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ABSTRACT
Misior, Anna M.
REGULATION OF AIRWAY SMOOTH MUSCLE PROLIFERATION:
CYTOKINE-, GLUCOCORTICOID-, AND PKA-DEPENDENT MECHANISMS
Dissertation under the direction of
Raymond B. Penn, Ph.D., Associate Professor
Increased mass of airway smooth muscle (ASM) is an important pathogenic
mechanism in the obstructive airway disease asthma. Increased volume of ASM has been
attributed to both smooth muscle hyperplasia and hypertrophy, and is thought to be
driven by increased levels of mitogens and inflammatory mediators in the airway. The
effects of polypeptide growth factors and G protein coupled receptor (GPCR) ligands on
ASM proliferation have been extensively explored, however regulation of growth by the
proinflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)-α has not
been well characterized. Both IL-1β and TNF-α, alone or in combination, have been
shown to decrease proliferation of human ASM in vitro stimulated by a variety of growth
factors or GPCR agonists and the effect is associated with the ability of the cytokines to
induce cyclooxygenase (COX)-2 expression, production of prostaglandin E2 (PGE2), and
increase cAMP levels. Because cAMP-dependent protein kinase (PKA) is the primary
cAMP effector, it has been assumed to mediate the antimitogenic effects of IL-1β and
TNF-α. Even though the role for COX-2 and PGE2 in the anti-mitogenic effects of the
cytokines is assumed based on association, no evidence directly implicating PKA exists
due to lack of effective and specific inhibitors of PKA in intact cells.

xii

Studies described in this dissertation provide direct evidence for the critical role
of PKA in regulating the mitogenic effects of IL-1β and TNF-α in ASM. Inhibition of
PKA activity by heterologous expression of two different proteins is verified and
demonstrated to render IL-1β and TNF-α strong mitogens and enhancers of growth
factor-stimulated ASM proliferation.

Indirect inhibition of PKA activation, due to

suppression of COX-2 induction or PGE2 production, is the mechanism mediating the
promitogenic effects of glucocorticoids (GC) and COX inhibitors on ASM. The PKAdependent mechanisms in ASM involve regulation of the phosphoinositide-3 kinase and
p42/p44 extracellular regulated kinases activation, cell cycle regulatory protein
expression and activation, and gene expression. Additionally, our analyses characterize
differential gene expression in ASM regulated by growth factors, cytokines, PKA and
GCs and provide novel insight into the effects of mainstream asthma therapies on ASM
cell growth.

xiii

CHAPTER I

INTRODUCTION
A. Misior
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Although an increase in airway smooth muscle (ASM) mass is now widely recognized
as an important pathogenic feature in asthma, its cause is poorly understood. Inflammation
of the airway is presumed to promote increased ASM growth, but few studies exist
examining such an effect of inflammation. In this thesis, the role of the ubiquitous
inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)-α in
regulating ASM growth is explored through extensive signal transduction, cellular
physiology, and molecular biology analyses. In this introduction, background information
on ASM, its (dys)regulation in asthma, and our current understanding of the role of
inflammation in regulating ASM growth are discussed, and the rationale for pursuing the
thesis work is further expounded.

Airway smooth muscle
The main contractile component of the airway, ASM, originates from mesenchymal
cells underlying the epithelium of the embryonic epithelial buds (Sparrow, M.P. et al.,
2003). In approximately the 5th gestational week in humans, these mesenchymal cells
begin to elongate and express smooth muscle-specific markers (Sparrow, M.P. et al.,
2003). Early on, the differentiating cells form bundles (Sparrow, M.P. et al., 2003),
which contain 300-400 myocytes, fibroblasts, neural axons, blood vessels and
extracellular matrix (ECM) comprised of collagen and elastin (Stephens, N.L., 2001).
These do not form separate units, rather small “sub-bundles” that connect to adjacent
bundles resulting in a continuous syncitium (Sparrow, M.P. et al., 2003), within which
numerous gap junctions connect ASM cells allowing for propagation of the action
potential (Stephens, N.L., 2001). The developmental process results in formation of a
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bronchial tree divided into central and peripheral airways. In central airways, comprised
of trachea and bronchi, ASM is localized transversely between the ends of cartilaginous
rings and is restricted to the dorsal wall of the airway (James, A. et al., 2000). Within the
large and terminal bronchioles, which form the peripheral airways, ASM completely
encircles the airway in a helical orientation (James, A. et al., 2000)(Figure 1).
During the prenatal period, ASM is critical to proper lung development. Early fetal
ASM begins to contract spontaneously and rhythmically, much like the gut (Sparrow,
M.P. et al., 2003). These peristaltic movements propel the fluid filling the embryonic
lungs, distending the epithelial buds and generating positive pressure within the airway
providing crucial stretch signals that drive lung development (Seow, C.Y. et al., 2001;
Sparrow, M.P. et al., 2003).

Postnatally, ASM regulates airway patency and lung

pressures, stabilizing the airway to help prevent collapse during forced expiration (Seow,
C.Y. et al., 2001). Additionally, ASM contraction assists in expulsion of mucus and
foreign bodies from the airway through the process of coughing (Seow, C.Y. et al.,
2001). Although these appear important physiological functions, some investigators in
the field have begun to question ASM’s importance, characterizing it as “vestigial” and
arguing it serves no important purpose and can only cause harm- contributing to airway
pathology when undergoing unwanted, excessive contraction in diseases such as asthma
(discussed below) (Mitzner, W., 2004; Seow, C.Y. et al., 2001). Although some have
characterized this argument as specious- an attempt to justify the clinical use of bronchial
thermoplasty (Mitzner, W., 2006)- it is well established that aberrant ASM function is the
primary cause of the obstructive airway disease asthma.

3

B. Trachea

A.
C. Bronchus

4
D. Bronchiole

Figure 1. Bronchial tree and the localization of the ASM. Bronchial tree (A) is composed of central airways (trachea, bronchi) and peripheral airways (large
and terminal bronchioles), which branch out and terminate in the alveoli. Within the trachea, ASM is located dorsally between the ends of the cartilaginous rings
and oriented in a transverse position (B). In the bronchi the cartilaginous support is reduced to discrete plaques, and ASM bundles encircle the airway in a spiral
manner (C). In the peripheral airways, cartilage is absent and ASM completely encircles the airway (D). Legend for figure B: C- cartilage; T- trachealis muscle
(ASM); L- longitudinal muscle (ASM); M- mucosa. Legend for figures C-D: C- cartilage; M- smooth muscle; SM- submucosa; L- lymphocytes; G- seromucous
glands; V- pulmonary vein.
Figure A reproduced from “Voice Production in Singing and Speaking” by Wesley Mills (Project Gutenberg, eBook #19880, Nov 20, 2006), which allows free
use and reproduction (Project Gutenberg License located online at www.gutenberg.org). Figures B-C reproduced with permission from “Wheather’s Functional
Histology: a Text and Colour Atlas” by Barbara Young, Ph.D. (Churchill Livingstone, 2000).

Asthma
Asthma is a chronic, inflammatory disease of the lung characterized by episodic
airway obstruction, airway hyperresponsiveness (AHR), presence of activated
inflammatory cells and inflammatory mediators, and structural changes in the airway
(Pascual, R.M. et al., 2001). Clinically, asthmatic patients present with episodes of
shortness of breath, wheezing, coughing, and chest tightness typically triggered by
allergens or seemingly innocuous agents such as cold air, smoke, exercise, or perfume
(Balkissoon, R., 2008).

Pulmonary function tests often indicate decreased forced

expiratory volume in one second (FEV1), which is reversible with β-adrenergic receptor
agonist (β-agonist) administration (Balkissoon, R., 2008). Additionally, at least 50% of
asthmatics are also atopic (Pearce, N. et al., 1999), suggesting airway inflammation as an
important underlying cause.
Post mortem examinations of patients with fatal asthma revealed lung hyperinflation
and airway lumen occlusion due to mucus plugs and increased ASM mass resulting in
thickened airway wall (Dunnil, M.S., 1960; Dunnill, M.S. et al., 1969; Ebina, M. et al.,
1993; James, A.L. et al., 1989). Findings also included epithelial cell desquamation,
goblet cell hyperplasia, basal membrane thickening due to collagen deposition, and
significant inflammatory cell infiltration with eosinophils, lymphocytes, neutrophils and
degranulated mast cells (Cutz, E. et al., 1978; Saetta, M. et al., 1991). These changes
were thought to be characteristic of fatal asthma, however, development of flexible
bronchoscopy allowed for examination of living patients with moderate and mild asthma.
These studies revealed the presence of the pathological features across the spectrum of
disease and association between the severity of asthma and degree of remodeling (Busse,
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W.W. et al., 2001). One consistent finding is the increased ASM mass, although in
milder asthma smaller peripheral airways are primarily involved (Carroll, N. et al., 1993;
Dunnill, M.S. et al., 1969).

Additionally, the ECM composition is altered in the

asthmatic airways with increased deposition of hyaluronan, fibronectin, tenascin,
versican, laminin α2β2, and collagens I, III and V (Ammit, A.J. et al., 2001; Johnson, P. et
al., 2000; Lazaar, A.L. et al., 2005) and decreased content of collagen IV and elastin
(Johnson, P. et al., 2000), which has been suggested to result in a stiffer and less
compliant airways (Bramley, A.M. et al., 1994).
Pathogenesis. Asthma is a multifactorial disease with many mechanisms involving
different cell types. At first it was thought to be a disease of the ASM, because the main
observable feature of the disease was the reversible bronchospasm. However, extensive
histological evaluations lead to appreciation for the role of inflammation in the
pathogenesis of asthma (Ramos-Barbon, D. et al., 2004). Currently it is proposed that in
most patients the disease develops early in life as research indicates a crucial role for
early-life exposures (allergens, infections) and immune processes, and their interplay
with genetic factors in the establishment of normal or altered immune response (Busse,
W. et al., 2004). This conditioning of the immune system, including innate and adaptive
immunity and development of tolerance, dictates later responses and development of
airway injury, which are thought to be altered in asthma and contribute to airway
dysfunction and remodeling (Busse, W. et al., 2004). Findings of inflammatory cell
infiltration within the asthmatic airway (described above) suggest the contribution of the
inflammatory process to asthma pathogenesis. Use of animal models further established
this role of inflammation as allergen sensitization and challenge protocols lead to

6

development of asthma-associated features and remodeling in various species (mouse,
rat, guinea pig, cat, horse)(Gosens, R. et al., 2005; Hirano, A. et al., 2006; Miller, M. et
al., 2006; Ramos-Barbon, D. et al., 2004; Vanacker, N.J. et al., 2001; Vanacker, N.J. et
al., 2002). It is now recognized that chronic inflammation, as well as AHR and airway
remodeling are associated with asthma.
AHR is an exaggerated contractile response (Billington, C.K. et al., 2003) that results in
enhanced airway narrowing. Activated mast cells, eosinophils or other inflammatory
cells present in the asthmatic airway release procontractile agonists such as histamine,
thrombin, endothelin, tachykinins, and leukotrienes in the airway. Also, inflammatory
cytokines (e.g. IL-1β and TNF-α) have been shown to increase expression of receptors
for bradykinin, tachykinins and leukotrienes, and Gαq and Gαi proteins, which can
increase calcium mobilization and contractility of ASM. Increased Gi protein-coupled
receptor signaling has also been shown to activate Rho guanine nucleotide exchange
factors (GEFs) and subsequently Rho, which in ASM can lead to contractile or calcium
“sensitization” (Chiba, Y. et al., 2001b) through unclear mechanisms.

Calcium

sensitization observed in asthmatic ASM has been linked to altered expression of proteins
involved in the contractile apparatus. In both animal models of allergic inflammation and
in samples of human asthmatic ASM, increased expression of myosin light chain kinase
(MLCK)(Ma, X. et al., 2002), RhoA and Gα12/Gα13 (upstream regulators of Rho) has been
observed (Ammit, A.J. et al., 2000; Chiba, Y. et al., 1999; Chiba, Y. et al., 2001a). The
inflammatory mediators, specifically TNF-α, have also been reported to regulate
expression of sarco-endoplasmic reticulum calcium-ATPase (SERCA) 2a at both the
mRNA and protein level, and through control of calcium stores may also regulate ASM
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contractile response (Amrani, Y. et al., 1995). Thus, inflammation may drive AHR by
contributing to the increased presence of procontractile agonists in the airway, increased
expression of receptors, their signaling intermediates and effectors, as well as regulators
of calcium stores in ASM.
Airway remodeling.

Findings from human autopsy and biopsy studies show an

association between the degree of remodeling and levels of inflammatory cells and
mediators in the airway. Animal models of allergic asthma additionally suggest that
sensitization and repeated allergen challenge increase proliferation of goblet and
epithelial cells (Vanacker, N.J. et al., 2001; Vanacker, N.J. et al., 2002), as well as
subepithelial glands (Pascual, R.M. et al., 2005) in the airway. There are also reports of
increased vascularity of the airway, which may contribute to thickening of the airway
wall (Salvato, G., 2001). Additionally, in both human asthmatics and animal models of
asthma, increased mass of ASM is consistently observed, however mechanisms
underlying this finding are still not well understood. Studies primarily suggest increased
ASM is caused by increased cell proliferation, although some studies also report
hypertrophy of ASM cells. The most likely explanation is that both hyperplasia and
hypertrophy occur to a varying extent depending on the nature of the present stimuli (e.g.,
transforming growth factor (TGF)β appears to preferentially induce hypertrophy
(Goldsmith, A.M. et al., 2006)). Regardless of the relative contribution of hyperplasia or
hypertrophy, increased ASM mass is observed in asthma, and contributes to altered
airway mechanics and increased airway resistance.
The true causal relationship between inflammation and remodeling is poorly defined.
Early autopsy studies suggested that remodeling results from chronic inflammation and
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Figure 2. Contribution of increased ASM mass to airway lumen narrowing due to effects on airway
geometry. The same amount of ASM shortening results in significantly enhanced airway lumen narrowing
and obstruction in remodeled airways with increased ASM mass.
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studies in animal models of asthma suggest that inflammation can lead and cause airway
remodeling (discussed above).

However, bronchoscopic examinations of wheezing

young children indicate that airway dysfunction develops prior to airway eosinophilia and
inflammatory changes (Bush, A., 2008), suggesting that remodeling may be an early
pathogenic mechanism.
In addition to the functional changes in ASM described above, the structural changes
associated with remodeling are also thought to play an important role in promoting
excessive airway narrowing (resistance).

Increased thickness of the airway wall,

remodeling of the ECM, and uncoupling from the lung parenchyma and elastic recoil of
the lung are proposed to alter the load (tension the muscle must overcome to shorten) on
ASM allowing for enhanced shortening and greater degree of airway narrowing
(Lambert, R.K. et al., 1993; McParland, B.E. et al., 2003). However, the greatest effect
of airway remodeling is thought to be due to an increase in ASM mass and the associated
effect of altered airway geometry on airway closure during contraction (Lambert, R.K. et
al., 1993)(Figure 2). As originally discussed by Lambert et al. (Lambert, R.K. et al.,
1993), thickening of the airway wall caused by the increased ASM volume and ECM
deposition internal to the ASM layer results in an enhanced narrowing of the airway and
lumen obstruction for a given shortening of the muscle. Additionally, increased mass of
ASM is thought to result in enhanced force generation and contraction, based on
assumption that in asthma ASM has the same ability to contract as in a non-asthmatic
(enhanced ability to contract (described above) may further amplify this effect).
Inflammation. Infiltration of the airway by inflammatory cells including eosinophils,
mast cell, monocytes, lymphocytes and neutrophils contributes to increased levels of
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inflammatory mediators and procontractile agents (described above). However, recent
evidence indicates that ASM cells, in addition to their contractile role in regulating
airway patency, can also actively modulate the airway inflammation by secreting
cytokines and chemokines, and expressing receptors and adhesion molecules that
modulate inflammatory cell trafficking and function (Lazaar, A.L. et al., 2001). In vitro,
upon exposure to various inflammatory mediators (e.g. IL-1β, TNF-α, interferon (IFN)-γ,
IL-4, IL-13, bradykinin), ASM cells have been shown to secrete IL-8 (John, M. et al.,
1998), eotaxin (Ghaffar, O. et al., 1999), monocyte chemoattractant proteins (MCP)-1, 2, and -3 (Pype, J.L. et al., 1999), GM-CSF (Saunders, M.A. et al., 1997), IL-5
(Hakonarson, H. et al., 1999), regulated upon activation, normal T-cell expressed and
secreted (RANTES, CCL-5)(John, M. et al., 1997), IL-6 (McKay, S. et al., 2000) and
other IL-6 family cytokines including leukemia inhibitory factor (LIF) and IL-11 (Elias,
J.A. et al., 1997). Additionally, RANTES and eotaxin expression was detected in ASM
cells in bronchial biopsies from asthmatic patients (Berkman, N. et al., 1996; Ghaffar, O.
et al., 1999), suggesting that ASM cells also exhibit these synthetic functions in vivo.
These cytokines regulate migration and survival of eosinophils, mast cells, monocytes,
and lymphocytes, as well as immunoglobin production (Howarth, P.H. et al., 2004;
Lazaar, A.L. et al., 2001).

ASM also expresses intracellular adhesion molecule 1

(ICAM1) and vascular cell adhesion molecule 1 (VCAM1), CD44, as well as integrins
(Lazaar, A.L. et al., 1994), which may allow them to directly interact with T cells and
enhance T cell survival (Ramos-Barbon, D. et al., 2005) or modulate T cell inflammatory
functions.
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Thus in asthma, ASM appears to cooperate in most known pathogenic processes.
ASM is central to the development of AHR, being the target and effector of
procontractile agonists.

Increases in ASM mass affecting airway geometry and

mechanics, in conjunction with contractile sensitization, have profound effects on airway
lumen size and resistance to airflow. Through both direct and indirect effects on other
resident and infiltrating airway cells, ASM plays an important role in modulating the
inflammatory response, and thereby promotes many of the (other) features of airway
remodeling.

