflam-
mation by exposing cultured human ASM to several inflammatory
mediators such as tumor necrosis factor o (TNF-o, 20 ng/mL), IL-18
(20 ng/mL), or interferon vy (1.0 IU/mL) for 22 h (Deshpande et al.
2003). CD38 mRNA and protein expression increased ~2.1-fold in
cells exposed to TNF-o, and there was a similar finding in cells
exposed to IL-1f3 or INF-y. Similarly, only TNF-a treatment caused
a significant increase in the expression of CD38 protein in the
ASM cells. In a follow-up study, Deshpande et al. investigated CD38
expression by cultured ASM cells exposed to IL-13 (50 ng/mL) using
a similar experimental protocol (Deshpande et al. 2004). It was
found that IL-13-treated ASM cells expressed significantly higher
amounts of CD38 mRNA (~2.5-fold increase) and protein (~2.5-fold
increase) when compared with the control treatment of bovine
serum albumin) (Deshpande et al. 2004). In ASM, contraction is
highly regulated, and changes in the expression of a calcium-
release regulator such as CD38 could affect intracellular calcium
levels by modulating its release from the sarcoplasmic reticulum
(SR) and thus lead to altered contractile function (see Fig. 1).

Histamine H, receptor

Histamine is stored mainly in mast cells and basophils and is a
known contributor to allergic diseases such as asthma when lev-
els in tissue or plasma are elevated (White 1990). Through the H,
receptor expressed on ASM cells and vascular endothelial cells,
histamine is able to regulate 2 central mechanisms that contrib-
ute to the pathological features of asthma: bronchospasm and
mucosal edema (Kaliner 1987; White 1990). When cultured ASM
cells were treated with 100 pmol/L histamine, Kotlikoff et al.
found that there was a significant increase in intracellular cal-
cium stores (Kotlikoff et al. 1987). This rise in cytosolic calcium is
regulated by the H, receptor and could indirectly lead to increased
airway hyper-responsiveness associated with asthma (Kotlikoff
et al. 1987). Jarai et al. investigated the H, receptor expression in
cultured ASM in response to IL-13 and found that there was a
2.6-fold increase in its gene expression after 4 h (Jarai et al. 2004).
More recently, Syed et al. found that the mRNA expression of the
H, receptor in cultured ASM was increased 1.3-fold in response to
stimulation with IL-13 (50 ng/mlL) (Syed et al. 2005). Taken to-
gether, these studies suggest that IL-13, a central inflammatory
cytokine in asthma, can upregulate expression of the histamine
H, receptor in ASM, likely leading to augmented intracellular cal-
cium release and ASM contractility in response to histamine.
However, since AHR is non-specific, mechanisms that affect one
agonist pathway, namely histamine-induced contraction, cannot
be the sole explanation for AHR.

Proteins unrelated to contractile function

Two recent studies using RNA-seq have identified changes in
the expression of genes not directly related to ASM contractile
function in asthmatic versus non-asthmatic tissue (Yick et al. 2013,
2014). In their first paper, they micro-dissected ASM from asthmat-
ics and found 174 genes differentially expressed when compared
with the controls. Of these genes, 8 could be used to distinguish an
asthmatic from a non-asthmatic patient, regardless of their atopy
status. These 8 genes are AK8, VANGL1, GPATCH4, RPTOR, HFM1,
MTRNR2L8, FAM129A, and LEPREL1, and none have been associated
with ASM contractile function. Four of the genes (RPTOR, VANGL1,
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FAM129A, and LEPREL1) were associated with AHR. In a second
study by this group, they were able to show that asthmatic ASM
from patients treated with glucocorticoids had changes in the
expression of genes related to cellular growth, proliferation, and
development (Yick et al. 2013). Interestingly, prednisone treat-
ment was able to reverse the down-regulation of FAM129A, which
was associated with AHR in the first study.

Studies looking into the expression of genes/proteins not nor-
mally associated with contractile function in asthmatic ASM
might lead to a better understanding of how the ASM is different
in asthma. For example, there has been interesting work looking
at the expression of actin binding proteins, like zyxin (Rosner
et al. 2014), which appears to play a role in stabilizing the cyto-
skeleton and stiffening ASM cells. Changes in expression of this
protein could make asthmatic ASM more resistant to strain and
could account for the results seen by Chin et al. (2012). In addition,
genome-wide association studies (GWAS) have identified a variant
in ADAM33 that is associated with asthma (van Eerdewegh et al.
2002), and work has shown that ADAM33 expression is highly
correlated with ASM mechanics in sensitized rats (Lin et al. 2013)
and may represent a new target to treat ASM hypercontractility.
These results suggest that it might be fruitful to extend analyses of
gene expression in asthmatic ASM beyond the “classical contrac-
tile” proteins.