Mechanisms of increased ASM proliferation
Initial studies of the role of ASM in asthma focused on examining contractile
properties of ASM strips isolated from human or animal trachea or bronchi.
Establishment of the technique for isolation and culture of ASM cells (Panettieri, R.A. et
al., 1989) subsequently allowed for in vitro studies of cell proliferation and dissection of
the signaling pathways involved. Importantly, ASM in culture has been shown to retain
functional responses to relevant agents known to play a role in asthma, including
bradykinin, thromboxane A2, histamine, leukotriene D4, platelet derived growth factor α
(PDGF), or β-agonists, as well as express ion channels (Hirst, S.J., 1996; Panettieri, R.A.
et al., 1989). Although some important properties of ASM (e.g., loss of expression of
certain receptor subtypes (Panettieri, R.A. et al., 1989)) are altered with increasing cell
passage in culture, ASM cultures have provided a valid model for identifying agents
capable of regulating ASM proliferation, and delineating the associated signaling
mechanisms.
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Because inflammation is associated with the increased presence of specific growth
factors and G protein-coupled receptor (GPCR) ligands in the airway, many studies have
focused on characterizing the effects of these relevant agents. Relatively few studies
have examined the effect of cytokines on ASM growth.
Peptide growth factors, such as epidermal growth factor (EGF), PDGF, and basic
fibroblast growth factor (bFGF), activate receptor tyrosine kinase (RTK) and have been
shown to be potent ASM mitogens in vitro (Gosens, R. et al., 2008). Additionally,
stimulation with combinations of these growth factors results in an augmented
proliferative response (Ediger, T.L. et al., 2000). Upon binding to the cell surface
receptors, peptide growth factors lead to activation of the intracellular receptor kinase
activity and autophosphorylation of the intracellular receptor domains, which become
docking sites for downstream signal transduction proteins (Gosens, R. et al., 2008). RTK
activation in ASM cells results in activation of phosphoinositide-3 kinase (PI3K) and
p42/p44 extracellular signal-regulated kinases (ERK), and induction of both mitogenic
pathways is required for ASM proliferation (Krymskaya, V.P. et al., 1999; Orsini, M.J. et
al., 1999). Levels of growth factors have been shown to be elevated in bronchoalveolar
lavage fluid (BALF) or immunohistochemical airway biopsy evaluations from asthmatic
patients (Gosens, R. et al., 2008; Hirst, S.J. et al., 2004), suggesting that their
promitogenic effects are also relevant in vivo.
GPCR ligands, specifically those that activate receptors coupled to Gq or Gi
heterotrimeric G proteins, have also been shown to stimulate ASM proliferation
(Deshpande, D.A. et al., 2007; Ediger, T.L. et al., 2000) and their levels are significantly
elevated in the asthmatic airway (discussed above).
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Ligand binding to Gq-coupled

receptors results in activation of p42/p44 ERK, via protein kinase C (PKC) and Raf-1,
and PI3K/ 70-kDa ribosomal protein S6 kinase (p70S6K) (Penn, R.B. et al., 2008). Gidependent effects on mitogenic signaling are not as well understood. α and βγ subunits
have been reported to activate phospholipase C (PLC), PKC and downstream p42/p44
ERK and to transactivate EGF receptor (EGFR) via Src; however, none of these
mechanisms are established in human ASM (Penn, R.B. et al., 2008). Additionally, even
though inhibition with pertussis toxin attenuates mitogenic effects of Gi-coupled receptor
ligands in ASM derived from rodents and other species (Ediger, T.L. et al., 2000; Hirst,
S.J. et al., 2004), this effect is typically not observed in human cells (Billington, C.K. et
al., 2005; Kong, K.C. et al., 2006).
Importantly, GPCR ligands have been shown to enhance growth factor-stimulated
growth of human ASM (Ediger, T.L. et al., 2000; Kong, K.C. et al., 2006; Krymskaya,
V.P. et al., 2000). Co-stimulation of ASM cells with EGF and thrombin, histamine or
carbachol enhanced cell proliferation as compared to either factor alone (Krymskaya,
V.P. et al., 2000). These stimulatory conditions were found to increase activation of
PI3K and p70S6K during late time points (>4h) which were responsible for the observed
synergism (Billington, C.K. et al., 2005; Krymskaya, V.P. et al., 1999). Further studies
uncovered that Gαq protein and βγ subunits were mediating the activation of these kinases
by the GPCR (Kong, K.C. et al., 2006).
Cytokines. The effects of cytokines on proliferation of ASM cells have not been as
extensively studied and the results thus far are mixed and sometimes contradictory
(reviewed in (Gosens, R. et al., 2008)). Most studies have examined the effects of Th2
cytokines IL-4, IL-5 and IL-13 due to their apparent role in asthma, or the effects of
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TGFβ and IL-6 due to their possible role in airway remodeling. A handful of studies has
also evaluated the effects of IL-1β and TNF-α on proliferation of vascular smooth muscle
(VSM) and its role in atherosclerosis. In VSM, IL-1β is not a mitogen per se, as it
induces production of growth inhibitory prostaglandin E (PGE) 1 or 2.

However,

inhibition of prostanoid production renders IL-1β an enhancer of serum- and PDGFstimulated VSM growth (Libby, P. et al., 1988). Similar observations were made in
ASM, in which combined treatment with IL-1α and TNF-α attenuated the mitogenic
effects of bFGF and thrombin, but strongly enhanced mitogen-stimulated growth in
presence of indomethacin (Indo; cyclooxygenase (COX) inhibitor) or dexamethasone
(Dex; glucocorticoid (GC)), which was associated with suppression of COX-2 expression
and PGE2 production (Vlahos, R. et al., 1999). Since these studies have been conducted,
IL-1β and TNF-α have been appreciated as central players in the pathogenesis and
progression of asthma.

They are both ubiquitously expressed cytokines in any

inflammatory disorder and can act both locally and systemically. There are reports of
dysregulation in IL-1β synthesis and release in chronic inflammatory diseases such as
inflammatory bowel disease, rheumatoid arthritis and psoriasis (Dinarello, C.A., 1998)
and it has been suggested, that balance between IL-1 receptor agonist and antagonist
(“IL-1 axis”) expression may be altered in asthma (Whelan, R. et al., 2004).
Levels of IL-1β and TNF-α are significantly elevated in BALF, and increase with
asthma severity (Broide, D.H. et al., 1992). These cytokines have been shown to act
directly on inflammatory cells in the airway (Dunne, A. et al., 2003; Stylianou, E. et al.,
1998), as well as modulate effects of other cytokines and act on structural cells in the
lung. IL-1β has been reported to function in cooperation with other cytokines such as IL-
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5 or GM-CSF in promoting eosinophil survival (Hallsworth, M.P. et al., 1998) and
modulating ASM function (Hakonarson, H. et al., 1999). Stimulation of ASM cells with
IL-1β or IL-1β and TNF-α leads to sensitization of adenylate cyclase and enhanced
cAMP production in response to Gs protein-coupled receptor stimulation (Billington,
C.K. et al., 2001; Pascual, R.M. et al., 2001). Combination of IL-1β and TNF-α has also
been reported to induce Gαi expression (Mak, J.C.W. et al., 2002) and via COX-2
induction and PGE2 production lead to homologous and heterologous desensitization of
GPCRs (Pascual, R.M. et al., 2001). The same mechanism was shown to mediate the IL1β- and TNF-α- dependent relaxation of ASM (Guo, M. et al., 2005) and also inhibition
of mitogen-stimulated ASM growth (Pascual, R.M. et al., 2001).
Role of PKA. The growth inhibitory effects of IL-1β- and TNF-α- dependent COX-2
expression and PGE2 production have been presumed to be mediated by PGE2 receptors 2
and

4

(EP2/EP4)-dependent

activation

of

cAMP-dependent

protein

kinase

(PKA)(Deshpande, D.A. et al., 2007). PKA is a known regulator of smooth muscle
contraction and has been proposed to regulate the mitogenic pathways in various cell
systems. Targets of PKA involved in regulation of ASM contractile response include
inositol triphosphate receptors (IP3) on sarcoplasmic reticulum, MLCK, myosin light
chain phosphatase (MLCP), and potassium-calcium channels (Penn, R.B. et al., 2008)
(Figure 3). Phosphorylation of these proteins by PKA results, respectively, in reduction
of IP3-stimulated calcium mobilization, reduced activity of MLCK and myosin light
chain phosphorylation, attenuated inhibition of MLCP by Rho kinase, and cell
hyperpolarization. Additionally, PKA has been reported in other cell types to
phosphorylate Gq-coupled receptors and PLC leading to attenuated GPCR-stimulated
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Figure 3. Competitive Gq and Gs signaling regulates ASM contractile state. Activation of Gαs and
PKA by Gs-coupled receptors antagonizes pro-contractile signaling by Gq at multiple junctures.
Transmembrane signaling of GPCRs involves sequential activation of receptor, G protein, and effector.
Upon agonist binding, the receptor undergoes a conformational change that facilitates its interaction with
the C–terminus of a G protein α subunit. This in turn promotes exchange of the G-protein-bound GDP for
GTP, which induces a conformational change in the switch region of Gα and causes the dissociation of Gα
from the Gβγ dimer. The Gβ and Gγ subunits are tightly associated and remain anchored into the lipid
bilayer due to the prenylation of Gγ subunit – a permanent lipid modification. In the case of Gαq, the GTPbound Gαq protein’s effector interaction domain is exposed and activates phospholipase C (PLC). PLC
promotes the hydrolysis of phosphatidylinositol bisphosphate (PIP2) into the intracellular messengers
diacyl glycerol (DAG) and IP3. DAG remains membrane bound and promotes the translocation of PKC
from the cytoplasm to the membrane and its subsequent activation. Activated PKC is capable of
phosphorylating a number of substrates including calponin; PKC-mediated phosphorylation of calponin
results in a loss of calponin’s ability to inhibit actomyosin ATPase. The other product of PIP2 hydrolysis,
IP3, translocates and binds to IP3 receptors located on sarcoplasmic calcium stores. Activation of IP3
receptors results in the opening of calcium channels and calcium efflux into the cytosol. Intracellular
calcium stores are the major source of elevated calcium mediating ASM contraction, although influx from
receptor-operated calcium channels can contribute. The rise in intracellular calcium promotes calcium
binding to calmodulin, and calcium-calmodulin complexes activate myosin light chain kinase (MLCK).
MLCK phosphorylates myosin light chains and enables actin to activate the myosin ATPase activity
required for cross-bridge cycling and contraction.
Gs-coupled receptors on ASM are activated by endogenous agents such as circulating
catecholamines, prostaglandins and iso-prostanes, adenosine and vasoactive intestinal peptide. Activated
Gαs binds to and activates membrane bound adenylyl cyclase. Of the nine known AC isoforms, AC V and
VI appear to be expressed and functionally important in human ASM. Adenylyl cyclase activation
catalyzes the formation of cAMP from cytoplasmic ATP. Inactive PKA exists as a complex comprising
two regulatory and two catalytic subunits. The high affinity binding of cAMP to domains in the regulatory
region induces a conformational change forcing the release of the active catalytic subunits. PKA-mediated
phosphorylation of various intracellular proteins has widespread effects in ASM. PKA can phosphorylate
GPCRs, Gα subunits, and their transmembrane effectors to exert negative feedback (as with Gs-coupled
receptor signaling) or inhibitory crosstalk (e.g., of Gq-coupled receptors). PKA also phosphorylates: 1) the
IP3 receptor to reduce its affinity for IP3 and further limit calcium mobilization; 2) MLCK to decrease its
affinity to calcium-calmodulin, thus reducing activity and MLC phosphorylation; and 3) KCa++ channels in
ASM, increasing their open-state probability (and therefore K+ efflux) and promoting hyperpolarization.
Figure reprinted with kind permission from Springer Science+Business Media: “Embracing emerging
paradigms of G protein-coupled receptor agonism and signaling to address airway smooth muscle
pathobiology in asthma” by R.B. Penn (Naunyn-Schmiedeberg’s Arch Pharmacol, 2008 Feb 16, Epub
ahead of print).
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calcium flux.

Growth regulating effects of PKA have been shown to involve

phosphorylation of Raf-1, which inhibits activation of the p42/p44 ERK pathway
(Deshpande, D.A. et al., 2007) or by modulation of the Akt/PKB signaling pathway,
which regulates cell survival (Filippa, N. et al., 1999). Additionally, PKA can regulate
gene transcription by phosphorylation of transcription factors such as cAMP response
element-binding protein (CREB)(Deshpande, D.A. et al., 2007).

Thus, PKA might

represent an important mitigating influence of IL-1β and TNF-α on inflammationmediated increase in ASM mass as well as ASM contraction (Figure 4).
However, direct evidence implicating PKA as a mediator of the anti-mitogenic effects
of cytokines, COX-2/PGE2, as well as other cAMP-elevating agents (e.g. β-agonists), on
mitogen-stimulated ASM growth is lacking. The involvement of PKA has been assumed
based on findings that: 1) PGE2 and β-agonists increase the intracellular concentration of
cAMP (and the effect is blocked by receptor specific inhibitors and mimicked by
receptor-specific analogues); 2) the agonist-stimulated increase in cAMP is associated
with increased PKA activity as assessed by in vitro kinase assays; 3) cell permeable
cAMP analogues, direct activators of adenylate cyclase (e.g. forskolin, (FSK)), and
phosphodiesterase (PDE) inhibitors (e.g. isobutylmethylxanthine) increase cAMP levels;
4) the increase in cAMP concentration is associated with decreases in cell proliferation;
and 5) PKA is the main target of cAMP signaling (Bornfeldt, K.E. et al., 1997; Florio, C.
et al., 1994; Ibe, B.O. et al., 2006; Tomlinson, P.R. et al., 1995). One study reports that
direct inhibition of PKA with a pharmacological PKA inhibitor attenuates growth
inhibition associated with elevation of cAMP levels in ASM cells (Maruno, K. et al.,
1995). However, Penn et al. demonstrated that commercially available pharmacological
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PKA inhibitors do not work in ASM cells or have nonspecific effects rendering
experiments employing them uninterpretable (Guo, M. et al., 2005; Penn, R.B. et al.,
1999). Most agents, characterized based on activity in cell-free assays, do not inhibit
isoproterenol- (β-agonist, Gs-coupled receptor activator) nor FSK- stimulated PKA or
CRE-luciferase activity in cultured ASM cells (Guo, M. et al., 2005).

Only the

isoquinolones H-89 and H-7 were shown to be effective inhibitors of PKA. However,
these agents are also capable of acting as antagonists of β1- and β2- adrenergic receptors,
as well as other GPCRs at higher concentrations, and have other nonspecific effects
which makes them unsuitable for studies in ASM cells (Penn, R.B. et al., 1999). Our
laboratory has since successfully applied the approach of inhibiting PKA in cultured cells
by stable heterologous expression of PKA substrate inhibitor (PKI) or dominant negative
regulatory subunit (RevAB) (Guo, M. et al., 2005).

Understanding the mechanisms by which IL-1β and TNF-α regulate ASM growth,
and the impact of anti-asthma therapies.
Establishing the role of PKA, and other putative mechanisms, in the regulatory effect
of IL-1β and TNF-α on ASM growth could have important consequences for future use
or development of asthma therapeutics. Although drugs such as (COX-2-targeting) nonsteroidal anti-inflammatory drugs (NSAIDs) and GCs are often used to treat
inflammation-based diseases (and GCs are a mainstream asthma treatment), their use is
often associated with significant (Barnes, N.C., 2007; Schäcke, H. et al., 2002; Williams,
G.W., 2005) and sometimes fatal (Roumie, C.L. et al., 2008) side effects. The ability of
GCs to regulate ASM growth is poorly understood, and given the increasing appreciation
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of the importance of airway remodeling and increased ASM mass in asthma,
investigation into the capacity of mainstream asthma therapies to regulate ASM growth is
clearly warranted.

Indeed, the ability of GCs to suppress ASM COX-2 and PGE2

induction caused by inflammatory agents such as IL-1β and TNF-α (Pascual, R.M. et al.,
2006) could represent a deleterious effect of GC treatment. To clarify this issue, we
undertook a comprehensive analysis of the regulatory features of ASM growth associated
with growth factor (EGF), cytokine (IL-1β and TNF-α), and GC treatment of human
ASM cells in culture. Using numerous pharmacological and molecular biology-based
strategies, we delineate the role of PKA in mediating the mitogenic effect of IL-1β and
TNF-α on ASM growth, and provide insight into complex signaling and functional
consequences effected by growth factors and cytokines, and the modulatory effect of
GCs.
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Figure 4. Proposed mechanisms mediating the effects of IL-1β on EGF- stimulated growth of ASM
cells. IL-1β induces expression of COX-2 and production of PGE2 in cultured ASM, which through
autocrine signaling leads to activation of PKA. Proposed anti-mitogenic effects of PKA may include
inhibition of mitogenic pathways p42/p44 ERK and PI3K/Akt, modulation of the cell cycle regulatory
proteins, or regulation of gene expression.
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CHAPTER II

MITOGENIC EFFECTS OF CYTOKINES ON SMOOTH MUSCLE ARE CRITICALY
DEPENDENT ON PROTEIN KINASE A AND ARE UNMASKED BY STEROIDS AND
CYCLOOXYGENASE INHIBITORS
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Abstract
Excessive smooth muscle growth occurs within the context of inflammation
associated with certain vascular and airway diseases. The inflammatory cytokines IL-1β
and TNF-α have previously been shown to inhibit mitogen-stimulated smooth muscle
growth, through a mechanism presumed dependent on the induction of cyclooxygenase-2,
prostaglandins, and activation of the cAMP-dependent protein kinase (PKA). Using both
molecular and pharmacologic strategies, we demonstrate that the mitogenic effects of IL1β and TNF-α on cultured human airway smooth muscle (ASM) cells are tightly
regulated by PKA activity. Suppression of induced PKA activity by either corticosteroids
or cyclooxygenase inhibitors converts the cytokines from inhibitors to enhancers of
mitogen-stimulated ASM growth, and biologic variability in the capacity to activate PKA
influences the modulatory effect of cytokines.

Pro-mitogenic effects of IL-1β are

associated with delayed increases in p42/p44 and PI3K activities, suggesting a role for
induced autocrine factors. These findings suggest a mechanism by which mainstream
therapies such as corticosteroids or cyclooxygenase inhibitors could fail to address or
exacerbate the pathogenic smooth muscle growth that occurs in obstructive airway and
cardiovascular diseases.
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Introduction
Airway smooth muscle (ASM) hyperplasia is a major feature of the airway remodeling
associated with chronic asthma. Increased ASM mass contributes to both increased fixed
airway obstruction, and by altering airway geometry exacerbates the reduction in airway
lumen size caused by constricting agents (Deshpande and Penn, 2006).

Despite the

growing appreciation of ASM hyperplasia and its role in asthma pathogenesis and severity,
surprisingly little is known regarding what causes it and how it should be addressed
therapeutically.
Recent studies utilizing primary cultures of ASM cells have identified various agents
capable of promoting ASM proliferation, and have provided insight into mitogenic
signaling events. Numerous growth factors as well as certain G protein-coupled receptor
(GPCR) agonists stimulate ASM cell proliferation (Billington and Penn, 2003).
Importantly, levels of these agents have been shown to be elevated in the airways of
asthmatic subjects (reviewed in (Billington and Penn, 2003;Hirst et al., 2004)) suggesting a
mechanism by which airway inflammation associated with asthma can promote increased
ASM in vivo. However, airway inflammation is also characterized by increased production
of numerous cytokines, including interleukin-1beta (IL-1β and tumor necrosis factor
(TNF)-α. Although IL-1β and TNF-α by themselves tend to be weak mitogens for ASM,
they have been shown to significantly inhibit proliferation stimulated by several mitogenic
agents (Belvisi et al., 1998;Billington and Penn, 2003;Hirst et al., 2004;Pascual et al.,
2001). It is widely assumed, but has never been directly demonstrated, that the antimitogenic effect of IL-1β and TNF-α is mediated via cAMP-dependent protein kinase
(PKA) activity, caused by the induction of autocrine PGE2 synthesis, which stimulates Gs-
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coupled EP receptors coupled to cAMP generation and PKA activation (Belvisi et al.,
1998;Billington and Penn, 2003;Guo et al., 2005;Hirst et al., 2004;Pascual et al., 2001).
Herein we demonstrate that not only are the anti-mitogenic effects of IL-1β and TNF-α
mediated by PKA, but PKA plays a critical role in suppressing what is otherwise a
powerful mitogenic effect of these cytokines on ASM cells. Accordingly, agents capable of
suppressing cytokine-induced PKA activation, such as corticosteroids or cyclooxygenase
(COX) inhibitors, have the potential to enable inflammatory environments highly
conducive to smooth muscle growth.
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Materials and Methods
Generation of human ASM cultures. Human ASM cultures were generated from tracheae
from unidentified donors as described in Penn et al. (Penn et al., 2001) and examined in the
4th to 7th passage.
Generation of retroviral-infected human ASM cultures. Retrovirus for expression of GFP-,
PKI-GFP-, and RevAB-GFP- expressing lines was produced by transfecting GP2-293 cells
with pLNCX2-GFP, pLNCX2-PKI-GFP, or pLNCX2-RevAB-GFP, each with pVSV-G
vector which encodes the pantropic (VSV-G) envelope protein. Supernatants were
harvested 48 h after transfection and used to infect human ASM cultures. Infected cells
typically exhibited >70% GFP expression within 48 h (direct visualization by fluorescent
microscopy) and selection to homogeneity with 250 μg/ml G418 was rapid (7 days). In
direct comparison of GFP-expressing cells with naïve ASM cells from which the GFP (and
PKI-GFP and RevAB-GFP) cultures were derived, results were similar (see below),
demonstrating that retroviral infection per se did not affect outcomes.
Immunoblot analyses of time-dependent effects on phospho-Thr202/Tyr204p42/p44,
phospho-S473Akt, vasodilator-stimulated phosphoprotein (VASP), COX-2, and beta-actin
were performed as in Billington et al. (Billington et al., 2005) and Guo et al. (Guo et al.,
2005) employing the referenced primary antibodies and infrared-conjugated secondary
antibodies with detection by the Li-COR Odyssey Imaging system.
[3H] thymidine incorporation in human ASM cultures was assessed as per (Billington et
al., 2005). Briefly, cells were grown in 24 well plates to near confluence then serum
starved in 0.1% bovine serum albumin for 24 h. Cells were pretreated with vehicle, 10 nM
fluticasone propionate (FLU), or 1 μM PGE2 for 30 min then stimulated with vehicle, 10
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nM EGF, 20 U/ml IL-1β 10 ng/ml TNF-α, or EGF+ either 10 ng/ml TNF-α, 0.2-20 U/ml
IL-1β or combined 2 U/ml IL-1β+ 1 ng/ml TNF-α. After 18 h of stimulation, cells were
labeled with 3.0 μCi [methyl-3H] thymidine (1 μCi/ml) and incubated for an additional 24
h. Cells were then washed with phosphate-buffered saline, lysed with 20% trichloroacetic
acid, aspirated onto filter paper and counted in scintillation vials.
Cell proliferation assays were performed as described previously (Krymskaya et al., 2000)
by growing ASM cells in 6 well plates (triplicate wells per condition) to near confluence,
growth-arresting and stimulating as described above for analyses of thymidine
incorporation. After 48 h stimulation, cells were harvested and viable cells counted with an
automated cell counter (ViCell, BeckmanCoulter).
Statistical Analysis. Statistically significant differences among groups were assessed by
either analysis of variance (ANOVA) with Fisher's PLSD post-hoc analysis (Statview 4.5,
Abacus Concepts, Berkeley, CA) or by t-test for paired samples, with p values < 0.05
sufficient to reject the null hypothesis.
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(A) [3H] thymidine incorporation and (B) cell proliferation. Bars represent mean+SE values. n=11 (A),
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** EGF+IL-1β PKI-GFP or RevAB-GFP vs EGF+IL-1β GFP.

A
Veh
Indomethacin
SB203580
Bis I

3.0

80

#,**

2.5
#,**

2.0
1.5
1.0

#
*

0.5
0.0

Bas

*

IL-1β

*

EGF

EGF+IL-1β

[3H] thymidine incorporation
(fold Veh Bas value)

3.5
[3H] thymidine incorporation
(fold Veh EGF)

B
#,**

70
Veh
FLU

60

#, **

50
40
30
20
#

10
0

Basal

IL-1 β

EGF EGF+IL-1 β
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ASM cells. A. Effect of 30 min pretreatment with inhibitors of cyclooxygenase activity (1 μM
indomethacin), p38 (1 μM SB203580), or cPKC isoforms (3 μM Bis I) on EGF-, IL-1β-, or EGF+IL-1βstimulated [3H] thymidine incorporation in naïve human ASM cultures. B. Effect of 30 min pretreatment
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EGF GFP; ** EGF+IL-1β Indomethacin, SB203580, Bis I, and FLU vs EGF+IL-1β GFP.
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Results
Previous studies have demonstrated that IL-1β (and more variably, TNF-α) treatment of
naïve human ASM cultures reduces growth factor- and serum- stimulated increases in
DNA synthesis and cell number (Belvisi et al., 1998;Pascual et al., 2001;Vlahos et al.,
2003). To directly examine the role of PKA in this anti-mitogenic effect, we generated
human ASM cultures stably expressing GFP chimeras of 2 different inhibitors of PKA
(PKI and RevAB), as well as GFP-expressing control cultures, with each set of cultures
derived from the same (naïve) donor cells (Guo et al., 2005). Effective inhibition of PKA
activation in PKI-GFP and RevAB-expressing cells was previously demonstrated in (Guo
et al., 2005) by significant inhibition of both PGE2- and IL-1β-stimulated phosphorylation
of the intracellular PKA substrate VASP.
In GFP-expressing ASM cells IL-1β (20 U/ml) alone did not significantly affect [3H]
thymidine incorporation, but significantly inhibited EGF-stimulated increases (Fig. 1A). In
cells expressing PKI-GFP or RevAB-GFP, IL-1β alone was a more effective mitogenic
stimuli, but most strikingly, no longer inhibited but greatly increased the mitogenic effect
of EGF. Similar effects on ASM cell number were observed (Fig. 1B).
If the principal source of cytokine-stimulated PKA activity responsible for the
suppressive effect on EGF-stimulated growth is COX-2-derived PGE2, we hypothesized
that agents capable of inhibiting the induction of COX-2 protein or activity, or inhibiting
other enzymes important in cytokine-induced PGE2 production (Pascual et al., 2006),
would have similar effects. This proved to be the case, as pretreatment of naïve ASM
cells with indomethacin (an inhibitor of COX activity), SB203580 or Bis I (inhibitors of
p38 and PKC, respectively, previously shown to inhibit induction of COX-2 and
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mPGES1 by IL-1β in ASM cells (Pascual et al., 2006)) also increased IL-1β-stimulated
growth and converted IL-1β from an inhibitor to an enhancer of EGF-stimulated growth
(Fig 2A). The magnitude of effect corresponded to the efficacy of each inhibitor in
inhibiting IL-1β-induced PGE2 generation (Pascual et al., 2006). Pretreatment with the
corticosteroid FLU, known to be a strong suppressor of cytokine-induced prostanoid
synthesis (Pascual et al., 2006;Vlahos and Stewart, 1999) also caused IL-1β to enhance
EGF-stimulated growth. However, unlike the other inhibitory strategies, FLU inhibited
the weak mitogenic effect of IL-1β alone (Fig. 2B). Pretreatment of cells with
dexamethasone had similar effects to those of FLU (not shown).
To investigate whether the effects of FLU and direct PKA inhibition share a similar
mechanistic basis, we compared effects of FLU with those of PKI-GFP expression and
examined the combined effects of both FLU pretreatment and PKI-GFP expression.
EGF+IL-1β-stimulated growth was similar in GFP- and PKI-GFP expressing cells
pretreated with FLU (Fig. 3). However, FLU pretreatment of PKI-GFP cells caused a
significant reduction of EGF+IL-1β-stimulated growth.

These results suggest that

suppression of induced PKA activity is the principal and shared mechanism mediating the
effects of FLU and PKI-GFP, yet FLU is able to suppress a contributory mechanism
promoted by PKA inhibition.
In a subset of experiments in which the effects of PKA inhibition on the regulatory
effects of IL-1β and TNF-α were compared, PKI-GFP expression and FLU pretreatment
were shown to similarly increase EGF-stimulated [3H] thymidine incorporation in cells
co-stimulated with TNF-α or IL-1β (Fig. 4). However, in GFP-expressing cells, TNF-α
did not significantly inhibit EGF-stimulated [3H] thymidine incorporation. When EGF-
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Figure 5. Dose-dependent effect of IL-1β on ASM growth is associated with the induction of
COX-2 expression and PKA activation and inhibition of PI3K and p42/p44 pathways. Effects
of 0.2-20 U/ml IL-1β on EGF-stimulated [3H] thymidine incorporation (A) and induction of COX-2
expression, PKA activation (readout as VASP phosphorylation), and phosphorylation of Akt (readout
for PI3K activity) and p42/p44 (B) in naïve, GFP-, and PKI-GFP –expressing cells. Bars represent
mean+SE values from 3 independent experiments using 3 different cultures.
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stimulated cells were co-stimulated with combined IL-1β and TNF-α, both at low
concentrations (2 U/ml and 1 ng/ml, respectively), the effect was comparable to that
induced by 20 U/ml IL-1β alone.
To further explore the relationship between PKA activity and the mitogenic effects of
IL-1β, the dose-dependent effect of IL-1β on EGF-stimulated ASM growth and
associated mitogenic signaling events was examined. In both naïve and GFP-expressing
cells, 20 U/ml of IL-1β inhibited EGF-stimulated growth, 2 U/ml of IL-1β caused either
no change or a slight increase in EGF-stimulated growth, and 0.2 U/ml of IL-1β
significantly enhanced EGF-stimulated growth (Fig. 5A). The increasing pro-mitogenic
effect with progressively lower concentrations of IL-1β was associated with a
diminishing induction of both COX-2 protein and PKA activity, the latter paralleled by
progressively lower levels of phosphorylated (50 kDa) VASP (Fig. 5B). In PKI-GFPexpressing cultures, in which induction of VASP phosphorylation was nearly abolished,
each of the concentrations of IL-1β was highly efficacious in augmenting EGF-stimulated
growth, with only minimal differences in the effect observed.
We have previously demonstrated important roles for p42/p44, PI3K, and p70S6K
activities in the regulation of ASM growth (Billington et al., 2005;Kong et al.,
2006;Krymskaya et al., 2000;Orsini et al., 1999). In naïve and GFP-expressing cells, the
large COX-2 induction and PKA activation stimulated by 18 h treatment with EGF+20
U/ml IL-1β were associated with either a slight inhibition or no change in p42/p44 and
Akt phosphorylation (Akt phosphorylation serves as a readout for PI3K activation
(Billington et al., 2005;Kong et al., 2006)) (Fig. 5B). However, lower concentrations of
IL-1β promoted an increase in Akt, and to a slightly lesser extent, p42/p44
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Figure 6. FLU pretreatment or PKI-GFP expression determines IL-1β effects on late-phase Akt and
p42/p44 phosphorylation. GFP- and PKI-GFP- expressing ASM cells were pretreated with FLU (10 nM,
30 min) then stimulated with EGF, IL-1β or EGF+IL-1β for 3, 6, 9 or 18 h. Cell lysates were subjected to
immunoblotting to evaluate pS473Akt, pT202/Y204p42/p44, COX-2, VASP, and β-actin expression.
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phosphorylation. Phospho-p70S6K levels were low and could not be reliably quantified
at time points exceeding 6 h (not shown). In PKI-GFP-expressing cells, all concentrations
of IL-1β enhanced EGF-stimulated p42/p44 and Akt phosphorylation.
Analysis of the time-dependent regulation of p42/p44 and Akt phosphorylation
revealed that at early time points up to 9 h, 20 U/ml IL-1β increased EGF-stimulated Akt
phosphorylation, and caused either no change or a slight increase in p42/p44
phosphorylation (Fig. 6). These patterns were similar in PKI-GFP-expressing cells. FLU
treatment had a slight inhibitory effect on Akt phosphorylation in both GFP- and PKIGFP-expressing, yet the relative effect of IL-1β was retained. Conversely, FLU tended to
augment p42/p44 phosphorylation stimulated by EGF and EGF+IL-1β in both cell lines.
By 18 h, and coinciding with higher levels of COX-2 induction and PKA activity, IL-1β
had a slight inhibitory effect on EGF-stimulated phospho- p42/p44 and Akt levels in
GFP-expressing cells. However, at 18 h IL-1β retained its ability to promote higher levels
of Akt and p42/p44 phosphorylation in cells treated with FLU or expressing PKI. These
time- and line- dependent regulatory effects on Akt and p42/p44 phosphorylation were
inversely related to the level of PKA activity indicated by the shift in VASP mobility.
Consistent with a role of PKA in suppressing the otherwise mitogenic effect of IL-1β
on EGF-stimulated growth, co-stimulation of cultures with 1 μM PGE2 was able to
inhibit the large increase in EGF+IL-1β-stimulated [3H] thymidine incorporation
conferred by FLU in naïve and GFP-expressing cells, but not in PKI-GFP expressing
cells (Fig. 7). Interestingly, exogenous PGE2 significantly increased [3H] thymidine
incorporation in PKI-GFP cells stimulated by EGF. This result suggests that under
conditions of PKA inhibition, EP1 or EP3 receptor-dependent mitogenic signaling can
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Figure 7. Exogenous PGE2 reverses mitogenic effect of fluticasone treatment but not direct PKA
inhibition on EGF+IL-1β-stimulated ASM cells. Naïve (left panel), GFP- (middle), or PKI-GFP- (right)
expressing cells were pretreated with vehicle or 10 nM FLU + 1 μM PGE2 prior to stimulation with the
indicated agents. Cells were subsequently harvested for analysis of [3H] thymidine incorporation as
described in Materials and Methods. Bars represent mean+SE values, n=7. * p<0.05, indicated value vs
Veh-pretreated EGF value; # indicated value vs EGF+IL-1β FLU value; ** IL-1β PGE2 PKI-GFP vs IL-1β
Veh PKI-GFP.

Figure 8. Variability in effect of IL-1β on EGF-stimulated growth in ASM cells is correlated to the
induction of COX-2 expression and PKA activation. A. Regulatory effect of IL-1β on EGF-induced [3H]
thymidine incorporation in naïve ASM cells. Assay performed as described in Methods. n=13. B. ASM
cells derived from 7 different donors were stimulated with EGF+IL-1β for 18h. Cell lysates were subjected
to immunoblotting to assess COX-2 expression and VASP shift/phosphorylation. C and D. Correlation
analysis between the ability of IL-1β to regulate EGF-stimulated ASM growth (expressed as ratio of [3H]
thymidine incorporation stimulated by EGF+IL-1β to EGF) and its ability to induce COX-2 expression
(normalized to β-actin) (C) or PKA activation (expressed as ratio of phosphorylated to total VASP) (D).
n=7.
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emerge to cooperate with that stimulated by EGF (Billington et al., 2005;Kong et al.,
2006).
Lastly, an interesting observation afforded by the use of cultures generated from
numerous donors was the degree of biologic variability exhibited in the regulatory effect
of IL-1β on EGF-stimulated growth. Analysis of data derived from 13 different (naïve)
ASM cultures revealed considerable variability in the inhibitory effect of IL-1β on EGFstimulated [3H] thymidine incorporation (Fig. 8A). Indeed, in 2 of 13 cultures, 20 U/ml
IL-1β caused an increase in EGF-stimulated [3H] thymidine incorporation. To explore
whether this variability could be attributed to variation in the induction of COX-2 or PKA
activation, lysates for those cultures examined for COX-2 protein and VASP
phosphorylation induced after 18 h stimulation were run on a single gel and an
immunoblot was generated. Variability in both COX-2 and VASP phosphorylation was
observed, and correlation analysis demonstrates a relationship between the outcomes and
the inhibitory effect of IL-1β on EGF-stimulated growth (represented as the ratio of
thymidine incorporation stimulated by EGF+IL-1β :EGF) (Fig. 8B-D).
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Discussion
Results from the present study demonstrate the critical role of PKA in determining
the modulatory effect of the cytokines IL-1β and TNF-α on ASM growth, and thereby
reveal a mechanism by which clinically relevant agents could promote smooth muscle
growth in vivo and exacerbate disease.
Several studies have reported inhibitory effects of IL-1β or TNF-α on ASM growth
stimulated by either growth factors, GPCR agonists, or serum (Belvisi et al.,
1998;Pascual et al., 2001;Vlahos et al., 2003). Although the magnitude of the inhibitory
effects varies among studies and can be attributed to differences in species of ASM and
culture conditions, the ability of IL-1β and to a lesser extent TNF-α, to inhibit mitogenstimulated ASM growth is a consistent finding. Combined treatment with IL-1β and
TNF-α, arguably the condition more relevant to the inflamed airway, has an even greater
inhibitory effect than either agent alone (Belvisi et al., 1998;Pascual et al., 2001).
IL-1β and TNF-α can induce COX-2 protein and PGE2 generation in ASM cells, and
co-treatment with serum or EGF greatly increases this induction (Pascual et al.,
2001;Pascual et al., 2006). For this reason, and given the observation that exogenous
PGE2 inhibits ASM growth, COX-2-dependent PGE2 production has been assumed to
mediate inhibition of ASM growth by these cytokines. Because PGE2 can stimulate
cAMP production in ASM cells, it is in turn widely assumed that PKA promotes the antimitogenic signaling generated by chronic IL-1β and TNF-α treatment. However, although
a role for COX-2 in the anti-mitogenic effects of cytokines has sufficient empirical basis,
no evidence directly implicating PKA exists. The failure to implicate PKA stems from
difficulties in both characterizing and directly inhibiting PKA activity in primary cells.
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Although pharmacologic agents known to inhibit PKA activity in vitro are frequently
used as a means to directly inhibit PKA activity in intact cells, we have recently
demonstrated that many of the most commonly used pharmacologic PKA inhibitors are
not only ineffective in ASM cultures, but also promote problematic non-specific effects
(Guo et al., 2005;Penn et al., 1999).
Conversely, heterologous expression of PKI, which functions as a substrate mimetic,
or RevAB, a mutant PKA regulatory subunit incapable of binding cAMP (Correll et al.,
1989), successfully inhibits the activation of PKA by multiple stimuli in ASM (Guo et
al., 2005). In PKI-GFP- or RevAB-GFP- expressing ASM cells, IL-1β and TNF-α
acquired the ability to stimulate ASM growth by themselves, and were converted from
inhibitors to enhancers of EGF-stimulated growth. The role of PKA in dictating the
mitogenic effect of cytokines is further suggested by the association of inhibition of
COX-2 and PGE2 induction, via multiple strategies, with a similar reversal of the growth
inhibition by IL-1β.
The ability of corticosteroids or COX inhibition to convert cytokines from inhibitors
to enhancers of mitogen-stimulated growth has previously been reported for both airway
(Vlahos and Stewart, 1999;Vlahos et al., 2003) and vascular (Libby et al., 1988b) smooth
muscle, although the mechanistic basis of these effects were not determined. Vlahos and
Stewart (Vlahos and Stewart, 1999) reported that pretreatment of human ASM with either
indomethacin or dexamethasone caused combined IL-1β and TNF-α treatment to
augment (which otherwise inhibited) [3H] thymidine incorporation stimulated by basic
fibroblast growth factor. Libby et al. (Libby et al., 1988a) reported that indomethacin
pretreatment of human vascular smooth muscle cells causes IL-1β to augment (rather
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than inhibit) [3H] thymidine incorporation stimulated by fetal calf serum. Although in
both studies these pro-mitogenic effects of cyclooxygenase inhibition/steroid treatment
were associated with inhibition of prostaglandin induction, neither study examined the
specific role of PKA in this reversal.
In the current study, the role of PKA inhibition in the ability of steroids and COX
inhibition to render IL-1β a powerful enhancer of EGF-stimulated ASM growth is
strongly suggested by the inability of FLU pretreatment to further enhance [3H]
thymidine incorporation stimulated by EGF+IL-1β in PKI-GFP expressing cells.
Although it is likely that steroids affect numerous factors that regulate ASM growth that
are distinct from those affected by PKA inhibition, the largely redundant effect of FLU
treatment and PKA inhibition on IL-1β modulation of EGF-stimulated ASM growth
strongly suggests that PKA inhibition by FLU, a consequence of suppression of
prostanoid induction, contributes significantly to the pro-mitogenic effect observed.
By virtue of the ability to screen multiple cultures of ASM, each derived from a
different donor, we discovered considerable variability in the modulatory effect of IL-1β
In fact, in two cultures 20 U/ml IL-1β significantly increased EGF-stimulated growth.
This variability in regulating growth was associated with similar variability in
intracellular PKA activity. Multiple pro- and anti- mitogenic signals are probably
involved in the regulation of growth by combined growth factor and cytokine stimulation.
Pro-mitogenic signaling in ASM includes the p42/p44, PI3K, and p70S6K pathways
(reviewed in (Deshpande and Penn, 2006;Hirst et al., 2004)). However, these pathways
are also important in inducing enzymes (cPLA2, COX-2, and mPGES1) responsible for
PGE2 synthesis and anti-mitogenic PKA activation ((Pascual et al., 2001;Pascual et al.,
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2006), and Pascual and Penn unpublished observations). Differences in the capacity of
IL-1β and TNF-α to induce PKA activity could stem from variability in the expression or
activity of numerous proteins linking IL-1β and TNF-α with PKA activation- IL-1β or
TNF-α receptors, signaling molecules proximal and downstream of IL-1β/TNF-α
receptors (IRAK, TRAF, TRADD, NIK, etc.), cytosolic regulators of cPLA2, COX-2,
and mPGES1 (MAPKs, PI3K isoforms, p70S6K, and NF-κB), enzymes mediating PGE2
synthesis (cPLA2, COX-2, and mPGES1), EP2/4 receptors, the heterotrimeric G protein
Gs and the downstream effector adenylyl cyclase, and finally regulatory and catalytic
subunits of PKA, as well as additional molecules that regulate PKA enzymatic activity
(multiple kinases) and localization (AKAPs). It is conceivable that asthmatics in which
cytokines promote minimal PGE2 generation/PKA activation are at greater risk of
inflammation-induced increases in ASM mass, do not outgrow their disease, and develop
chronic asthma with a fixed obstruction component. Should our results in cultured cells
be relevant to the in vivo condition, corticosteroid therapy could further compound this
problem, by effectively inhibiting induction of prostaglandins and PKA activity, and
further enabling pro-mitogenic signaling by cytokines. Although it is true that inhaled
steroids are effective in reducing inflammatory cell accumulation and cytokine levels in
the lung, they are frequently administered during ongoing inflammation, when cytokine
levels are already elevated. Studies to date have only examined the effects of prophylactic
corticosteroid administration on features of airway remodeling, using mouse or rat
models in which allergic inflammation was induced by short-term sensitization and
challenge with ovalbumin (Vanacker et al., 2002a;Vanacker et al., 2002b;Miller et al.,
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2006).