Concluding remarks

There is no strong evidence for changes in the expression of
contractile proteins MLCK, MYH11 (smMHC), and aSMA in asth-
matic ASM as an explanation for AHR and ASM hypercontractility.
The lack of definitive results may stem from the variability in
airways sampled, sampling techniques, methods used, or may just
be an indicator of the heterogeneity of asthma as a disease. Re-
sults from studies examining the changes in ASM gene expression
in cells stimulated with various inflammatory mediators seem to
be more consistent. This indicates that there may not be constitu-
tive changes in the expression of these contractile proteins, but
rather they may be induced by the environment in which the ASM
cells reside. The concept that it is the milieu of the ASM cells that
alters their function was expressed in 2 recent articles (Bossé 2012;
Bosse et al. 2012). The majority of studies on the contractile prop-
erties of asthmatics have relied on post-mortem samples or cul-
tured cells from asthmatics. As such, samples suffer from gene
expression changes associated with steroid treatment (Kelly et al.
2012), removal of samples from inflammatory environments (Bossé
2012), or changes in gene expression associated with obtaining
contractile phenotypes in cultured cells (Halayko et al. 1996).
Stimulation of non-asthmatic ASM cells with inflammatory medi-
ators may explain how the in-vivo environment of asthmatic ASM
cells contributes to their phenotype and potential hypercontrac-
tility. A recent study done using rat ASM showed that CD4+
T-cells increase the muscle's shortening velocity, adding support
to this theory of inflammation-induced ASM contractile changes
(Matusovsky et al. 2014). Future work in this area should focus on
replicating the results from cell culture experiments using fully
contractile ASM tissue or airway preparations to confirm that
what we see is not just an artifact caused by the culturing or serum
starvation process. Similarly, the response of asthmatic ASM to
inflammatory cytokines and mediators compared with non-
asthmatics ASM may prove to be important. It would also be im-
portant to show that the inflammatory environment around the
ASM indeed contains IgE, interleukins, and other inflammatory
mediators. Additional studies on ASM microdissected directly
from asthmatic airways (Yick et al. 2013, 2014) may better deter-
mine the gene expression changes in asthmatic ASM that occurs
in the “asthmatic environment”. To date, there still has been no
clear consensus on whether the ASM from asthmatic subjects is
any more contractile than non-asthmatic subjects.

< Published by NRC Research Press



press.com by 94.34.11.31 on 01/31/15

For personal use only.

Pharmacol. Downloaded from www.nrcresearch

Can. J. Physial.

142

References

Ammit, AJ., Armour, C.L., and Black, J.L. 2000. Smooth-muscle myosin light-
chain kinase content is increased in human sensitized airways. Am. J. Respir.
Crit. Care Med. 161: 257-263. d0i:10.1164/ajrccm.161.1.9901005. PMID:10619829.

Bai, T.R. 1991. Abnormalities in airway smooth muscle in fatal asthma. A com-
parison between trachea and bronchus. Am. Rev. Respir. Dis. 143: 441-443.
d0i:10.1164/ajrccm/143.2.441. PMID:1990965.

Balhara, J., Redhu, N.S., Shan, L., and Gounni, A.S. 2014. IgE regulates the expres-
sion of smMLCK in human airway smooth muscle cells. PLoS One, 9(4):
€93946. doi:10.1371/journal.pone.0093946. PMID:24722483.

Benayoun, L., Druilhe, A., Dombret, M.-C., Aubier, M., and Pretolani, M. 2003.
Airway structural alterations selectively associated with severe asthma. Am.
J. Respir. Crit. Care Med. 167(10): 1360-1368. doi:10.1164/rccm.200209-10300C.
PMID:12531777.

Borish, L., Chipps, B., Deniz, Y., Gujrathi, S., Zheng, B., Dolan, C.M., et al. 2005.
Total serum IgE levels in a large cohort of patients with severe or difficult-
to-treat asthma. Ann. Allergy Asthma Immunol. 95(3): 247-253. doi:10.1016/
$1081-1206(10)61221-5. PMID:16200815.

Bossé, Y. 2012. Asthmatic airway hyperresponsiveness: the ants in the tree.
Trends Mol. Med. 18(11): 627-633. doi:10.1016/j.molmed.2012.09.002. PMID:
23062358.

Bosse, Y., Pare, P., and Bosse, Y. 2012. Airway smooth muscle in asthma
symptoms: culprit but maybe innocent. In Lung Diseases — Selected state of
the art reviews. Edited by E. Irusen. InTech. [Available from www.intechopen.
com/books/lung-diseases-selected-state-of-the-art-reviews/airway-smooth-
muscle-in-asthma-symptoms-culprit-but-maybe-innocent].