Thus additional studies examining more clinically-relevant conditions are

required to clarify the regulatory effects of corticosteroids on ASM growth in vivo.
A similar regulatory role of PKA in vascular smooth muscle growth that occurs
during inflammation-driven injury and repair of the vascular wall could also greatly
influence various forms and consequences of vascular disease. Lipid deposition in the
vessel wall and subsequent infiltration of the intima by inflammatory cells are known to
contribute to initial plaque formation. Inflammatory cells in the environment of the
intima expose vascular smooth muscle cells to cytokines, growth factors and other
vasoactive substances leading to phenotypic modulation of the smooth muscle. The
initial VSM migration, proliferation and accumulation at the site of lesion are
fundamental processes leading to atherosclerotic plaque formation that contributes to
myocardial infarction and stroke pathogenesis (Bornfeldt and Krebs, 1999;Ross and
Glomset, 1973;Campbell and Campbell, 1994). Under these conditions, the clinical use
of cyclooxygenase inhibitors could create an environment favoring exaggerated smooth
muscle growth. Such growth could further destabilize the vascular wall, increasing the
likelihood of further inflammation, plaque formation, and damage leading to various
acute clinical events.
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CHAPTER III

INCREASED AIRWAY SMOOTH MUSCLE MASS IN ASTHMA:
ROLE OF APOPTOSIS AND REGULATION OF CELL CYCLE PROTEINS
(SUPPLEMENTAL DATA)

A. Misior

The data contained within the following manuscript were generated to complement the
findings presented in Chapter II.

The data presented in this chapter have not been

published.
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Abstract
Increased airway smooth muscle (ASM) mass, a pathogenic feature of asthma, is
presumed to be driven by inflammation. Pro-inflammatory cytokines such as interleukin
(IL)-1β typically decrease ASM proliferation stimulated by growth factors such as
epidermal growth factor (EGF). This anti-mitogenic effect of IL-1β is mediated by
induction of cyclooxygenase (COX)-2 expression, prostaglandin E2 production, elevation
in cAMP levels and presumed activation of cAMP-dependent protein kinase (PKA). We
recently confirmed the critical role of PKA in mediating the anti-mitogenic effects of IL1β on ASM growth. Suppression of induced PKA activity by glucocorticoids (GCs) or
COX inhibitors renders IL-1β an enhancer of mitogen stimulated growth and is
associated with increased [3H] thymidine incorporation (DNA synthesis) as well as
increased cell numbers.

Because the increase in [3H] thymidine content could be

attributed to increase in DNA synthesis (cell proliferation) or decrease in rate of cell
apoptosis, the effects of EGF+IL-1β stimulation, PKA inhibition, and GC pretreatment
were evaluated on the apoptosis of cultured ASM cells. Additionally, time-dependent
regulation of cell cycle regulatory proteins was evaluated to complement our previous
studies.

These supplementary data further confirm that increased [3H] thymidine

incorporation is due to enhanced cell proliferation, not decreased cell death, and provides
insight into additional PKA- and GC- dependent mechanisms that regulate ASM
proliferation.
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Introduction
We recently reported that the mitogenic effect of IL-1β and TNF-α on proliferation of
cultured ASM cells is determined by the cAMP-dependent protein kinase (PKA) (Misior,
A.M. et al., 2008). Inhibition of PKA either directly, by heterologous expression of PKA
substrate inhibitor (PKI), or indirectly, by glucocorticoid (GC)- dependent inhibition of
PKA-activating prostaglandin production, resulted in augmented [3H] thymidine
incorporation in ASM cells after stimulation with IL-1β or combined epidermal growth
factor (EGF) and IL-1β (E+I). However, [3H] thymidine incorporation assays do not
enable assessment of the relative contributions of cell proliferation versus enhanced cell
survival. Reports by Ramos-Barbon et al. (Ramos-Barbon, D. et al., 2005) suggest that
increased mass of ASM associated with asthma may be due to altered rates of apoptosis.
Moreover, IL-1β and TNF-α are known modulators of the apoptotic process in a variety
of cell types (Stylianou, E. et al., 1998; Victor, F.C. et al., 2002). We thus evaluated
whether attenuated apoptosis could contribute to the increased [3H] thymidine
incorporation in ASM cells pretreated with GCs or expressing PKI when stimulated with
IL-1β or E+I.
Additionally, in the recent report we established that the anti-mitogenic effects of
PKA were associated with attenuated activation of p42/p44 ERK and PI3K/Akt, which
are the primary mitogenic pathways in ASM (Krymskaya, V.P. et al., 1999; Orsini, M.J.
et al., 1999). Cyclin D1, cyclin E, retinoblastoma protein (pRb), and cyclin dependent
kinase (CDK) inhibitors are critical regulators of G1/S transition in mammalian cells and
appear to have the same role in cultured ASM cells (reviewed in (Ammit, A.J. et al.,
2001)). Cyclin D1 and cyclin E form complexes with specific CDKs, which can then
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phosphorylate

and

deactivate

pRb-family

proteins

(pRb,

p107

and

p130).

Hyperphosphorylation of pRb proteins allows for derepression of elongation factor E2F
and expression of genes required for cell cycle progression. This is a critical point in the
cell cycle, the restriction point, that determines the cell’s commitment to proliferation.
This process is negatively regulated by cyclin inhibitors, including p21Cip1, p27Kip1 and
p57Kip2, which prevent association of the cyclins with the CDKs and modulate their
activity. In ASM most studies have evaluated the regulation of restriction point transition
by relevant pharmacological agents, including β-adrenergic receptor agonists (β-agonists)
and GCs. PKA has not been directly implicated; however, agents known to increase the
intracellular cAMP levels, and thus assumed to activate PKA, have been shown to
regulate cell cycle protein expression in cultured ASM cells. Various β-agonists, as well
as cAMP analogues have been shown to negatively regulate restriction point traversal in
cultured ASM by decreasing expression of cyclin D1 and cyclin E, decreasing
phosphorylation of pRb, and inducing expression of p27Kip1 (Musa, N.L. et al., 1999;
Stewart, A.G. et al., 1999; Zambon, A.C. et al., 2005). The cell cycle regulatory proteins
have also been shown to be regulated by clinically-relevant GCs: mitogen-induced
expression of cyclin D1 and hyperphosphorylation of pRb are attenuated in ASM cells
pretreated with fluticasone (Flu) or dexamethasone (Dex)(Fernandes, D. et al., 1999;
Vlahos, R. et al., 2003). Thus, to complement our previous studies, we evaluated the
regulation of cell cycle protein expression under conditions of EGF and IL-1β stimulation
in the presence/absence of GCs or PKA inhibition.
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Materials and Methods
Generation of human ASM cultures and cell maintenance. Human ASM cultures were
generated from tracheae from unidentified donors as described in Penn et al. (Penn, R.B. et
al., 2001) and examined in the 4th to 7th passage. The Jurkat T cell line was kindly provided
by Dr. Matthew Loza and maintained in 10% FBS DMEM media.
Generation of retroviral-infected human ASM cultures expressing GFP or PKI-GFP were
as described above in (Misior, A.M. et al., 2008).
TUNEL Assay. GFP- and PKI-GFP- expressing ASM cells were plated in 6 well plates,
grown to confluence, growth arrested for 24 h by serum starvation, and pretreated with
vehicle or Flu (10 nM) for 30 minutes then stimulated with IL-1β (20 U/ml), EGF (10
ng/ml) or both (E+I) for 72h. Positive controls were generated in parallel by stimulating
ASM or Jurkat cells with Fas antibody (anti-human CD95, eBioscience, 1 μg/ml). Cells
undergoing apoptosis were stained with the APO-BrdU™ TUNEL Assay Kit (Invitrogen,
Carlbad, CA) as directed by the manufacturer and detected by flow cytometry on a
FACSCalibur (BD Biosciences, San Jose, CA), simultaneously detecting BrdU+ and
GFP+ cells.
Immunoblot analyses of time-dependent effects on expression of cell cycle proteins were
performed in GFP- or PKI-GFP- expressing human ASM cells. Cells were plated at
equal density in 6-well plates and grown to confluence, arrested for 24 h using 0.1 %
BSA media, pretreated with vehicle of Flu (10 nM) for 30 min and stimulated for 0, 3, 6,
9, 12 and 18 h with IL-1β (20U/ml), EGF (10 ng/ml), or both (E+I). After stimulation,
cells were washed and lysed directly in sample buffer. Immunoblots for cyclin D1 (Santa
Cruz sc8396), cyclin A (Santa Cruz, sc239), cyclin E (Santa Cruz, sc481), phospho-pRb
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S807/811 (Cell Signaling, 9308S), p107 (Santa Cruz, sc318), p130 (Santa Cruz, sc317),
p21Cip1 (Cell Signaling, 2946), p27Kip1 (Cell Signaling, 2552), p57Kip2 (ABCam, ab4058),
and β-actin were performed as in Billington et al. (Billington, C.K. et al., 2005) and Guo
et al. (Guo, M. et al., 2005) employing the referenced primary antibodies and infraredconjugated secondary antibodies with detection by the Li-COR Odyssey Imaging system.
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Results
Apoptosis. To assess the contribution of attenuated apoptosis to the increased [3H]
thymidine incorporation observed in cultured ASM cells stimulated with E+I under
concurrent direct or indirect PKA inhibition (Misior, A.M. et al., 2008), cells were
stimulated and processed as described in Methods. A 72 h stimulation time was selected
based on maximal apoptosis induction in cultured ASM by Fas ligation as reported by
Hamman et al. (Hamann, K.J. et al., 2000).

No apoptotic cells were detected in

unstimulated cells (kept in serum-free 0.1% BSA media) as evidenced by a single BrdUpopulation (peak) on flow cytometry analysis (Figure 1A). Stimulation of cells with IL1β, EGF (data not shown), or E+I in the presence or absence of Flu did not result in
induction of cell death and results were similar in both GFP- and PKI-GFP- expressing
cells. Surprisingly, incubation of human ASM cells with Fas-ligating antibody did not
increase the percentage of cells undergoing apoptosis (Figure 1B). To confirm that the
Fas-ligating antibody was functional and the staining procedure was optimized, we
evaluated the ability of the Fas-crosslinking antibody to induce apoptosis in Jurkat T
cells, known to be susceptible to Fas-ligation (Zehender, G. et al., 2001).

Serum

starvation of Jurkat cells resulted in increased percentage of cells undergoing apoptosis
(Figure 1C) and was significantly augmented by Fas crosslinking with the anti-Fas
antibody for 24, 48 and 72 h. Thus, these results suggest that Fas ligation may not be an
effective mechanism of inducing apoptosis in cultured ASM cells and that stimulation of
ASM cells with E+I or Flu does not affect the rate of apoptosis.
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1A.
0.1% BSA media
E+I
Flu+E+I

GFP

PKI

1B.

0.1% BSA media
Fas stimulated

GFP

PKI

1C.

0.1% BSA media arrest
Fas stimulated

Figure 1. Cultured ASM cells are resistant to apoptosis. GFP- and PKI- expressing ASM cells were
pretreated with A) Flu (10 nM) and stimulated with EGF (10 ng/ml) and IL-1β (20 U/ml) or B) Fascrossliniking (1 μg/ml) antibody for 72 h, and apoptosis was detected by TUNEL assay. Representative
experiment shown, n=3. C) Jurkat T cells were stimulated with Fas-crosslinking antibody (1 μg/ml) for 24,
48 and 72 h and apoptosic cells were detected by TUNEL assay. Representative experiment shown, n=2.

64

Cell cycle protein regulation. We previously reported that increased growth of human
ASM cells stimulated with E+I in presence of direct (with PKI) or indirect (with Flu)
PKA inhibition is associated with enhanced activation of PI3K/Akt and p42/p44 ERK
pathways. Because published reports suggest that PKA and GCs also regulate restriction
point traversal in ASM, we performed analysis of the time-dependent regulation of cell
cycle proteins. A total of 6 different GFP- and PKI-GFP expressing ASM cell sets (one
set = cells generated from one donor) were subjected to the analysis and representative
immunoblots are presented in Figure 2. We evaluated expression of cyclins involved in
restriction point traversal (cyclin D1 and cyclin E)(Ammit, A.J. et al., 2001; Xiong, W. et
al., 1997) and cell cycle progression (cyclin A)(Pagano, M. et al., 1992). Data did not
suggest any stimulus- or time- dependent regulation of cyclin A or cyclin E (data not
shown), whereas cyclin D1 expression was significantly increased in cells stimulated for
>6 h with E+I as compared to EGF alone (Figure 2A).

Flu pretreatment strongly

suppressed cyclin D1 expression under all conditions; however, in PKI-GFP-expressing
ASM cells this effect was attenuated. Another critical regulator of restriction point in
ASM is pRb (Ammit, A.J. et al., 2001). Thus, we evaluated the phosphorylation of pRb,
as well as expression of pRb homologs, p107 and p130, in ASM cells. We observed a
strong trend for increased pRb phosphorylation and p107 expression in PKI-GFPexpressing ASM cells stimulated with E+I for >9 h as compared to control, GFPexpressing cells. We were not able to reliably detect p130 expression (not shown).
Finally, we were not able to detect p21Cip1 or p27Kip1, and p57Kip2 expression did not
exhibit any stimulus- or time- dependent changes (not shown). In summary, pretreatment
with Flu or direct inhibition of PKA results in an enhanced expression of cyclin D1 and
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p107 and phosphorylation of pRb in cultured ASM cells stimulated with E+I, which may
promote enhanced cell proliferation observed under these conditions.
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Figure 2. PKA and Flu regulate cell cycle progression in ASM cells. Human ASM cells
expressing GFP or PKI-GFP chimera were pretreated with Flu (10 nM) and stimulated with EGF (10
ng/ml), IL-1β (20 U/ml) or both for 3, 6, 9, 12, and 18 h. Lysates were generated and subjected to
immunoblotting. Representative blots shown, n=6.
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Discussion
Data presented here further support our previously reported findings that PKA is a
critical regulator of human ASM cell proliferation and regulates the mitogenic effects of
proinflammatory cytokines IL-1β and TNF-α on activation of p42/p44 ERK and
PI3K/Akt pathways (Misior, A.M. et al., 2008). Additionally, this report provides further
insight into the PKA- and GC- dependent mechanisms regulating the proliferation of
cultured human ASM cells.
We previously reported that in ASM cells pretreatment with Flu or inhibition of PKA
strongly augments [3H] thymidine incorporation in response to stimulation with E+I.
Because [3H] thymidine incorporation assays measure DNA content per se, not cell
proliferation, decreased rates of cell apoptosis could also result in enhanced [3H]
thymidine counts. Our results indicate that neither serum starvation, stimulation of cells
with Flu, IL-1β, EGF or E+I, nor PKA inhibition changed the percentage of cultured
ASM cells undergoing apoptosis. In fact, we were unable to detect any apoptotic cells,
even after treatment of cells with Fas-crosslinking antibody, previously reported to
induce apoptosis in cultured ASM cells (Hamann, K.J. et al., 2000). As treatment of
Jurkat T cells with the same antibody resulted in a strong induction of cell death (~100%
after 72 h), the results suggest that Flu, PKA inhibition, EGF, IL-1β, or any of these
stimuli in combination do not modulate the apoptotic process in the ASM. Additionally,
Fas crosslinking may not be an effective mechanism for induction of apoptosis in ASM,
which contrasts the report by Hamman et al. (Hamann, K.J. et al., 2000), who reported
that such treatment induced cell death in ~10% of cells, while serum deprivation was
associated with apoptosis in ~1% of cells. Studies conducted by Freyer et al. (Freyer,
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A.M. et al., 2001) indicate that ASM has been shown to exhibit very low basal levels of
apoptosis in culture (9% in serum free conditions) due to a strong prosurvival signals
from the ECM transmitted through the integrins and that this rate appears not to be
modulated by growth factors, cytokines, or G protein-coupled receptor (GPCR) agonists.
Both studies report significantly different levels of apoptosis in serum-deprived ASM
cells despite both employing the TUNEL assay to detect apoptotic cells. However, there
were some differences in protocol conditions that could influence ECM composition or
ECM interaction with ASM: Hamman et al. examined adherent cells plated on glass,
while Freyer et al. employed a colorimetric TUNEL protocol in cells grown on plastic.
Thus, our inability to detect apoptosis in cultured ASM cells may be due to low
sensitivity of the TUNEL assay used or differences in experimental conditions that could
affect ASM survival. Collectively, however, these studies suggest that apoptosis is a rare
event in cultured ASM cells, is not modulated by cytokines, growth factors, or GPCR
ligands, and is not the dominant process contributing to the increased [3H] thymidine
incorporation we observed. Our conclusions were also confirmed by cell count assays
(Misior, A.M. et al., 2008), which indicated that increased incorporation of [3H]
thymidine corresponded with increased number of cells.
To complement the studies evaluating the mechanisms by which Flu and PKA
regulate ASM proliferation in vitro (reported in Misior et al.), we evaluated the time
dependent expression or activation of selected cyclins, pRb family proteins, and cell
cycle inhibitors known to regulate the progression of cell cycle. Our results indicate that
enhanced proliferation of ASM cells was associated with increased expression of cyclin
D1 and p107, and increased phosphorylation of pRb. Other cell cycle regulatory proteins
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either did not exhibit stimulus- or time- dependent regulation or were not detectable.
Additionally, our studies indicate that cyclin D1, p107 and pRb are regulated by PKA- or
Flu- dependent mechanisms in ASM.
Various cAMP elevating agents, cAMP analogues (Musa, N.L. et al., 1999; Stewart,
A.G. et al., 1999; Zambon, A.C. et al., 2005), and GCs (including Flu)(Fernandes, D. et
al., 1999; Vlahos, R. et al., 2003) have been previously shown to inhibit mitogen-induced
expression of cyclin D1 and phosphorylation of pRb. Our data is in agreement with these
studies and further confirms the role of PKA in mediating the inhibitory effects of cAMP
elevation on these cell cycle proteins, which has not been established previously.
Our recent report also established that inhibition of PKA activation, via inhibition of
cyclooxygenase (COX)-2 expression and prostaglandin E2 (PGE2) production, mediates
the promitogenic effects of the steroid. In the current study, the opposite effect of Flu
and PKI (Flu suppressed and PKI enhanced) on cyclin D1 expression suggests regulation
by different mechanisms unique to the steroid- and PKA-dependent pathways, while pRb
phosphorylation and p107 expression appear to be primarily regulated by PKA-dependent
but Flu-insensitive mechanisms.
Additionally, no studies to date have evaluated the expression or regulation of p107, a
pRb homolog, in ASM cells. Our studies indicate that p107 is expressed in cultured
ASM in response to stimulation with E+I and may be negatively regulated by PKA, as
expression of PKI-GFP increased p107 protein levels.
Thus, PKA- and Flu- dependent mechanisms regulate restriction point transition in
cultured human ASM cells and include regulation of cyclin D1 and p107 expression and
phosphorylation of pRb. These findings complement our previously published data and
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suggest that PKA inhibits ASM proliferation via regulation of the promitogenic pathway
activation and cell cycle progression. Because PKA regulates ASM proliferation through
multiple mechanisms, it represents an attractive pharmaceutical target for inhibition of
ASM growth. Further studies in animal models of asthma are required to confirm this
role of PKA in vivo.
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Supplemental figures and tables (annotated as figure/table E#) are presented in the
Appendix and the enclosed CD.
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Abstract
Glucocorticoids (GCs) and protein kinase A (PKA)-activating agents (β adrenergic
receptor agonists (β-agonists)) are mainstream asthma therapies based on their ability to
prevent or reverse excessive airway smooth muscle (ASM) constriction. Their abilities to
affect another important feature of asthma- excessive ASM growth- are poorly
understood. Recent studies have suggested that GCs may indeed render agents of
inflammation such as interleukin (IL)-1β and tumor necrosis factor (TNF)-α mitogenic to
ASM, via suppression of (anti-mitogenic) induced cyclooxygenase (COX)-2-dependent
PKA activity. To further explore the mechanistic basis of these effects, we performed a
comprehensive analysis of the effects of PKA and GC signaling on the ASM
transcriptome under various pro- and anti- mitogenic conditions. Results: 1) identify
several classes of genes that are differentially/similarly regulated by PKA and GCs; 2)
suggest an importance of intracellular PKA activity in modulating the mitogenic effect of
autocrine stimuli in ASM; and 3) provide novel insight into capacity of PKA-activating
agents and GCs to regulate synthetic functions of ASM. Results of the present study
should help identify specific genes and signaling pathways as important targets guiding
the development of new generations of GCs and adjunct asthma therapies.
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Introduction:
3'-5'-cyclic adenosine monophosphate (cAMP)-dependent protein kinase (PKA) and
glucocorticoid (GC) -mediated signaling impact numerous airway smooth muscle (ASM)
cell functions via their actions

interleukin (IL)-1β and tumor necrosis factor (TNF)-α from inhibitors to strong enhancers
of EGF-stimulated ASM growth (5). Mechanistic studies suggested an important link
between GC- and PKA-dependent signaling in the regulation of ASM growth by IL-1β
and TNF-α. In the absence of GCs, IL-1β (or low concentrations of IL-1β and TNF-α
combined) were capable of significantly inducing cyclooxygenase (COX)-2, PGE2, and
intracellular PKA activity, and inhibiting growth of EGF-stimulated ASM cells.
However, under conditions in which COX2/PGE2/PKA induction was inhibited by
pretreatment with GCs or other inhibitors of COX-2-dependent PGE2 production (11), the
cytokines increased EGF-stimulated growth more than two-fold (5). A similar
augmentation of EGF-stimulated ASM growth by IL-1β and TNF-α was effected by
direct PKA inhibition, suggesting a critical role of PKA in determining the mitogenic
effects of cytokines, and of GC treatment, on ASM.
In this same study, time-dependent analysis of mitogenic signaling pathway
activation demonstrated regulation of p42/p44 ERK and PI3K/Akt signaling at late but
not early time points, thus suggesting the ability of PKA and GCs to regulate induced
gene expression in ASM. Despite the critical role of PKA and GC signaling in
determining ASM function, surprisingly little is known regarding PKA- and GCdependent gene regulation in ASM. In the current study, we provide a comprehensive
analysis of the effects of PKA and GC signaling on the ASM transcriptome under various
pro- and anti- mitogenic conditions. Results identify several classes of genes that are
differentially/similarly regulated by PKA and GCs and provide novel insight into
mechanisms mediating the functional consequences of PKA-activating agents and GCs in
the in vivo condition.

78

Materials and Methods
Generation of human ASM cultures. Human ASM cultures were generated from tracheae
from unidentified donors as described in Penn et al. (12) and examined in the 4th to 8th
passage.
Generation of retroviral-infected human ASM cultures was as described previously (13).
Retrovirus for expression of GFP- and PKI-GFP- expressing lines was produced by
transfecting GP2-293 cells with pLNCX2—GFP or pLNCX2-PKI-GFP each with pVSV-G
vector which encodes the pantropic (VSV-G) envelope protein. Supernatants were
harvested 48 h after transfection and used to infect human ASM cultures. Infected cells
typically exhibited >70% GFP expression within 48 h (direct visualization by fluorescent
microscopy) and selection to homogeneity with 200 μg/ml G418 was rapid (7 days). For
those experimental outcomes tested to date (5, 13-15), we have observed minimal
differences in responses between GFP-expressing cells and the naïve culture from which
they were derived, suggesting minimal effects of infection per se.

Additional lines

generated for studies of BrdU incorporation are described below.
RNA isolation for microarray analysis. GFP- and PKI-GFP- expressing cells were plated
at 750,000 cells/plate on 10 cm dishes, grown to confluence and arrested in 0.1% BSA
media for 24 h prior to stimulation with vehicle, 10 nM EGF, 20 U/ml IL-1β, or both
(E+I)(Fig. 1). In all conditions cells were pretreated for 30 min with vehicle or 10 nM
Fluticasone propionate (Flu). After 8 h stimulation RNA was isolated from cells by
standard TRIzol (Invitrogen, Carlsbad, CA) protocol and purified by phenol/isopropanol
precipitation. 10 μg of RNA was repurified using the Qiagen (Valencia, CA) columns
and quality was measured with Bioanalyzer (Agilent, Santa Clara, CA). The RNA was
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Human ASM cultures
Retroviral infection/selection

GFP

GFP-PKI

th

Passage 4 through 7

th

Stimulation (8 h) with:
EGF 10 ng/ml
IL-1β 20 U/ml
EGF+IL-1β

+/- Fluticasone (Flu, 10 nM )

Analysis of differential gene expression
(Affymetrix U133A microchip and GC-RMA/AffylmGUI)
Figure 1. Experimental design for the microarray analysis. Human ASM cells stably expressing GFP
or PKI-GFP chimera (generated as outlined in Methods) were grown to confluence, arrested for 24h in
0.1% BSA-containing media, pretreated with vehicle or Fluticasone (10 nM) for 30 min, and stimulated
with EGF (10 ng/ml), IL-1β (20 U/ml), or both (E+I) for 8 h. Cells were lysed in TRIzol and total RNA
isolated by phenol/isopropanol precipitation. RNA was processed as outlined in Methods and gene
expression was assessed using the Affymetrix U133A microchip. Gene expression was analyzed in 4
different cultures derived from 4 individual donors.
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then reverse transcribed to cDNA and labeled cRNA was generated. Quality control
checks were performed after each step to ensure reactions completed successfully, and
that cDNA and cRNA of adequate amount and quality had been generated. Labeled
cRNA was then hybridized to U133A microarrays (Affymetrix), the chips were scanned
and .CEL files generated. Gene expression was analyzed in 4 different cultures derived
from 4 individual donors (for a total of 3-4 microarrays per condition).
[3H] thymidine incorporation in human ASM cultures was assessed as per (14). Briefly,
cells were grown in 24 well plates to near confluence then serum starved in 0.1% bovine
serum albumin (BSA) for 24 h. Cells were pretreated with vehicle, 10 nM Flu for 30 min
then stimulated with vehicle, 10 nM EGF, 20 U/ml IL-1β, or E+I.

After 18 h of

stimulation, cells were labeled with 3.0 μCi [methyl-3H] thymidine (1 μCi/ml) and
incubated for an additional 24 h. Cells were then washed with phosphate-buffered saline,
lysed with 10% trichloroacetic acid, aspirated onto filter paper and counted in scintillation
vials.
BrdU co-culture assay. dsRed-expressing cells were generated in the same manner as
GFP- and GFP-PKI-expressing cells (described above) using pLNCX2-dsRed plasmid
(Clontech, Mountain View, CA). A mixture containing equal numbers of dsRed- and
either GFP- or PKI-GFP- expressing cells were plated in 6-well plates for a total of
400,000 cells/well and grown to confluence. Cells were then serum starved for 24 h and
stimulated with 10 nM EGF, 20 U/ml IL-1β, or both for 72 h. 60 μM BrdU was added to
ASM cultures concomitantly with stimuli. After stimulation, cells were harvested by
trypsinization, fixed in 10% formalin and permeabilized with 0.1% Triton-X100/0.01%
gelatin for 2 h. Cells were incubated at 37° C with 300 μM DNase, washed, and then
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stained with Alexa 647-labeled anti-BrdU antibody (Molecular Probes, Carlsbad, CA).
Stained cells were analyzed by flow cytometry on a FACSCalibur (BD Biosciences, San
Jose, CA), simultaneously detecting BrdU+, DsRed+, and GFP+ cells.
Effects of conditioned media on ASM Ca2+ mobilization were assessed using media
harvested from GFP- and PKI-GFP- expressing cells stimulated for 18 h with 10 nM EGF
and 20 U/ml IL-1β (E+I) in presence or absence of 10 nM Flu. Immediately after
harvesting, media were applied to GFP- or PKI-GFP- expressing cells seeded on
coverslips and serum starved for 72 h. Ca2+ imaging was then performed as described
previously (16).

Briefly, GFP- and PKI-GFP- expressing cells on coverslips were

washed and loaded with 5 μM Fura-2 AM, a cell permeant calcium indicator dye, for 30
min at 37oC. The cells were washed and maintained in Hank’s Balanced Salt Solution
(HBBS, pH 7.4) containing 10 mM HEPES, 11 mM glucose, 2.5 mM CaCl2, and 1.2 mM
MgCl2. The coverslips were mounted onto an open slide chamber and sealed firmly.
Intracellular calcium concentrations were determined using a dual excitation fluorescence
photomultiplier system (IonOptix, Milton, MA) as described previously (17). The cells
were superfused with HBSS and basal calcium concentration measured. Subsequently the
cells were stimulated with plain F-12 medium with no phenol red for 10 min followed by
the conditioned medium (CM) for 5 min and change in emission signal recorded. The net
calcium response was calculated by subtracting the fluorescence signal in the presence of
plain medium from peak fluorescence signal upon stimulation with the CM.
Statistical Analysis and Data Presentation.

For the transcriptome analysis, we first

assessed the quality and variability among chips using the dCHIP software (18).
Microarray data were then normalized by the GC-RMA (19) method and differential gene
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expression was assessed using the affylmGUI (20) package based on the R program.
Genes that were increased or decreased by at least two-fold were considered to be
differentially regulated and were ranked based on fold change. Additionally, significance
of regulation was assessed by B-value and p-value adjusted using False Discovery Rate
method of Benjamini and Hochberg (values listed in spreadsheets presented in
supplemental data, B>0 and p<0.003 are considered significant). Differential expression
conferred by the stimuli (EGF, IL-1β, E+I) as compared to basal (B), and further
modulation by GCs or PKA inhibition was analyzed and presented in spreadsheets
(Microsoft Office Excel). Genes were further grouped into functional groups using the
DAVID

(21)

and

Ingenuity

Pathways

Analysis

(IPA)

(Ingenuity®

Systems,

www.ingenuity.com) software as described in Hipp and Atala (22). Tables included in
publication present 40 most upregulated and 20 most downregulated genes and redundant
entries were removed to allow for an expanded list. Table headers indicate comparison for
which differential gene expression is presented; i.e., GFP E-GFP B denotes genes
differentially regulated by EGF in GFP-expressing cells as compared to unstimulated
condition (Basal). Additionally, tables presenting data for all genes represented on the
Affymetrix U133A microarray are provided as supplemental data, which also include
charts and tables illustrating overrepresented canonical pathways or molecular functions
associated with a given stimulatory condition as indicated by analyses with IPA and
DAVID. In addition the raw data for each hybridization (.cel files) along with information
fulfilling the MIAME standards have been uploaded to the GEO repository at NCBI.
For other experiments, statistically significant differences among groups were assessed
by either analysis of variance (ANOVA) with Fisher's PLSD post-hoc analysis (Statview
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4.5, Abacus Concepts, Berkeley, CA) or by t-test for paired samples, with p values < 0.05
sufficient to reject the null hypothesis.
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Results and Discussion
To examine changes in human ASM gene expression that occur under disparate
mitogenic conditions effected by growth factors, cytokines, glucocorticoids, and PKA
inhibition, microarray analyses were conducted in parallel with [3H]-thymidine
incorporation assays using ASM cultures derived from four separate donors.

As

previously reported (5), IL-1β was capable of inhibiting EGF-stimulated growth in GFPexpressing cells (Fig.2). However, in PKI- or in GFP-expressing cells pretreated with Flu,
IL-1β greatly enhanced EGF-stimulated proliferation.
To examine the changes in gene expression associated with these conditions, cultures
were stimulated for 8 h with vehicle, EGF, IL-1β, or E+I with or without Flu
pretreatment and total RNA harvested for transcriptome analysis using the Affymetrix
U133A chip. An 8 h time point was chosen in an attempt to capture gene expression
changes induced by both early (acute signaling events) and delayed (induced autocrinedependent) signaling events.

Chip quality and clustering analysis
Microarray data were first analyzed with dChip (18) to ensure adequate chip quality,
assess variability among replicate samples (biological variability), and assess the effect of
donor line origin and processing time (batch effect). The analyses reported adequate chip
quality and no batch effects were observed (data not shown). Subsequent clustering
analyses based on genes similarly expressed among all chips (variability of 0.5-100 and
present call 50 or 20%, respectively) indicated grouping of samples into two main
categories with two subcategories each (Fig. 3): 1) samples treated with vehicle, EGF or
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Figure
igure 2. GC treatment and PKA inhibition regulate mitogenic effects of IL-1β. Effect of PKA
inhibition via heterologous expression of PKA inhibitor (PKI) or pre-treatment with GC on IL-1β-, EGF-,
mean+ values. n=4
and EGF+IL-1β- stimulated [3H] thymidine incorporation in HASM. Data represent mean+SE
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Figure 3. Clustering analysis of microarray data with dCHIP. Clustering analysis based on similarly regulated genes (variability 0.5-100 and present call
50%) revealed clustering into 2 groups with following subgroups: 1a) Flu or Flu and EGF stimulated cells; 1b) unstimulated and EGF stimulated cells; 2a) IL-1β
or E+I stimulated cells; 2b) IL-1β or E+I stimulated cells in presence of Flu. Stars by sample name indicate number of replicates per condition + 1.

Flu with both GFP and PKI cells stimulated with EGF clustering in subgroup 1a, while
subcategory 1b contained Basal and Flu treated samples; and 2) samples treated with IL1β or E+I with or without Flu, where GFP and PKI cells treated with IL-1β or E+I
clustered into 2a and all samples stimulated in presence of Flu grouped in 2b. This
pattern of clustering suggests that while Flu has minimal effect on genes expressed under
the unstimulated (basal) condition, Flu strongly modulates gene expression regulated by
IL-1β, EGF and E+I. EGF-stimulated samples clustered separately from IL-1β- and E+Istimulated conditions; hence EGF appears to regulate a distinct set of genes
corresponding to the proliferative phenotype. Clustering of IL-1β and E+I samples
together suggests a common gene expression profile, with IL-1β having a dominant effect
modulated by EGF on the human ASM transcriptome. This pattern of clustering was
taken into consideration during subsequent analyses of differential gene expression, and
the analyses focused on differences observed within and between EGF and IL-1β/E+I
groups with respect to cell growth/proliferation and inflammation.

Of note, the

transcriptome analysis also indicated regulation by Flu and PKA of genes involved in
metabolic processes in ASM cells. However, due to the breadth of the findings, these
analyses are not discussed in the current manuscript.

Regulation of differential gene expression by EGF, IL-1β and E+I
EGF stimulation of human ASM cells resulted in differential regulation of genes
involved in processes including cell death, cell cycle, cell growth and proliferation, cell
development and gene expression (analysis by Bio Functions IPA, Fig. E1), consistent
with the known mitogenic effect of EGF (23).
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Additional analysis using DAVID

indicated activation of MAPK, JAK-STAT, and Wnt signaling pathways (Table E1). The
top 40 induced- and 20 most down-regulated genes are represented in Table I and suggest
the major themes among the genes regulated by EGF. One theme is represented by genes
involved in cell proliferation and progression of cell cycle such as those encoding
interferon stimulated exonuclease gene, FOS-like antigen 1, chromosome 15 open
reading frame 15, sprouty homolog 2, S100 calcium binding protein A2, or cyclin D1 and
decreased expression of negative regulators of growth/cell cycle progression such as
ephrin B2, runt-related transcription factor 1, and cyclin dependent kinase inhibitor 1C
(p57/Kip2). Additionally, EGF induced expression of numerous genes that, as autocrine
factors, could possibly contribute to sustained promitogenic signaling. This set of genes
includes upregulated potential autocrine mitogens or their receptors or regulators:
coagulation factor II receptor-like 1 (protease activated receptor (PAR)-2), IL-8, IL-6,
angiopoietin-like 4, urokinase, mesotrypsin, a disintegrin and metalloproteinase (ADAM)
with

thrombospondin

(TS)

motif

8,

or

matrix

metallopeptidase

(MMP)-1.