Bullimore, S.R., Siddiqui, S., Donovan, G.M., Martin, J.G., Sneyd, J., Bates, J.H.T.,
et al. 2011. Could an increase in airway smooth muscle shortening velocity
cause airway hyperresponsiveness? Am. J. Physiol. Lung Cell. Mol. Physiol.
300(1): L121-L131. doi:10.1152/ajplung.00228.2010. PMID:20971805.

Cai, S., Ferguson, D.G., Martin, A.F., and Paul, RJ. 1995. Smooth muscle contrac-
tility is modulated by myosin tail-S2-LMM hinge region interaction. Am. J.
Physiol. 269(5): C1126-C1132. PMID:7491900.

Ceresa, C.C., Knox, AJ., and Johnson, S.R. 2009. Use of a three-dimensional cell
culture model to study airway smooth muscle-mast cell interactions in air-
way remodeling. Am. J. Physiol. Lung Cell. Mol. Physiol. 296(6): L1059-L1066.
doi:10.1152/ajplung.90445.2008. PMID:19346431.

Cerrina, ., Labat, C., Haye-Legrande, I, Raffestin, B., Benveniste, J., and Brink, C.
1989. Human isolated bronchial muscle preparations from asthmatic pa-
tients: effects of indomethacin and contractile agonists. Prostaglandins, 37:
457-469. doi:10.1016/0090-6980(89)90095-6. PMID:2762556.

Chin, LY., Bosse, Y., Pascoe, C.D., Hackett, T.L., Seow, C.Y., and Pare, P.D. 2012.
Mechanical properties of asthmatic airway smooth muscle. Eur. Respir. J.
40(1): 45-54. doi:10.1183/09031936.00065411. PMID:22267756.

Deshpande, D.A., Walseth, T.F., Panettieri, R.A., and Kannan, M.S. 2003. CD38/
cyclic ADP-ribose-mediated Ca?* signaling contributes to airway smooth
muscle hyper-responsiveness. FASEB J. 17(3): 452-454. doi:10.1096/fj.02-0450fje.
PMID:12514117.

Deshpande, D.A., Dogan, S., Walseth, T.F., Miller, S.M., Amrani, Y., Panettieri, R.A.,
et al. 2004. Modulation of calcium signaling by interleukin-13 in human air-
way smooth muscle: role of CD38/cyclic adenosine diphosphate ribose path-
way. Am. J. Respir. Cell Mol. Biol. 31(1): 36-42. doi:10.1165/rcmb.2003-03130C.
PMID:14764428.

Dunnill, M.S., Massarella, G.R., and Anderson, J.A. 1969. A comparison of the
quantitative anatomy of the bronchi in normal subjects, in status asthmati-
cus, in chronic bronchitis, and in emphysema. Thorax, 24: 176-179. doi:10.
1136/thx.24.2.176. PMID:5821620.

Ebina, M., Takahashi, T., Chiba, T., and Motomiya, M. 1993. Cellular hypertrophy
and hyperplasia of airway smooth muscles underlying bronchial asthma. A
3-D morphometric study. Am. Rev. Respir. Dis. 148: 720-726. d0i:10.1164/
ajrccm/148.3.720. PMID:8368645.

Eddinger, T.J., and Murphy, R.A. 1988. Two smooth muscle myosin heavy chains
differ in their light meromyosin fragment. Biochemistry, 27(10): 3807-3811.
do0i:10.1021/bi00410a043. PMID:3044449.

Elliot, J.G., Jones, R.L., Abramson, M.J., Green, F.H., Mauad, T., McKay, K.O., et al.
2014. Distribution of airway smooth muscle remodelling in asthma: Relation
to airway inflammation. Respirology (Carlton, Vic.). In press. doi:10.1111/resp.
12384. PMID:25257809.

Fish, J.E., Peterman, V.1, and Cugell, D.W. 1977. Effect of deep inspiration on
airway conductance in subjects with allergic rhinitis and allergic asthma.
J. Allergy Clin. Immunol. 60(1): 41-46. doi:10.1016/0091-6749(77)90081-1. PMID:
874208.

Floyer, ]J.S. 1698. A treatise of the asthma divided into four parts. In the first is
given a history of the fits, ... the third edition, corrected. Gale Ecco [http://
gdc.gale.com/].

Gallagher, PJ., Herring, B.P., Griffin, S.A., and Stull, ].T. 1991. Molecular charac-
terization of a mammalian smooth muscle myosin light chain kinase. J. Biol.
Chem. 266(35): 23936-23944. PMID:1748666.