Downregulated putative effectors include phosphoinositide 3 kinase (PI3K) regulatory
subunit p85, BAMBI, and Dapper. Our data also indicate that EGF regulates expression
of genes known to be involved in the negative feedback to mitogenic signaling, such as
dual specificity phosphate (DUSP)-5 and -6, sprouty homolog 4, or transmembrane
protein 158.
Stimulation with IL-1β induced expression of numerous inflammatory genes (Table
II), many of which were similarly induced by E+I treatment, including COX-2 and PKAdependent genes previously shown to be modulated by COX-2 induction (see below).
The overrepresented biological functions among the set of genes regulated by IL-1β
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Table I
EGF-mediated gene expression in human ASM *
Symbol
DUSP6
F2RL1
STC1
IL8
ISG20
SPRY4
IL6
FOSL1
HMGA2
CCL7
DUSP5
LIF
C13orf15
SPHK1
TMEM158
SPRY2
ANGPTL4
SLC20A1
TRIB1
PDLIM4

Fold Change
GFP EGFP I GFP EI GFP B
GFP B
GFP B
dual specificity phosphatase 6
23.0
4.6
31.0
coagulation factor II (thrombin) receptor-like 1
17.6
-1.2
3.2
stanniocalcin 1
14.5
59.2
120.5
interleukin 8
11.8
1861.0
2493.5
interferon stimulated exonuclease gene 20kDa
10.5
98.1
87.0
sprouty homolog 4 (Drosophila)
10.5
2.4
14.4
interleukin 6 (interferon, beta 2)
9.9
709.9
915.5
FOS-like antigen 1
9.6
6.1
8.9
high mobility group AT-hook 2
9.2
4.3
8.5
chemokine (C-C motif) ligand 7
8.9
123.3
193.6
dual specificity phosphatase 5
8.4
10.4
25.7
leukemia inhibitory factor
8.1
32.5
60.9
chromosome 13 open reading frame 15
7.9
-2.7
1.1
sphingosine kinase 1
7.1
4.7
10.6
transmembrane protein 158
6.9
3.0
9.8
sprouty homolog 2 (Drosophila)
6.7
1.9
9.5
angiopoietin-like 4
6.5
3.6
11.5
solute carrier family 20 (phosphate transporter), member 1
6.4
-1.2
3.4
tribbles homolog 1 (Drosophila)
6.3
2.5
7.0
PDZ and LIM .16(28 50 500.52Tw 7.02 0 0 7.02 121.08 493.68 Th2 179/P <l5/P (6)-8( )]TJETEMC m[i50 500.52Tw 7.02 0 .02 0 0 7.02 121.08 lTf7.02
Name

Table II
IL-1β-mediated gene expression in human ASM †
Symbol

Name

IL8
CXCL2
IL6
CXCL10
CXCL1
CXCL3
MX1
CCL20
TNFAIP3
GCH1
ICAM1
CCL8
PTGS2
IL1B
TNFAIP2
CCL7
OAS1
SOD2
ISG20
NKX3-1
CXCL6
MX2
STC1
G0S2
3-Mar
IFIT3
ZC3H12A
SERPINB2
HIG2
SLC39A8
TNFAIP6
TFPI2
RTP4
IFI44
IL7R
RSAD2
OAS2
IFIH1
GBP1
HERC6

interleukin 8
chemokine (C-X-C motif) ligand 2
interleukin 6 (interferon, beta 2)
chemokine (C-X-C motif) ligand 10
chemokine (C-X-C motif) ligand 1
chemokine (C-X-C motif) ligand 3
myxovirus (influenza virus) resistance 1
chemokine (C-C motif) ligand 20
tumor necrosis factor, alpha-induced protein 3
GTP cyclohydrolase 1 (dopa-responsive dystonia)
intercellular adhesion molecule 1 (CD54)
chemokine (C-C motif) ligand 8
prostaglandin-endoperoxide synthase 2
interleukin 1, beta
tumor necrosis factor, alpha-induced protein 2
chemokine (C-C motif) ligand 7
2',5'-oligoadenylate synthetase 1, 40/46kDa
superoxide dismutase 2, mitochondrial
interferon stimulated exonuclease gene 20kDa
NK3 homeobox 1
chemokine (C-X-C motif) ligand 6
myxovirus (influenza virus) resistance 2 (mouse)
stanniocalcin 1
G0/G1switch 2
membrane-associated ring finger (C3HC4) 3
interferon-induced protein with tetratricopeptide repeats 3
zinc finger CCCH-type containing 12A
serpin peptidase inhibitor, clade B (ovalbumin), member 2
hypoxia-inducible protein 2
solute carrier family 39 (zinc transporter), member 8
tumor necrosis factor, alpha-induced protein 6
tissue factor pathway inhibitor 2
receptor (chemosensory) transporter protein 4
interferon-induced protein 44
interleukin 7 receptor
radical S-adenosyl methionine domain containing 2
2'-5'-oligoadenylate synthetase 2, 69/71kDa
interferon induced with helicase C domain 1
guanylate binding protein 1, interferon-inducible, 67kDa
hect domain and RLD 6

Symbol

Name

ADH1B
TSC22D3
RUNX1T1
PIK3R1
ALDH3A2
EFNB2
MBP
CDKN1C
OSR2
MAF
GDF10
SLC38A1
TMEM35
C5orf4
MAOA
STON1
BMP4
DACT1
RCAN2
ACOX2

alcohol dehydrogenase IB (class I), beta polypeptide
TSC22 domain family, member 3
runt-related transcription factor 1; translocated to, 1
phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha)
aldehyde dehydrogenase 3 family, member A2
ephrin-B2
myelin basic protein
cyclin-dependent kinase inhibitor 1C (p57, Kip2)
odd-skipped related 2 (Drosophila)
v-maf musculoaponeurotic fibrosarcoma oncogene homolog
growth differentiation factor 10
solute carrier family 38, member 1
transmembrane protein 35
chromosome 5 open reading frame 4
monoamine oxidase A
stonin 1
bone morphogenetic protein 4
dapper, antagonist of beta-catenin, homolog 1
regulator of calcineurin 2
acyl-Coenzyme A oxidase 2, branched chain

GFP I-GFP
B
1861.0
1203.1
709.9
608.0
601.7
545.3
297.8
245.1
225.7
214.9
202.2
199.9
189.2
164.1
156.5
123.3
118.0
108.7
98.1
91.6
72.5
64.8
59.2
52.0
50.3
46.9
41.8
39.0
37.9
37.7
35.8
35.2
34.9
34.4
34.3
34.3
33.8
33.5
33.3
32.6
GFP I-GFP
B
-11.9
-11.7
-10.2
-9.1
-9.1
-9.0
-9.0
-8.7
-8.6
-7.9
-7.8
-7.6
-7.2
-7.1
-6.5
-6.4
-6.3
-6.3
-6.2
-6.2

Fold Change
GFP E-GFP
B
11.8
3.2
9.9
1.7
3.3
3.2
-1.5
2.3
3.9
1.6
4.6
-1.1
2.7
2.1
2.0
8.9
-1.0
2.8
10.5
1.7
2.5
-1.5
14.5
1.8
3.2
-1.4
2.3
4.1
4.1
1.3
2.5
3.4
-1.4
-1.1
2.0
1.0
1.0
-1.1
-1.5
-1.2
Fold Change
GFP E-GFP
B
-5.1
-2.8
-8.0
-10.7
-4.1
-10.0
-2.7
-7.1
-6.6
-3.5
-1.4
-3.5
-1.5
-2.7
-2.9
-2.4
-3.1
-6.0
-3.0
-2.6

GFP EI-GFP
B
2493.5
1283.0
915.5
93.1
799.8
1199.7
24.1
342.5
224.9
123.1
215.3
23.9
198.8
543.5
92.8
193.6
4.9
74.5
87.0
63.4
94.1
4.9
120.5
32.9
53.6
2.2
40.0
111.8
26.7
13.5
22.1
59.6
1.8
2.3
32.9
2.8
3.7
2.6
4.9
2.7
GFP EI-GFP
B
-14.4
-8.9
-13.4
-9.9
-6.3
-18.0
-13.2
-12.5
-32.3
-18.5
-5.0
-8.7
-7.0
-10.6
-7.5
-6.0
-6.7
-9.9
-8.6
-5.2

†
40 most up- and 20 most down- regulated genes in GFP-expressing cells stimulated for 8 h with IL-1β (I) as compared to
unstimulated (B) condition (n=4). For comparison, regulation by EGF (E) and EGF+IL-1β co-stimulation (EI) (as compared to
unstimulated condition (B)) also presented.
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Table III
Effect of combined EGF+IL-1β stimulation on gene expression in human ASM ‡
Symbol

Name

IL8
CXCL2
CXCL3
IL6
CXCL1
IL1B
CCL20
TNFAIP3
ICAM1
PTGS2
CCL7
GCH1
STC1
SERPINB2
CXCL6
CXCL10
TNFAIP2
MMP3
ISG20
IL11
BMP2
CSF2
SOD2
BCL2A1
NKX3-1
LIF
TFPI2
39510
CSF3
PDLIM4
ZC3H12A
G0S2
IL7R
CXCL5
AMPD3
MMP1
DUSP6
IER3
IL33
HIG2

interleukin 8
chemokine (C-X-C motif) ligand 2
chemokine (C-X-C motif) ligand 3
interleukin 6 (interferon, beta 2)
chemokine (C-X-C motif) ligand 1
interleukin 1, beta
chemokine (C-C motif) ligand 20
tumor necrosis factor, alpha-induced protein 3
intercellular adhesion molecule 1 (CD54)
prostaglandin-endoperoxide synthase 2
chemokine (C-C motif) ligand 7
GTP cyclohydrolase 1
stanniocalcin 1
serpin peptidase inhibitor, clade B, member 2
chemokine (C-X-C motif) ligand 6
chemokine (C-X-C motif) ligand 10
tumor necrosis factor, alpha-induced protein 2
matrix metallopeptidase 3
interferon stimulated exonuclease gene 20kDa
interleukin 11
bone morphogenetic protein 2
colony stimulating factor 2
superoxide dismutase 2, mitochondrial
BCL2-related protein A1
NK3 homeobox 1
leukemia inhibitory factor
tissue factor pathway inhibitor 2
membrane-associated ring finger (C3HC4) 3
colony stimulating factor 3 (granulocyte)
PDZ and LIM domain 4
zinc finger CCCH-type containing 12A
G0/G1switch 2
interleukin 7 receptor
chemokine (C-X-C motif) ligand 5
adenosine monophosphate deaminase (isoform E)
matrix metallopeptidase 1 (interstitial collagenase)
dual specificity phosphatase 6
immediate early response 3
interleukin 33
hypoxia-inducible protein 2

Symbol

Name

C10orf10
OSR2
FGF9
MAF
EFNB2
ADH1B
RUNX1T1
MBP
CDKN1C
ADAMTS5
MEGF9
C5orf4
BAMBI
FAM69A
BNC2
DACT1
PIK3R1
TOX
ZBTB20
TSC22D3

chromosome 10 open reading frame 10
odd-skipped related 2 (Drosophila)
fibroblast growth factor 9 (glia-activating factor)
v-maf musculoaponeurotic fibrosarcoma oncogene homolog
ephrin-B2
alcohol dehydrogenase IB (class I), beta polypeptide
runt-related transcription factor 1; translocated to, 1
myelin basic protein
cyclin-dependent kinase inhibitor 1C (p57, Kip2)
ADAM metallopeptidase with thrombospondin type 1 motif, 5
multiple EGF-like-domains 9
chromosome 5 open reading frame 4
BMP and activin membrane-bound inhibitor homolog
family with sequence similarity 69, member A
basonuclin 2
dapper, antagonist of beta-catenin, homolog 1
phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha)
thymocyte selection-associated high mobility group box
zinc finger and BTB domain containing 20
TSC22 domain family, member 3

‡

GFP EIGFP B
2493.5
1283.0
1199.7
915.5
799.8
543.5
342.5
224.9
215.3
198.8
193.6
123.1
120.5
111.8
94.1
93.1
92.8
88.4
87.0
81.6
78.9
75.1
74.5
70.0
63.4
60.9
59.6
53.6
50.2
41.4
40.0
32.9
32.9
32.6
31.3
31.2
31.0
28.2
27.4
26.7
GFP EIGFP B
-57.3
-32.3
-21.9
-18.5
-18.0
-14.4
-13.4
-13.2
-12.5
-11.9
-10.9
-10.6
-10.5
-10.0
-10.0
-9.9
-9.9
-9.7
-9.6
-8.9

Fold Change
GFP EGFP B
11.8
3.2
3.2
9.9
3.3
2.1
2.3
3.9
4.6
2.7
8.9
1.6
14.5
4.1
2.5
1.7
2.0
1.5
10.5
3.4
3.1
2.4
2.8
1.4
1.7
8.1
3.4
3.2
1.2
6.2
2.3
1.8
2.0
1.2
4.3
4.3
23.0
4.4
4.6
4.1
Fold Change
GFP EGFP B
-10.5
-6.6
-15.9
-3.5
-10.0
-5.1
-8.0
-2.7
-7.1
-10.0
-5.2
-2.7
-8.3
-3.6
-2.3
-6.0
-10.7
-3.6
-3.6
-2.8

GFP IGFP B
1861.0
1203.1
545.3
709.9
601.7
164.1
245.1
225.7
202.2
189.2
123.3
214.9
59.2
39.0
72.5
608.0
156.5
24.3
98.1
9.4
17.6
22.2
108.7
17.1
91.6
32.5
35.2
50.3
16.1
30.9
41.8
52.0
34.3
14.5
26.5
8.7
4.6
23.2
10.4
37.9
GFP IGFP B
-4.2
-8.6
-5.4
-7.9
-9.0
-11.9
-10.2
-9.0
-8.7
-4.2
-5.9
-7.1
-5.2
-3.9
-5.3
-6.3
-9.1
-6.1
-3.3
-11.7

40 most up- and 20 most down- regulated genes in GFP-expressing cells co-stimulated for 8 h with EGF+IL-1β (EI) as compared to
unstimulated (B) condition (n=4). For comparison, regulation by IL-1β (I) and EGF stimulation (E) (as compared to unstimulated
condition (B)) also presented.
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included cell death, cell growth and proliferation, and cell cycle (Bio Functions IPA
analysis, Fig. E2), as well as inflammatory response and chemokine and cytokine
signaling (DAVID analysis, Table E2). Our results are in agreement with previous
studies describing those genes regulated in ASM cells stimulated 4 or 24 h with IL-1β
(24, 25).
Co-stimulation with IL-1β and EGF regulated expression of both mitogenic and
inflammatory genes (Table III).

As with IL-1β, E+I upregulated genes included

chemokines (e.g., CXCL2, CXCL3, CXCL1, CCL20), interleukins (e.g., IL-8, IL-6, IL1β, IL-11), proteases and their receptors (e.g., MMPs -1,-3, -10, and -12; ADAM12,
tissue factor, urokinase, PAR2), and other genes associated with the inflammatory
process (e.g., TNF-α-induced proteins 2 and 3, intracellular adhesion molecule (ICAM)1,
PG-endoperoxide synthase 2 (COX-2), or SOD2). EGF had a variable effect on the IL1β-dependent genes while IL-1β had a minimal effect on EGF-regulated genes involved
in the progression of cell proliferation as most were similarly regulated by E+I.
However, E+I typically induced higher expression (in terms of fold change, relative to
EGF-stimulated cells) of negative regulators of mitogenic signaling. Both Bio Functions
IPA and DAVID analyses (Fig. E3 and Table E3) indicated differential regulation of
genes involved in cell death, cell cycle, cell morphology, cell growth and proliferation,
and (negative) regulation of progression through cell cycle in addition to cytokine and
chemokine signaling and inflammatory response. Most importantly, E+I stimulation
strongly induced expression of cytoplasmic phospholipase A2, COX-2, and PGE synthase
(PGES), consistent with analysis of protein induction described previously (11). These
changes lead to increased production of PGE2 and activation of PKA in human ASM
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cells, which we have previously demonstrated to be critical to the growth inhibitory effect
of IL-1β and TNF-α on human ASM (5). Increases in phosphodiesterases (PDE) 4B and
4D further reflected activation of PKA, as these genes are established to be PKAdependent and comprise an important negative feedback regulation of Gαs-coupled
receptor signaling (26). Interestingly, both IL-1β alone and E+I also regulated proteins
involved in the EGF signaling pathway, increasing expression of the EGF receptor,
growth factor receptor-bound protein 2 (Grb2), mitogen activated protein kinase (MAPK)
kinase (MEK1), and PI3K p110δ, and suppressing Ras GTPase activating protein
(RasGap) and PI3K p85. Collectively, these data suggest that even though IL-1β is
capable of enhancing the signaling of EGF by positively regulating elements of the EGFpathway, the functional consequences of this regulation are overridden by the induction
of COX-2/PGES and the associated increase in PKA activity (5).
Additionally, IL-1β and E+I stimulation could potentially regulate ASM proliferation
through their effects on expression of numerous proteases, their receptors and inhibitors,
as enumerated above.

These stimuli primarily induced expression of proteases,

suggesting an induction of extracellular matrix (ECM) remodeling. ECM provides a
structural support for the cells and has been shown to bind and trap a variety of growth
factors and other bioactive molecules. Thus, increased protease activity can promote cell
proliferation through effects on cell adhesion and integrin signaling (27) as well as via
release of promitogenic ligands (reviewed in (28)). Additionally, proteases can directly,
or by activation of downstream proteases, stimulate cell surface receptors (e.g., GPCRs
including PARs) leading to enhanced cell proliferation, as discussed below. We also
observed that IL-1β- and E+I-dependent increase in expression of the proteases was
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accompanied by enhanced expression of collagens Vα3, XIIIα1, XVIα1, and fibronectin,
and suppression of laminins α2, α4 and β1, and collagens Iα1 and IVα3. These ECM
proteins have been shown to regulate growth factor-stimulated ASM cell proliferation
(29, 30). Thus ECM remodeling and subsequent changes in ECM composition could be
another mechanism through which inflammatory mediators regulate ASM growth.
Collectively, these data support the emerging concept of ASM cell as an
immunomodulatory cell in the airway (31). ASM cells had previously been regarded as
purely contractile cells with main role of regulating airway patency. However, recent
studies, including ours, indicate that ASM cells can actively respond to the environmental
signals by remodeling the ECM, secretion of inflammatory mediators (e.g., cytokines,
interleukins, prostaglandins) and growth factors. These synthetic abilities position ASM
cells as modulators of the inflammatory process and key participants in coordinating the
inflammatory cell influx into the asthmatic lung.