Gunst, SJ., Reynold, A., and Panettieri, J. 2012. Point:Counterpoint: Alterations
in airway smooth muscle phenotype do/do not cause airway hyperrespon-
siveness in asthma. J. Appl. Physiol. 113(5): 837-839. doi:10.1152/japplphysiol.
00483.2012. PMID:22518830.

Halayko, AJ., Salari, H., Ma, X., and Stephens, N.L. 1996. Markers of airway

Can. J. Physiol. Pharmacol. Vol. 93, 2015

smooth muscle cell phenotype. Am. J. Physiol. 270(6): L1040-L1051. PMID:
8764231.

Hewett, T.E., Martin, A.F., and Paul, RJ. 1993. Correlations between myosin
heavy chain isoforms and mechanical parameters in rat myometrium. J. Physiol.
460: 351-364. PMID:8487199.

Hinz, B., Celetta, G., Tomasek, ].J., Gabbiani, G., and Chaponnier, C. 2001. Alpha-
smooth muscle actin expression upregulates fibroblast contractile activity.
Mol. Biol. Cell, 12(9): 2730-2741. d0i:10.1091/mbc.12.9.2730. PMID:11553712.

Holt, P.G., Macaubas, C., Stumbles, P.A., and Sly, P.D. 1999. The role of allergy in
the development of asthma. Nature, 402(6760 Suppl.): B12-B17. d0i:10.1038/
35037009. PMID:10586890.

James, AL, Elliot, J.G., Jones, R.L., Carroll, M.L., Mauad, T., Bai, T.R., et al. 2012.
Airway smooth muscle hypertrophy and hyperplasia in asthma. Am. J. Re-
spir. Crit. Care Med. 185: 1058-1064. doi:10.1164/rccm.201110-18490C. PMID:
22403800.

Jarai, G., Sukkar, M., Garrett, S., Duroudier, N., Westwick, J., Adcock, I., et al.
2004. Effects of interleukin-lbeta, interleukin-13 and transforming growth
factor-beta on gene expression in human airway smooth muscle using gene
microarrays. Eur. J. Pharmacol. 497(3): 255-265. d0i:10.1016/j.ejphar.2004.06.
055. PMID:15336943.

Kaliner, M. 1987. Mast cell mediators and asthma. Chest. 91(6 Suppl): 171S-176S.

Kelley, C.A., Takahashi, M., Yu, J.H., and Adelstein, R.S. 1993. An insert of seven
amino acids confers functional differences between smooth muscle myosins
from the intestines and vasculature. J. Biol. Chem. 268(17): 12848-12854.
PMID:8509418.

Kelly, M., King, E., Rider, C., Gwozd, C., Holden, N., Eddleston, J., et al. 2012.
Corticosteroid-induced gene expression in allergen-challenged asthmatic
subjects taking inhaled budesonide. Br. J. Pharmacol. 165(6): 1737-1747. doi:
10.1111/j.1476-5381.2011.01620.x. PMID:21827450.

Kotlikoff, M.I.,, Murray, R.K., and Reynolds, E.E. 1987. Histamine-induced calcium
release and phorbol antagonism in cultured airway smooth muscle cells. Am.
J. Physiol. 253(4): C561-C566. PMID:3661694.

Lauzon, A.M., Tyska, M.J., Rovner, A.S., Freyzon, Y., Warshaw, D.M., and
Trybus, K.M. 1998. A 7-amino-acid insert in the heavy chain nucleotide bind-
ing loop alters the kinetics of smooth muscle myosin in the laser trap.
J. Muscle Res. Cell Motil. 19(8): 825-837. d0i:10.1023/A:1005489501357. PMID:
10047983.

Lee, J.H., Kaminski, N., Dolganov, G., Grunig, G., Koth, L., Solomon, C., et al. 2001.
Interleukin-13 induces dramatically different transcriptional programs in
three human airway cell types. Am. J. Respir. Cell Mol. Biol. 25(4): 474-485.
doi:10.1165/ajrcmb.25.4.4522. PMID:11694453.

Léguillette, R., Laviolette, M., Bergeron, C., Zitouni, N., Kogut, P., Solway, J., et al.
2009. Myosin, transgelin, and myosin light chain kinase. Am. J. Respir. Crit.
Care Med. 179(3): 194-204. doi:10.1164/rccm.200609-13670C. PMID:19011151.

Lim, T.K,, Pride, N.B. and Ingram, R.H., Jr. 1987. Effects of volume history during
spontaneous and acutely induced air-flow obstruction in asthma. Am. Rev.
Respir. Dis. 135(3): 591-596. PMID:3826885.

Lim, T.K.,, Ang, S.M., Rossing, T.H., Ingenito, E.P., and Ingram, R.H. 1989. The
effects of deep inhalation on maximal expiratory flow during intensive treat-
ment of spontaneous asthmatic episodes. Am. Rev. Respir. Dis. 140(2): 340—
343. doi:10.1164/ajrccm/140.2.340. PMID:2764370.

Lin, F., Song, A., Wu, J., Jiang, X., Long, J., Chen, J., et al. 2013. ADAM33 protein
expression and the mechanics of airway smooth muscle cells are highly
correlated in ovalbumin-sensitized rats. Mol. Med. Rep. 8(4): 1209-1215. doi:
10.3892/mmr.2013.1621. PMID:23934418.

Ma, X, Cheng, Z., Kong, H., Wang, Y., Unruh, H., Stephens, N.L., et al. 2002.
Changes in biophysical and biochemical properties of single bronchial
smooth muscle cells from asthmatic subjects. Am. J. Physiol. Lung Cell. Mol.
Physiol. 283: L1181-L1189. doi:10.1152/ajplung.00389.2001. PMID:12388349.

Mabuchi, Y., Mabuchi, K., Stafford, W.F., and Grabarek, Z. 2010. Modular struc-
ture of smooth muscle myosin light chain kinase: hydrodynamic modeling
and functional implications. Biochemistry, 49(13): 2903-2917. do0i:10.1021/
bi901963e. PMID:20196616.

Malavasi, F., Deaglio, S., Funaro, A., Ferrero, E., Horenstein, A.L., Ortolan, E.,
et al. 2008. Evolution and function of the ADP ribosyl cyclase/CD38 gene
family in physiology and pathology. Physiol. Rev. 88(3): 841-886. doi:10.1152/
physrev.00035.2007. PMID:18626062.

Malmberg, P., Larsson, K., Sundblad, B.M., and Zhiping, W. 1993. Importance of
the time interval between FEV1 measurements in a methacholine provoca-
tion test. Eur. Respir. J. 6: 680-686. PMID:8519378.

Masoli, M., Fabian, D., Holt, S., and Beasley, R.; Global Initiative for Asthma
(GINA) Program. 2004. The global burden of asthma: executive summary of
the GINA Dissemination Committee report. Allergy, 59(5): 469-478. doi:10.
1111/j.1398-9995.2004.00526.x. PMID:15080825.

Matsumoto, H., Moir, L.M., Oliver, B.G.G., Burgess, J.K., Roth, M., Black, J.L., et al.
2007. Comparison of gel contraction mediated by airway smooth muscle cells
from patients with and without asthma. Thorax, 62(10): 848-854. d0i:10.1136/
thx.2006.070474. PMID:17412779.

Matusovsky, O.S., Nakada, E.M., Kachmar, L., Fixman, E.D., and Lauzon, A.-M.
2014. CD4+ T cells enhance the unloaded shortening velocity of airway
smooth muscle by altering the contractile protein expression. J. Physiol.
592(14): 2999-3012. doi:10.1113/jphysiol.2014.270843. PMID:24687581.