Fluticasone-regulated genes in ASM cells
Although clustering analysis suggested a minimal effect of Flu on differential gene
expression in unstimulated cells, we still observed regulation (>2 fold change) of ~600
genes. Comparison of differential gene expression between vehicle- and Flu- stimulated
cells indicated regulation of genes implicated in growth regulation (PI3K p85, STAT 1
and 3, or DUSP 1 and 6), NF-κB- (IκBα), and PKA- signaling (CREB, PKAcβ,
PKARIIβ) (Table E4). In cells stimulated with EGF, IL-1β or E+I, Flu pretreatment
greatly modulated gene expression with the greatest effect on genes demonstrated to be
involved in inflammation (see below) (Table IV A-C). EGF-dependent gene expression
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Table IV (A)
Differential regulation of EGF-dependent gene expression in human ASM by Fluticasone
Symbol
ZBTB16
MT1M
C10orf10
FAM107A
TSC22D3
GABBR2
PIK3R1
IGFBP2
SLC19A2
GPX3
TIPARP
GPM6B
KLF9
TJP2
PHF17
IMPA2
ITGA10
MT1X
CRISPLD2
MMD
GADD45B
HSD11B1
FOXO1
MAOA
GLUL
Symbol
F2RL1
BDKRB1
LIF
IER3
ZHX2
FST
SLC5A3
BDKRB2
BHLHB2
PLAU
CORO2B
TNFRSF11B
HHEX
GPRC5A
SLC14A1
DUSP6
MMP1
IL33
SMAD3
ARL4C
GDF15
TMEM158
VEGFA
GPER
CXCL12

Name
zinc finger and BTB domain containing 16
metallothionein 1M
chromosome 10 open reading frame 10
family with sequence similarity 107, member A
TSC22 domain family, member 3
gamma-aminobutyric acid (GABA) B receptor, 2
phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha)
insulin-like growth factor binding protein 2, 36kDa
solute carrier family 19 (thiamine transporter), member 2
glutathione peroxidase 3 (plasma)
TCDD-inducible poly(ADP-ribose) polymerase
glycoprotein M6B
Kruppel-like factor 9
tight junction protein 2 (zona occludens 2)
PHD finger protein 17
inositol(myo)-1(or 4)-monophosphatase 2
integrin, alpha 10
metallothionein 1X
cysteine-rich secretory protein LCCL domain containing 2
monocyte to macrophage differentiation-associated
growth arrest and DNA-damage-inducible, beta
hydroxysteroid (11-beta) dehydrogenase 1
forkhead box O1
monoamine oxidase A
glutamate-ammonia ligase (glutamine synthetase)
Name
coagulation factor II (thrombin) receptor-like 1
bradykinin receptor B1
leukemia inhibitory factor (cholinergic differentiation factor)
immediate early response 3
zinc fingers and homeoboxes 2
follistatin
solute carrier family 5 (inositol transporters), member 3
bradykinin receptor B2
basic helix-loop-helix domain containing, class B, 2
plasminogen activator, urokinase
coronin, actin binding protein, 2B
tumor necrosis factor receptor superfamily, member 11b
hematopoietically expressed homeobox
G protein-coupled receptor, family C, group 5, member A
solute carrier family 14 (urea transporter), member 1
dual specificity phosphatase 6
matrix metallopeptidase 1 (interstitial collagenase)
interleukin 33
SMAD family member 3
ADP-ribosylation factor-like 4C
growth differentiation factor 15
transmembrane protein 158
vascular endothelial growth factor A
G protein-coupled estrogen receptor 1
chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
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Fold Change
43.08
36.22
31.17
31.12
30.53
22.57
19.38
18.65
18.32
17.70
15.66
11.69
10.88
10.62
10.46
10.03
9.94
9.44
8.51
8.48
8.47
8.27
8.16
8.10
8.03
Fold Change
-12.88
-12.78
-12.36
-11.75
-11.65
-10.55
-10.47
-10.31
-9.98
-9.85
-9.50
-9.39
-8.98
-8.64
-8.55
-8.51
-8.23
-8.23
-7.72
-7.19
-7.06
-7.02
-6.80
-6.77
-6.67

Table IV (B)
Differential regulation of IL-1β-dependent gene expression in human ASM by
Fluticasone
Symbol
TSC22D3
FAM107A
C10orf10
ZBTB16
MT1M
C13orf15
ZNF22
GPX3
GLUL
PIK3R1
MAOA
PHF17
CTGF
IGFBP2
TIPARP
NET1
SERPINA3
NEDD4
FKBP5
ALOX15B
GADD45B
FOXO1
IRS2
LRRC16
SLC19A2
Symbol
CCL8
IL1B
PTGS2
MX2
IFIT1
MX1
RTP4
CCL7
IFIT3
OAS1
IFI44
ISG20
OAS2
HERC6
RSAD2
TNFSF10
IFIT2
LIF
IFI44L
GPRC5A
DDX58
ISG15
IFIH1
CXCR7
BHLHB2

Name
TSC22 domain family, member 3
family with sequence similarity 107, member A
chromosome 10 open reading frame 10
zinc finger and BTB domain containing 16
metallothionein 1M
chromosome 13 open reading frame 15
zinc finger protein 22 (KOX 15)
glutathione peroxidase 3 (plasma)
glutamate-ammonia ligase (glutamine synthetase)
phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha)
monoamine oxidase A
PHD finger protein 17
connective tissue growth factor
insulin-like growth factor binding protein 2, 36kDa
TCDD-inducible poly(ADP-ribose) polymerase
neuroepithelial cell transforming gene 1
serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin)
neural precursor cell expressed, developmentally down-regulated 4
FK506 binding protein 5
arachidonate 15-lipoxygenase, type B
growth arrest and DNA-damage-inducible, beta
forkhead box O1
insulin receptor substrate 2
leucine rich repeat containing 16
solute carrier family 19 (thiamine transporter), member 2
Name
chemokine (C-C motif) ligand 8
interleukin 1, beta
prostaglandin-endoperoxide synthase 2
myxovirus (influenza virus) resistance 2 (mouse)
interferon-induced protein with tetratricopeptide repeats 1
myxovirus (influenza virus) resistance 1, interferon-inducible protein p78
receptor (chemosensory) transporter protein 4
chemokine (C-C motif) ligand 7
interferon-induced protein with tetratricopeptide repeats 3
2',5'-oligoadenylate synthetase 1, 40/46kDa
interferon-induced protein 44
interferon stimulated exonuclease gene 20kDa
2'-5'-oligoadenylate synthetase 2, 69/71kDa
hect domain and RLD 6
radical S-adenosyl methionine domain containing 2
tumor necrosis factor (ligand) superfamily, member 10
interferon-induced protein with tetratricopeptide repeats 2
leukemia inhibitory factor (cholinergic differentiation factor)
interferon-induced protein 44-like
G protein-coupled receptor, family C, group 5, member A
DEAD (Asp-Glu-Ala-Asp) box polypeptide 58
ISG15 ubiquitin-like modifier
interferon induced with helicase C domain 1
chemokine (C-X-C motif) receptor 7
basic helix-loop-helix domain containing, class B, 2
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Fold Change
119.88
76.11
63.03
39.71
28.37
25.74
23.13
22.56
17.94
17.46
12.78
10.97
10.67
10.52
10.26
9.70
9.38
8.79
8.49
8.47
7.95
7.67
7.65
7.44
7.22
Fold Change
-123.87
-109.09
-106.33
-85.45
-81.37
-76.52
-49.07
-48.37
-46.54
-45.78
-40.49
-34.94
-33.60
-33.57
-33.56
-32.83
-27.36
-27.06
-26.14
-24.79
-24.53
-20.72
-18.66
-17.50
-16.81

Table IV (C)
Differential regulation of E+I-dependent gene expression in human ASM by Fluticasone
Symbol
C10orf10
TSC22D3
FAM107A
ZBTB16
MT1M
IGFBP2
GPX3
C13orf15
ZNF22
GPM6B
CTGF
FOXO1
WISP1
SLC19A2
IRS2
GPR37
IMPA2
TIPARP
GABBR2
PER1
ALOX15B
TMEM164
SAA2
GRAMD3
PRUNE2
Symbol
BCL2A1
IL11
PTGS2
BMP2
MMP1
IL33
HBEGF
CXCR7
GPRC5A
CCL8
IFIT1
IL13RA2
CH25H
NR4A2
MX1
LIF
IL1B
CCL7
FST
LPXN
INHBA
TRAF1
DUSP10
ID2
STC1

Name
chromosome 10 open reading frame 10
TSC22 domain family, member 3
family with sequence similarity 107, member A
zinc finger and BTB domain containing 16
metallothionein 1M
insulin-like growth factor binding protein 2, 36kDa
glutathione peroxidase 3 (plasma)
chromosome 13 open reading frame 15
zinc finger protein 22 (KOX 15)
glycoprotein M6B
connective tissue growth factor
forkhead box O1
WNT1 inducible signaling pathway protein 1
solute carrier family 19 (thiamine transporter), member 2
insulin receptor substrate 2
G protein-coupled receptor 37 (endothelin receptor type B-like)
inositol(myo)-1(or 4)-monophosphatase 2
TCDD-inducible poly(ADP-ribose) polymerase
gamma-aminobutyric acid (GABA) B receptor, 2
period homolog 1 (Drosophila)
arachidonate 15-lipoxygenase, type B
transmembrane protein 164
serum amyloid A2
GRAM domain containing 3
prune homolog 2 (Drosophila)
Name
BCL2-related protein A1
interleukin 11
prostaglandin-endoperoxide synthase 2
bone morphogenetic protein 2
matrix metallopeptidase 1 (interstitial collagenase)
interleukin 33
heparin-binding EGF-like growth factor
chemokine (C-X-C motif) receptor 7
G protein-coupled receptor, family C, group 5, member A
chemokine (C-C motif) ligand 8
interferon-induced protein with tetratricopeptide repeats 1
interleukin 13 receptor, alpha 2
cholesterol 25-hydroxylase
nuclear receptor subfamily 4, group A, member 2
myxovirus (influenza virus) resistance 1, interferon-inducible protein p78
leukemia inhibitory factor (cholinergic differentiation factor)
interleukin 1, beta
chemokine (C-C motif) ligand 7
follistatin
leupaxin
inhibin, beta A
TNF receptor-associated factor 1
dual specificity phosphatase 10
inhibitor of DNA binding 2, dominant negative helix-loop-helix protein
stanniocalcin 1
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Fold Change
196.79
55.58
27.61
27.16
25.36
20.70
20.10
14.92
13.36
11.86
11.07
10.67
10.32
10.07
9.94
9.46
9.33
9.24
8.57
8.26
8.22
7.91
7.69
7.63
7.60
Fold Change
-64.26
-45.69
-32.43
-30.59
-28.50
-25.07
-22.81
-22.33
-21.44
-18.45
-18.19
-17.38
-15.16
-14.54
-13.95
-12.94
-12.87
-11.87
-9.46
-9.10
-9.01
-8.68
-8.37
-8.12
-8.08

modulated by Flu was most significantly associated with oxidative stress response, GC
receptor signaling, chemokine signaling (Fig. E4), and cell interaction with ECM (Table
E5). Flu regulated many EGF-dependent genes involved in cell proliferation, inducing
cyclins A1 and D3, Fos, k-Ras, PI3K p110α and p85α subunits, while suppressing
expression of p21/Cip1, MAPK14, ID2, Jun, and early growth response 3. Based on
these data, Flu has a variable effect on various EGF-dependent promitogenic genes
resulting in a small net mitogenic effect on ASM cells (Fig. 2 and (5)).
Interestingly, Flu also regulated EGF-dependent expression of ECM proteins by the
ASM cells, causing an induction of laminin and suppression of collagen Iα and
fibronectin gene expression. Regulation of ECM protein expression by GCs has also
been reported for dexamethasone (Dex)-treated osteoblasts (32), as well as in animal
models of asthma in which pretreatment with Flu or Dex resulted in decreased deposition
of collagen and fibronectin in the airway (33, 34). The ECM proteins have also been
reported to regulate the effect of mitogens and GCs on human ASM cells grown in
culture (3, 29, 30). These data suggest that modulation of ECM protein expression,
deposition, and turnover represents a potentially important mechanism by which GCs
regulate ASM growth.
As noted above, in cells stimulated with IL-1β or E+I, Flu suppressed expression of
inflammatory genes such as interleukins (IL-1β, -33, -11, or -6), chemokines (CCL-8,
CCL-7, CXCL-11, or CXC-10) and their receptors (CXCR-7, CCRL-1, IL-15Rα, IL13Rα, or IL-17RB), proteases and their receptors (PAR2, MMP1, -3, -10, -12, and -14;
urokinase, metallopeptidase inhibitor 3), as well as other inflammatory regulators
including COX-2, PGE and prostacyclin synthases, and TNF-α- and interferon- signaling
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regulatory molecules. These observations are in agreement with suppressive effects of
GCs on inflammatory gene expression induced by IL-1β, TNF-α, or interferon γ in both
bronchial epithelial and ASM cells (25, 35). In many instances however, although
expression of these genes was reduced by Flu, it remained significantly elevated
compared to that observed for the unstimulated condition. Some of the mediators only
minimally suppressed by Flu included colony stimulating factors 1 and 3, IL-8, CXCL-1
and -5, and CCL2, which primarily target neutrophils, basophils and eosinophils (36).
That GCs fail to effectively limit ASM production of neutrophil chemoattractive agents is
consistent with the failure of GCs in managing chronic obstructive pulmonary disease
and its airway inflammation dominated by neutrophilia.
Interestingly, Flu did not modulate expression of multiple other inflammatory
mediators induced by E+I or IL-1β such as IL-8, CXCL-1, TNF-α-induced protein 2, or
SOD2 (Table V). Because a widely accepted model of GC action attributes the antiinflammatory effect of GCs to suppression of the NF-κB-dependent gene expression (37),
we used the IPA Knowledge Database to identify which of these Flu-insensitive genes
have been reported to be regulated by NF-κB. The search revealed that NF-κB had been
described to regulate ~30% of the E+I-dependent (primarily induced) genes we identified
as Flu-insensitive. Some of these genes had been previously reported to be regulated by
endogenous or other exogenous GCs such as Dex (per IPA Knowledgebase, data not
shown). Whether our findings reflect differences among GCs or experimental variables
(stimuli, cell type, time-point) in regulating NF-κB is unclear. However, given the
complexity involved in the regulation of gene expression by NF-κB and the multiple
mechanisms of action of GCs on transcriptional regulation (e.g., via direct and
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Table V
Fluticasone-insensitive, NF-κB-dependent genes §
Symbol

Name

Fold Change
GFP EIGFP B

transrepressive effects or regulation of other trans activators) (37) it is not surprising that
GCs differ in their ability to regulate NF-κB-dependent gene expression, or that many
NF-κB-regulated genes are in fact GC-insensitive. Those GC-insensitive genes which
can be shown important in asthma pathobiology represent obvious targets to be
incorporated into screening methods for new generation GCs or other anti-asthma drugs.
Comparison of the Flu effect on IL-1β- and E+I- regulated genes revealed that even
though these stimuli regulate a similar set of genes, the suppressive effect of Flu was
typically greater in cells stimulated with IL-1β alone (Table E6). This differential effect
of Flu was observed for not only IL-1β- and E+I- dependent inflammatory (cytokines,
interleukins, PG synthesis, interferon signaling) genes but also for other genes. Whether
these results reflect an antagonistic effect of EGF on GC and GC receptor function, or a
competitive dynamic at the level of transcriptional regulation of genes is unclear.
Consistent with the promitogenic effect of Flu pretreatment on E+I-stimulated cells,
Flu promoted increased expression of important mitogenic and cell cycle regulators
including Ras, PI3K Cα, cyclins A1 and D3, and cyclin A-associated kinase 2 (SKP2),
which were not induced (e.g., cyclin A1 or D3) or were suppressed (e.g., cyclin G1,
SKP2, PI3K Cα, p130 retinoblastoma) by E+I alone. Flu pretreatment also slightly
modulated the positive effects of IL-1β on EGF signaling pathway proteins (described
above) by decreasing expression of the EGF receptor, upregulating PI3K Cα and p85
(Table E7). Most importantly, however, Flu strongly attenuated the expression of COX2, PGES, and cPLA2 resulting in suppression of PGE2 production and subsequent
activation of PKA. The extent to which regulation of mitogenic and cell cycle genes by
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Flu was an indirect effect caused by regulation of genes promoting increased intracellular
PKA activity is explored in the analysis of effects of PKA inhibition below.

PKA-regulated genes in ASM cells.
We have previously asserted that effects of Flu on proliferation of human ASM cells
are mediated through suppression of the COX-2/PGE2/PKA pathway and that PKA is a
strong anti-mitogenic effector in these cells (5). Because PKA regulates gene expression
via regulation of canonical mitogenic signaling pathways and activation of CREB and
associated regulators, we evaluated PKA-dependent gene expression in cells stimulated
with EGF, IL-1β and E+I employing a heterologous stable expression of PKA inhibiting
peptide, PKI (Table VI A-C). Inhibition of PKA in cells stimulated with EGF was
associated with regulation of cell movement, cell growth and proliferation, and cell-tocell signaling (Fig. E5). PKA inhibition enhanced the expression of PI3K p110, Ras,
ribosomal protein S6 kinase p90, cyclin B1 interacting protein 1, and C13orf15 and
suppressed ID2 and CDC25B. Interestingly, most cell cycle regulators present within
this gene subset were involved in G2/M transition. However, despite these changes in
mitogenic gene expression that would suggest augmented growth, there was only small
effect on cell proliferation in thymidine incorporation assays (Fig. 2 and (5)), perhaps
reflecting a minimal effect on (antimitogenic) PKA activity in cells stimulated with EGF
alone.
PKA inhibition had minimal effect on IL-1β-dependent expression of inflammatory
genes, affecting only a small number of genes encoding chemokines, interleukins, and
proteases. Because PKI-expressing cells, in contrast to control cells, exhibited significant
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Table VI (A)
Differential regulation of IL-1β-dependent gene expression by PKA inhibition
Symbol
PTCH1
LRRC32
WFDC1
C10orf10
LAMP1
ADAM19
KCNJ2
SLC14A1
MMP12
TMEM16A
ZFP36L2
CYR61
HSPB6
FGF5
TPD52L1
PML
CX3CL1
HHEX
CNNM2
ACTG2
SFRP1
GALNT6
MYL9
DACT1
GPC4
Symbol
CHI3L2
IL33
ID2
CXCR7
MYBL1
TNXB
AVPI1
PDE4D
PPL
MME
AKR1C2
CHI3L1
IL1B
MMP3
STARD13
MT1M
SLC7A11
SLC39A8
G0S2
WISP2
MXRA5
SEMA3C
IL11
PGBD5
ADAMTS5

Name
patched homolog 1 (Drosophila)
leucine rich repeat containing 32
WAP four-disulfide core domain 1
chromosome 10 open reading frame 10
lysosomal-associated membrane protein 1
ADAM metallopeptidase domain 19 (meltrin beta)
potassium inwardly-rectifying channel, subfamily J, member 2
solute carrier family 14 (urea transporter), member 1 (Kidd blood group)
matrix metallopeptidase 12 (macrophage elastase)
transmembrane protein 16A
zinc finger protein 36, C3H type-like 2
cysteine-rich, angiogenic inducer, 61
heat shock protein, alpha-crystallin-related, B6
fibroblast growth factor 5
tumor protein D52-like 1
promyelocytic leukemia
chemokine (C-X3-C motif) ligand 1
hematopoietically expressed homeobox
cyclin M2
actin, gamma 2, smooth muscle, enteric
secreted frizzled-related protein 1
polypeptide N-acetylgalactosaminyltransferase 6
myosin, light chain 9, regulatory
dapper, antagonist of beta-catenin, homolog 1 (Xenopus laevis)
glypican 4
Name
chitinase 3-like 2
interleukin 33
inhibitor of DNA binding 2
chemokine (C-X-C motif) receptor 7
v-myb myeloblastosis viral oncogene homolog (avian)-like 1
tenascin XB
arginine vasopressin-induced 1
phosphodiesterase 4D, cAMP-specific
periplakin
membrane metallo-endopeptidase
dihydrodiol dehydrogenase 2; bile acid binding protein; 3-alpha hydroxysteroid
dehydrogenase, type III
chitinase 3-like 1 (cartilage glycoprotein-39)
interleukin 1, beta
matrix metallopeptidase 3 (stromelysin 1, progelatinase)
StAR-related lipid transfer (START) domain containing 13
metallothionein 1M
solute carrier family 7, (cationic amino acid transporter) member 11
solute carrier family 39 (zinc transporter), member 8
G0/G1switch 2
WNT1 inducible signaling pathway protein 2
matrix-remodelling associated 5
semaphorin 3C
interleukin 11
piggyBac transposable element derived 5
ADAM metallopeptidase with thrombospondin type 1 motif, 5 (aggrecanase-2)
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Fold Change
9.05
5.48
5.23
4.68
4.50
4.44
4.40
4.35
4.00
3.72
3.70
3.70
3.66
3.65
3.64
3.60
3.59
3.52
3.47
3.43
3.40
3.35
3.32
3.24
3.13
Fold Change
-8.87
-6.51
-6.51
-6.04
-4.90
-4.73
-4.48
-4.44
-4.39
-4.21
-4.07
-3.95
-3.86
-3.78
-3.66
-3.55
-3.48
-3.45
-3.45
-3.45
-3.40
-3.39
-3.21
-3.14
-3.11