Meer, D.P., and Eddinger, T.J. 1997. Expression of smooth muscle myosin heavy

< Published by NRC Research Press


http://dx.doi.org/10.1164/ajrccm.161.1.9901005
http://www.ncbi.nlm.nih.gov/pubmed/10619829
http://dx.doi.org/10.1164/ajrccm/143.2.441
http://www.ncbi.nlm.nih.gov/pubmed/1990965
http://dx.doi.org/10.1371/journal.pone.0093946
http://www.ncbi.nlm.nih.gov/pubmed/24722483
http://dx.doi.org/10.1164/rccm.200209-1030OC
http://www.ncbi.nlm.nih.gov/pubmed/12531777
http://dx.doi.org/10.1016/S1081-1206(10)61221-5
http://dx.doi.org/10.1016/S1081-1206(10)61221-5
http://www.ncbi.nlm.nih.gov/pubmed/16200815
http://dx.doi.org/10.1016/j.molmed.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23062358
http://www.intechopen.com/books/lung-diseases-selected-state-of-the-art-reviews/airway-smooth-muscle-in-asthma-symptoms-culprit-but-maybe-innocent]
http://www.intechopen.com/books/lung-diseases-selected-state-of-the-art-reviews/airway-smooth-muscle-in-asthma-symptoms-culprit-but-maybe-innocent]
http://www.intechopen.com/books/lung-diseases-selected-state-of-the-art-reviews/airway-smooth-muscle-in-asthma-symptoms-culprit-but-maybe-innocent]
http://dx.doi.org/10.1152/ajplung.00228.2010
http://www.ncbi.nlm.nih.gov/pubmed/20971805
http://www.ncbi.nlm.nih.gov/pubmed/7491900
http://dx.doi.org/10.1152/ajplung.90445.2008
http://www.ncbi.nlm.nih.gov/pubmed/19346431
http://dx.doi.org/10.1016/0090-6980(89)90095-6
http://www.ncbi.nlm.nih.gov/pubmed/2762556
http://dx.doi.org/10.1183/09031936.00065411
http://www.ncbi.nlm.nih.gov/pubmed/22267756
http://dx.doi.org/10.1096/fj.02-0450fje
http://www.ncbi.nlm.nih.gov/pubmed/12514117
http://dx.doi.org/10.1165/rcmb.2003-0313OC
http://www.ncbi.nlm.nih.gov/pubmed/14764428
http://dx.doi.org/10.1136/thx.24.2.176
http://dx.doi.org/10.1136/thx.24.2.176
http://www.ncbi.nlm.nih.gov/pubmed/5821620
http://dx.doi.org/10.1164/ajrccm/148.3.720
http://dx.doi.org/10.1164/ajrccm/148.3.720
http://www.ncbi.nlm.nih.gov/pubmed/8368645
http://dx.doi.org/10.1021/bi00410a043
http://www.ncbi.nlm.nih.gov/pubmed/3044449
http://dx.doi.org/10.1111/resp.12384
http://dx.doi.org/10.1111/resp.12384
http://www.ncbi.nlm.nih.gov/pubmed/25257809
http://dx.doi.org/10.1016/0091-6749(77)90081-1
http://www.ncbi.nlm.nih.gov/pubmed/874208
http://gdc.gale.com/]
http://gdc.gale.com/]
http://www.ncbi.nlm.nih.gov/pubmed/1748666
http://dx.doi.org/10.1152/japplphysiol.00483.2012
http://dx.doi.org/10.1152/japplphysiol.00483.2012
http://www.ncbi.nlm.nih.gov/pubmed/22518830
http://www.ncbi.nlm.nih.gov/pubmed/8764231
http://www.ncbi.nlm.nih.gov/pubmed/8487199
http://dx.doi.org/10.1091/mbc.12.9.2730
http://www.ncbi.nlm.nih.gov/pubmed/11553712
http://dx.doi.org/10.1038/35037009
http://dx.doi.org/10.1038/35037009
http://www.ncbi.nlm.nih.gov/pubmed/10586890
http://dx.doi.org/10.1164/rccm.201110-1849OC
http://www.ncbi.nlm.nih.gov/pubmed/22403800
http://dx.doi.org/10.1016/j.ejphar.2004.06.055
http://dx.doi.org/10.1016/j.ejphar.2004.06.055
http://www.ncbi.nlm.nih.gov/pubmed/15336943
http://www.ncbi.nlm.nih.gov/pubmed/8509418
http://dx.doi.org/10.1111/j.1476-5381.2011.01620.x
http://www.ncbi.nlm.nih.gov/pubmed/21827450
http://www.ncbi.nlm.nih.gov/pubmed/3661694
http://dx.doi.org/10.1023/A%3A1005489501357
http://www.ncbi.nlm.nih.gov/pubmed/10047983
http://dx.doi.org/10.1165/ajrcmb.25.4.4522
http://www.ncbi.nlm.nih.gov/pubmed/11694453
http://dx.doi.org/10.1164/rccm.200609-1367OC
http://www.ncbi.nlm.nih.gov/pubmed/19011151
http://www.ncbi.nlm.nih.gov/pubmed/3826885
http://dx.doi.org/10.1164/ajrccm/140.2.340
http://www.ncbi.nlm.nih.gov/pubmed/2764370
http://dx.doi.org/10.3892/mmr.2013.1621
http://www.ncbi.nlm.nih.gov/pubmed/23934418
http://dx.doi.org/10.1152/ajplung.00389.2001
http://www.ncbi.nlm.nih.gov/pubmed/12388349
http://dx.doi.org/10.1021/bi901963e
http://dx.doi.org/10.1021/bi901963e
http://www.ncbi.nlm.nih.gov/pubmed/20196616
http://dx.doi.org/10.1152/physrev.00035.2007
http://dx.doi.org/10.1152/physrev.00035.2007
http://www.ncbi.nlm.nih.gov/pubmed/18626062
http://www.ncbi.nlm.nih.gov/pubmed/8519378
http://dx.doi.org/10.1111/j.1398-9995.2004.00526.x
http://dx.doi.org/10.1111/j.1398-9995.2004.00526.x
http://www.ncbi.nlm.nih.gov/pubmed/15080825
http://dx.doi.org/10.1136/thx.2006.070474
http://dx.doi.org/10.1136/thx.2006.070474
http://www.ncbi.nlm.nih.gov/pubmed/17412779
http://dx.doi.org/10.1113/jphysiol.2014.270843
http://www.ncbi.nlm.nih.gov/pubmed/24687581

press.com by 94.34.11.31 on 01/31/15

For personal use only.

Pharmacol. Downloaded from www.nrcresearch

Can. J. Physial.

Pascoe et al.

chains and unloaded shortening in single smooth muscle cells. Am. J. Physiol.
273(4): C1259-C1266. PMID:9357770.

Paré, P.D., and Mitzner, W. 2012. Counterpoint: alterations in airway smooth
muscle phenotype do not cause airway hyperresponsiveness in asthma. J. Appl.
Physiol. (1985), 113(5): 839-842. doi:10.1152japplphysiol.00483.2012a. PMID:
22942220. PMID:7559207.

Rosner, S.R., Blankman, E., Jensen, C.C., Krishnan, R., Beckerle, M.C., Fredberg, ] J.,
etal. 2014. Bronchospasm, deep inspirations and the paradoxical role of zyxin.
Vol. 1-269. pp. A3667-A3667. American Thoracic Society, New York, N.Y.

Scichilone, N., Kapsali, T., Permutt, S., and Togias, A. 2000. Deep inspiration-
induced bronchoprotection is stronger than bronchodilation. Am. J. Respir.
Crit. Care Med. 162: 910-916. doi:10.1164/ajrccm.162.3.9907048. PMID:10988104.

Sellers, J.R., Spudich, J.A., and Sheetz, M.P. 1985. Light chain phosphorylation
regulates the movement of smooth muscle myosin on actin filaments. J. Cell
Biol. 101(5): 1897-1902. d0i:10.1083/jcb.101.5.1897. PMID:3840488.

Shapland, C., Hsuan, J.J., Totty, N.F., and Lawson, D. 1993. Purification and prop-
erties of transgelin: a transformation and shape change sensitive actin-
gelling protein. J. Cell Biol. 121(5): 1065-1073. d0i:10.1083/jcb.121.5.1065.
PMID:8501116.

Skalli, O., Ropraz, P., Trzeciak, A., Benzonana, G., Gillessen, D., and Gabbiani, G.
1986. A monoclonal antibody against alpha-smooth muscle actin: a new
probe for smooth muscle differentiation. J. Cell Biol. 103(6): 2787-2796. doi:
10.1083(jcb.103.6.2787. PMID:3539945.

Skloot, G., and Togias, A. 2003. Bronchodilation and bronchoprotection by deep
inspiration and their relationship to bronchial hyperresponsiveness. Clin.
Rev. Allergy Immunol. 24(1): 55-71. doi:10.1385/CRIAI:24:1:55. PMID:12644718.

Solway, J., and Fredberg, J.J. 1997. Perhaps airway smooth muscle dysfunction
contributes to asthmatic bronchial hyperresponsiveness after all. Am. J. Re-
spir. Cell Mol. Biol. 17(2): 144-146. doi:10.1165/ajrcmb.17.2.f137. PMID:9271301.

Syed, F., Panettieri, R.A., Jr., Tliba, O., Huang, C., Li, K., Bracht, M., et al. 2005. The
effect of IL-13 and IL-13R130Q, a naturally occurring IL-13 polymorphism, on
the gene expression of human airway smooth muscle cells. Respir. Res. 6: 9.
doi:10.1186/1465-9921-6-9. PMID:15661077.

Van Eerdewegh, P., Little, R.D., Dupuis, ]J., del Mastro, R.G., Falls, K., Simon, ]J.,

143

et al. 2002. Association of the ADAM33 gene with asthma and bronchial hy-
perresponsiveness. Nature, 418: 426. doi:10.1038/nature00878. PMID:12110844.

Wang, L., Paré, P.D., and Seow, C.Y. 2000. Effects of length oscillation on the
subsequent force development in swine tracheal smooth muscle. J. Appl.
Physiol. (1985), 88(6): 2246-2250. PMID:10846042.

Webb, R.C. 2003. Smooth muscle contraction and relaxation. In Advances in
Physiology Education. Vol. 27. pp. 201.

White, M.V. 1990. The role of histamine in allergic diseases. J. Allergy Clin.
Immunol. 86(4): 599-605. doi:10.1016/S0091-6749(05)80223-4. PMID:1699987.

White, S., Martin, A.F., and Periasamy, M. 1993. Identification of a novel smooth
muscle myosin heavy chain cDNA: isoform diversity in the S1 head region.
Am. J. Physiol. 264(5): C1252-C1258. PMID:7684561.

Woodman, L., Siddiqui, S., Cruse, G., Sutcliffe, A., Saunders, R., Kaur, D, et al.
2008. Mast cells promote airway smooth muscle cell differentiation via auto-
crine up-regulation of TGF-beta 1. J. Immunol. 181(7): 5001-5007. doi:10.4049/
jimmunol.181.7.5001. PMID:18802103.

Woodruff, P.G., Dolganov, G.M., Ferrando, R.E., Donnelly, S., Hays, S.R.,
Solberg, O.D., et al. 2004. Hyperplasia of smooth muscle in mild to moderate
asthma without changes in cell size or gene expression. Am. J. Respir. Crit.
Care Med. 169: 1001-1006. d0i:10.1164/rccm.200311-15290C. PMID:1472642.3.

Wright, D., Sharma, P., Ryu, M.-H., Rissé, P.-A., Ngo, M., Maarsingh, H., et al. 2013.
Models to study airway smooth muscle contraction in vivo, ex vivo and in
vitro: implications in understanding asthma. Pulm. Pharmacol. Ther. 26(1):
24-36. doi:10.1016/j.pupt.2012.08.006. PMID:22967819.

Yick, C.Y., Zwinderman, A.H., Kunst, P.W., Griinberg, K., Mauad, T., Fluiter, K., et al.
2013. Glucocorticoid-induced changes in gene expression of airway smooth
muscle in patients with asthma. Am. J. Respir. Crit. Care Med. 187(10): 1076-
1084. doi:10.1164/rccm.201210-18860C. PMID:23491407.

Yick, C.Y., Zwinderman, A.H., Kunst, P.W., Griinberg, K., Mauad, T.,
Chowdhury, S., et al. 2014. Gene expression profiling of laser microdissected
airway smooth muscle tissue in asthma and atopy. Allergy, 69(9): 1233-1240.
doi:10.1111/al1.12452. PMID:24888725.

Zhang, W.-C., Peng, Y.-J., Zhang, G.-S., He, W.-Q., Qiao, Y.-N., Dong, Y.-Y., et al.
2010. Myosin light chain kinase is necessary for tonic airway smooth muscle
contraction. J. Biol. Chem. 285(8): 5522-5531. d0i:10.1074/jbc.M109.062836.
PMID:20018858.

< Published by NRC Research Press


http://www.ncbi.nlm.nih.gov/pubmed/9357770
http://dx.doi.org/10.1152/japplphysiol.00483.2012a
http://www.ncbi.nlm.nih.gov/pubmed/22942220
http://www.ncbi.nlm.nih.gov/pubmed/7559207
http://dx.doi.org/10.1164/ajrccm.162.3.9907048
http://www.ncbi.nlm.nih.gov/pubmed/10988104
http://dx.doi.org/10.1083/jcb.101.5.1897
http://www.ncbi.nlm.nih.gov/pubmed/3840488
http://dx.doi.org/10.1083/jcb.121.5.1065
http://www.ncbi.nlm.nih.gov/pubmed/8501116
http://dx.doi.org/10.1083/jcb.103.6.2787
http://www.ncbi.nlm.nih.gov/pubmed/3539945
http://dx.doi.org/10.1385/CRIAI%3A24%3A1%3A55
http://www.ncbi.nlm.nih.gov/pubmed/12644718
http://dx.doi.org/10.1165/ajrcmb.17.2.f137
http://www.ncbi.nlm.nih.gov/pubmed/9271301
http://dx.doi.org/10.1186/1465-9921-6-9
http://www.ncbi.nlm.nih.gov/pubmed/15661077
http://dx.doi.org/10.1038/nature00878
http://www.ncbi.nlm.nih.gov/pubmed/12110844
http://www.ncbi.nlm.nih.gov/pubmed/10846042
http://dx.doi.org/10.1016/S0091-6749(05)80223-4
http://www.ncbi.nlm.nih.gov/pubmed/1699987
http://www.ncbi.nlm.nih.gov/pubmed/7684561
http://dx.doi.org/10.4049/jimmunol.181.7.5001
http://dx.doi.org/10.4049/jimmunol.181.7.5001
http://www.ncbi.nlm.nih.gov/pubmed/18802103
http://dx.doi.org/10.1164/rccm.200311-1529OC
http://www.ncbi.nlm.nih.gov/pubmed/14726423
http://dx.doi.org/10.1016/j.pupt.2012.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22967819
http://dx.doi.org/10.1164/rccm.201210-1886OC
http://www.ncbi.nlm.nih.gov/pubmed/23491407
http://dx.doi.org/10.1111/all.12452
http://www.ncbi.nlm.nih.gov/pubmed/24888725
http://dx.doi.org/10.1074/jbc.M109.062836
http://www.ncbi.nlm.nih.gov/pubmed/20018858

	Invited review
	Introduction
	Major contractile proteins
	Myosin light chain kinase
	Myosin heavy chain
	Actin

	Other proteins
	Transgelin/SM22
	CD38
	Histamine H1 receptor
	Proteins unrelated to contractile function

	Concluding remarks

	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