Table VI (B)
Differential regulation of EGF-dependent gene expression by PKA inhibition
Symbol

Name

WFDC1
NET1
PTGS2
MMP1
TPD52L1
PTCH1
CNIH3
FGF5
TJP2
OXTR
RGS4
SCN3A
MMP10
F3
PRPS1
THBD
BHLHB3
RGS20
SSX2IP
PALLD
TTC3
EML1
RAB3B
TPM1
GPC4

WAP four-disulfide core domain 1
neuroepithelial cell transforming gene 1
prostaglandin-endoperoxide synthase 2
matrix metallopeptidase 1 (interstitial collagenase)
tumor protein D52-like 1
patched homolog 1 (Drosophila)
cornichon homolog 3 (Drosophila)
fibroblast growth factor 5
tight junction protein 2 (zona occludens 2)
oxytocin receptor
regulator of G-protein signaling 4
sodium channel, voltage-gated, type III, alpha subunit
matrix metallopeptidase 10 (stromelysin 2)
coagulation factor III (thromboplastin, tissue factor)
phosphoribosyl pyrophosphate synthetase 1
thrombomodulin
basic helix-loop-helix domain containing, class B, 3
regulator of G-protein signaling 20
synovial sarcoma, X breakpoint 2 interacting protein
palladin, cytoskeletal associated protein
tetratricopeptide repeat domain 3
echinoderm microtubule associated protein like 1
RAB3B, member RAS oncogene family
tropomyosin 1 (alpha)
glypican 4

Symbol

Name

TNXB
MBP
PPL
CHI3L1
IL33
ID2
C3
TFAP2A
ChGn
IGFBP2
XPNPEP2
CCL7
PTGIS
CFB
GALNT12
AVPI1
WISP2
FAM110B
ZHX2
AQP3
CLU
SLC1A4
CRLF1
ITPKB
KCTD12

tenascin XB
myelin basic protein
periplakin
chitinase 3-like 1 (cartilage glycoprotein-39)
interleukin 33
inhibitor of DNA binding 2
complement component 3
transcription factor AP-2 alpha
chondroitin beta1,4 N-acetylgalactosaminyltransferase
insulin-like growth factor binding protein 2, 36kDa
X-prolyl aminopeptidase (aminopeptidase P) 2
chemokine (C-C motif) ligand 7
prostaglandin I2 (prostacyclin) synthase
complement factor B
polypeptide N-acetylgalactosaminyltransferase 12
arginine vasopressin-induced 1
WNT1 inducible signaling pathway protein 2
family with sequence similarity 110, member B
zinc fingers and homeoboxes 2
aquaporin 3 (Gill blood group)
clusterin
solute carrier family 1 (glutamate/neutral amino acid transporter), member 4
cytokine receptor-like factor 1
inositol 1,4,5-trisphosphate 3-kinase B
potassium channel tetramerisation domain containing 12
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Fold
Change
15.74
10.60
8.26
7.34
7.29
6.50
6.09
5.68
5.68
5.57
5.45
5.13
5.11
4.97
4.86
4.75
4.62
4.56
4.50
4.38
4.29
4.17
4.11
4.06
4.05
Fold
Change
-8.40
-6.45
-5.87
-5.28
-5.14
-4.82
-4.19
-3.86
-3.74
-3.71
-3.40
-3.36
-3.26
-3.23
-3.23
-3.19
-3.05
-2.93
-2.92
-2.91
-2.88
-2.81
-2.77
-2.76
-2.66

Table VI (C)
Differential regulation of E+I-dependent gene expression by PKA inhibition
Symbol
RGS4
DACT1
SLC14A1
KCNJ2
CNIH3
FGF5
CYR61
NET1
MEOX1
WFDC1
THBD
SOCS2
RGS5
RAB3B
ACTG2
TMEM16A
C3orf52
LMOD1
PALLD
ITGA8
GPC4
TGM2
F3
MMP10
SLC5A3
Symbol
AVPI1
CXCR7
ID2
NR4A2
TNXB
MYBL1
PPL
IL33
FAM110B
LYPD3
FOXC1
CHI3L1
KCTD12
CCL7
OASL
AKR1C2
CHI3L2
WISP2
GAS1
G0S2
HOXA5
ZEB1
FADS1
PTPRE
CFB

Name
regulator of G-protein signaling 4
dapper, antagonist of beta-catenin, homolog 1
solute carrier family 14 (urea transporter), member 1
potassium inwardly-rectifying channel, subfamily J, member 2
cornichon homolog 3 (Drosophila)
fibroblast growth factor 5
cysteine-rich, angiogenic inducer, 61
neuroepithelial cell transforming gene 1
mesenchyme homeobox 1
WAP four-disulfide core domain 1
thrombomodulin
suppressor of cytokine signaling 2
regulator of G-protein signaling 5
RAB3B, member RAS oncogene family
actin, gamma 2, smooth muscle, enteric
transmembrane protein 16A
chromosome 3 open reading frame 52
leiomodin 1 (smooth muscle)
palladin, cytoskeletal associated protein
integrin, alpha 8
glypican 4
transglutaminase 2
coagulation factor III (thromboplastin, tissue factor)
matrix metallopeptidase 10 (stromelysin 2)
solute carrier family 5 (inositol transporters), member 3
Name
arginine vasopressin-induced 1
chemokine (C-X-C motif) receptor 7
inhibitor of DNA binding 2
nuclear receptor subfamily 4, group A, member 2
tenascin XB
v-myb myeloblastosis viral oncogene homolog-like 1
periplakin
interleukin 33
family with sequence similarity 110, member B
LY6/PLAUR domain containing 3
forkhead box C1
chitinase 3-like 1 (cartilage glycoprotein-39)
potassium channel tetramerisation domain containing 12
chemokine (C-C motif) ligand 7
2'-5'-oligoadenylate synthetase-like
dihydrodiol dehydrogenase 2; bile acid binding protein; 3-alpha hydroxysteroid
dehydrogenase, type III
chitinase 3-like 2
WNT1 inducible signaling pathway protein 2
growth arrest-specific 1
G0/G1switch 2
homeobox A5
zinc finger E-box binding homeobox 1
fatty acid desaturase 1
protein tyrosine phosphatase, receptor type, E
complement factor B
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Fold Change
13.93
13.59
10.08
9.64
9.29
7.14
6.99
6.60
6.11
5.44
4.99
4.68
4.34
4.22
4.18
4.16
4.15
4.07
3.88
3.74
3.70
3.68
3.63
3.60
3.55
Fold Change
-8.75
-6.89
-4.59
-4.38
-4.19
-3.96
-3.90
-3.77
-3.65
-3.45
-3.31
-3.27
-3.12
-3.10
-3.06
-3.01
-2.98
-2.96
-2.94
-2.91
-2.90
-2.85
-2.84
-2.81
-2.80

thymidine incorporation upon stimulation with IL-1β (Fig. 2), we assessed PKI effects on
IL-1β-regulated genes.

PKA inhibition modulated expression of cell proliferation

regulators such as Cyr61, DUSP5 and 6, protein kinase B (AKT3), cyclin A1, ID2, and
MAPK6. However, the (direction of) regulation of these genes was not consistent with a
clear pro-mitogenic profile (e.g., some pro-mitogenic genes were down, whereas some
anti-mitogenic genes were up).
The effect of PKA inhibition was limited on E+I-regulated gene expression. The only
inflammatory genes significantly regulated by PKA were IL-7 receptor, CXCL11,
CXCR7, IL-15, IL-33, CCL7 and -8, and MMPs -1, -10 and -12. Special consideration
was given again to the regulation of promitogenic genes, as PKI cells stimulated with E+I
exhibit enhanced growth phenotype (Fig. 2). PKA inhibition promoted expression of
MAP3K5 (Ask1), MAP3K7 (Tak1), RasGAP, Cyr61 and Sprouty 4 and suppression of
CDC25B, C13orf15, ID2 and CEBPδ. As with the PKI effect on IL-1β-stimulated cells,
there was no clear enhancement of pro-mitogenic regulators, suggesting that the primary
effect of PKA inhibition on ASM growth was due to suppression of the antimitogenic
PKA activity.

Common/differential gene regulation by Fluticasone and PKA inhibition
Comparison of differential regulation of gene expression in human ASM cells by Flu
and PKA inhibition demonstrated a set of similarly regulated genes that occurred under
most stimulatory conditions (Table VII A-C). For such genes whose regulation by Flu
promotes a promitogenic or proinflammatory ASM phenotype, counteractive effects of
inhaled β-agonists (promoting competitive PKA activity) may be critical for achieving
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Table VII (A)
IL-1β-dependent genes similarly regulated by Fluticasone and PKA inhibition **
Symbol

Name

C10orf10
CTGF
GADD45B
POLR3C
NUDT4
TJP2
ZFAND5
WISP1
ZFP36L2
ABLIM1
NR2F2
OXTR
CDC42EP3
LAMP1
CITED2
BGN
MICAL2

chromosome 10 open reading frame 10
connective tissue growth factor
growth arrest and DNA-damage-inducible, beta
polymerase (RNA) III (DNA directed) polypeptide C (62kD)
nudix (nucleoside diphosphate linked moiety X)-type motif 4
tight junction protein 2 (zona occludens 2)
zinc finger, AN1-type domain 5
WNT1 inducible signaling pathway protein 1
zinc finger protein 36, C3H type-like 2
actin binding LIM protein 1
nuclear receptor subfamily 2, group F, member 2
oxytocin receptor
CDC42 effector protein (Rho GTPase binding) 3
lysosomal-associated membrane protein 1
Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2
biglycan
microtubule associated monoxygenase, calponin and LIM domain containing 2
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, epsilon
polypeptide
SH3 and multiple ankyrin repeat domains 2
apolipoprotein D
leiomodin 1 (smooth muscle)
GULP, engulfment adaptor PTB domain containing 1
splicing factor 3a, subunit 2, 66kDa
reticulon 2
patched homolog 1 (Drosophila)
protocadherin gamma subfamily A, 11
four and a half LIM domains 1
CCR4-NOT transcription complex, subunit 3
complement factor B
fibroblast growth factor 7 (keratinocyte growth factor)
fibronectin leucine rich transmembrane protein 2
acyl-CoA synthetase long-chain family member 4
Kruppel-like factor 2 (lung)
UDP-N-acetyl-alpha-D-galactosamine:polypeptide Nacetylgalactosaminyltransferase 12 (GalNAc-T12)
solute carrier family 2 (facilitated glucose transporter), member 3
CD55 molecule, decay accelerating factor for complement (Cromer blood group)
centrosomal protein 170kDa
chitinase 3-like 2
potassium channel tetramerisation domain containing 12
histone cluster 2, H2be
nephroblastoma overexpressed gene
stanniocalcin 1
fibronectin leucine rich transmembrane protein 3
DnaJ (Hsp40) homolog, subfamily B, member 9
solute carrier family 7, (cationic amino acid transporter, y+ system) member 11
solute carrier family 39 (zinc transporter), member 8
arginine vasopressin-induced 1
transducin-like enhancer of split 4 (E(sp1) homolog, Drosophila)
hairy/enhancer-of-split related with YRPW motif 1
ral guanine nucleotide dissociation stimulator-like 1
transient receptor potential cation channel, subfamily A, member 1
membrane-associated ring finger (C3HC4) 3
piggyBac transposable element derived 5

YWHAE
SHANK2
APOD
LMOD1
GULP1
SF3A2
RTN2
PTCH1
PCDHGA11
FHL1
CNOT3
CFB
FGF7
FLRT2
ACSL4
KLF2
GALNT12
SLC2A3
CD55
CEP170
CHI3L2
KCTD12
HIST2H2BE
NOV
STC1
FLRT3
DNAJB9
SLC7A11
SLC39A8
AVPI1
TLE4
HEY1
RGL1
TRPA1
3-Mar
PGBD5

Fold Change
GFP FluIPKI IGFP I
GFPI
63.03
4.68
10.67
2.61
7.95
2.40
6.19
2.00
5.53
2.02
5.41
2.72
4.94
2.41
3.54
2.60
3.50
3.70
3.30
2.05
3.28
2.40
3.02
2.81
3.01
2.07
2.95
4.50
2.66
2.24
2.64
2.31
2.52
2.34
2.50

2.71

2.39
2.29
2.25
2.21
2.11
2.08
2.07
2.02
2.01
2.00
-2.00
-2.09
-2.11
-2.12
-2.14

2.68
2.06
3.05
2.84
2.12
3.00
9.05
2.14
2.11
2.04
-2.39
-3.06
-2.01
-2.53
-2.02

-2.18

-2.58

-2.19
-2.25
-2.34
-2.37
-2.42
-2.55
-2.60
-2.64
-2.94
-2.94
-2.97
-3.13
-3.35
-3.35
-3.37
-3.55
-3.75
-4.25
-4.28

-2.01
-2.10
-2.17
-8.87
-2.83
-2.12
-2.07
-2.62
-2.44
-2.33
-3.48
-3.45
-4.48
-2.18
-2.20
-2.45
-2.34
-2.28
-3.14

**
All IL-1β-dependent genes similarly regulated by Flu (GFP FluI-GFP I) and PKA inhibition (PKI I-GFP I). GFP FluI-GFP I
denotes comparison of gene expression in GFP-expressing cells pre-treated with Flu and stimulated with IL-1β vs. GFP-expressing
cells stimulated with IL-1β only. PKI I-GFP I denotes comparison of gene expression in PKI-expressing cells stimulated with IL-1β
vs. GFP-expressing cells stimulated with IL-1β.
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Table VII (A) cont.
Symbol

Name

IL1A
GDF15

interleukin 1, alpha
growth differentiation factor 15
phosphodiesterase 4B, cAMP-specific (phosphodiesterase E4 dunce homolog,
Drosophila)
dishevelled associated activator of morphogenesis 1
phosphodiesterase 4D, cAMP-specific
jumonji, AT rich interactive domain 2
G0/G1switch 2
dual specificity phosphatase 6
chemokine (C-C motif) receptor-like 1
nuclear receptor subfamily 4, group A, member 2
inhibitor of DNA binding 2, dominant negative helix-loop-helix protein
interleukin 11
interleukin 33
matrix metallopeptidase 3 (stromelysin 1, progelatinase)
follistatin
bone morphogenetic protein 2
chemokine (C-X-C motif) receptor 7
G protein-coupled receptor, family C, group 5, member A
chemokine (C-C motif) ligand 7
interleukin 1, beta

PDE4B
DAAM1
PDE4D
JARID2
G0S2
DUSP6
CCRL1
NR4A2
ID2
IL11
IL33
MMP3
FST
BMP2
CXCR7
GPRC5A
CCL7
IL1B
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Fold Change
GFP FluIPKI IGFP I
GFPI
-4.39
-2.70
-4.39
-2.63
-4.63

-2.30

-4.67
-4.75
-4.95
-5.82
-6.92
-7.29
-8.48
-9.15
-10.06
-13.81
-15.48
-16.77
-16.81
-17.50
-24.79
-48.37
-109.09

-2.24
-4.44
-2.66
-3.45
-2.52
-2.14
-2.81
-6.51
-3.21
-6.51
-3.78
-2.54
-2.71
-6.04
-2.05
-2.69
-3.74

Table VII (B)
EGF-dependent genes similarly regulated by Fluticasone and PKA inhibition ††
Symbol

Name

TIPARP
TJP2
CRISPLD2
F3
ROCK2
VGLL3
DNAJB4
GPC4
C13orf15
ALCAM
WISP1
TSPAN13
RHOB
DIAPH2
ATP1B1
FRYL
ABCC4
GCLC
MBNL1
PLCB4
NRIP1
RANBP2
ATP10D
PIK3CA
PPP1R12A
MYO1B
ZEB1
CTPS
SWAP70
MYH10
HIP1
THBD
ROBO1
PRKAR2B
ZFAND5
AMD1
GALNT12
MSX2
TRIB3
MBP
ITPKB
ADAM12
AQP3
ID2
S100A2
CCL11
ISG20
TFAP2A
PTGIS
CCL7
CXCL12
GPER
IL33
FST
ZHX2

TCDD-inducible poly(ADP-ribose) polymerase
tight junction protein 2 (zona occludens 2)
cysteine-rich secretory protein LCCL domain containing 2
coagulation factor III (thromboplastin, tissue factor)
Rho-associated, coiled-coil containing protein kinase 2
vestigial like 3 (Drosophila)
DnaJ (Hsp40) homolog, subfamily B, member 4
glypican 4
chromosome 13 open reading frame 15
activated leukocyte cell adhesion molecule
WNT1 inducible signaling pathway protein 1
tetraspanin 13
ras homolog gene family, member B
diaphanous homolog 2 (Drosophila)
ATPase, Na+/K+ transporting, beta 1 polypeptide
FRY-like
ATP-binding cassette, sub-family C, member 4
glutamate-cysteine ligase, catalytic subunit
muscleblind-like (Drosophila)
phospholipase C, beta 4
nuclear receptor interacting protein 1
RAN binding protein 2
ATPase, Class V, type 10D
phosphoinositide-3-kinase, catalytic, alpha polypeptide
protein phosphatase 1, regulatory (inhibitor) subunit 12A
myosin IB
zinc finger E-box binding homeobox 1
CTP synthase
SWAP-70 protein
myosin, heavy chain 10, non-muscle
huntingtin interacting protein 1
thrombomodulin
roundabout, axon guidance receptor, homolog 1 (Drosophila)
protein kinase, cAMP-dependent, regulatory, type II, beta
zinc finger, AN1-type domain 5
adenosylmethionine decarboxylase 1
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 12

msh homeobox 2
tribbles homolog 3 (Drosophila)
myelin basic protein
inositol 1,4,5-trisphosphate 3-kinase B
ADAM metallopeptidase domain 12
aquaporin 3 (Gill blood group)
inhibitor of DNA binding 2
S100 calcium binding protein A2
chemokine (C-C motif) ligand 11
interferon stimulated exonuclease gene 20kDa
transcription factor AP-2 alpha
prostaglandin I2 (prostacyclin) synthase
chemokine (C-C motif) ligand 7
chemokine (C-X-C motif) ligand 12
G protein-coupled estrogen receptor 1
interleukin 33
follistatin
zinc fingers and homeoboxes 2

††

Fold Change
GFP FluEPKI E-GFP E
GFP E
15.66
2.05
10.62
5.68
8.51
3.48
4.72
4.97
4.45
3.00
4.14
2.17
4.08
2.04
3.98
4.05
3.93
2.04
3.93
2.81
3.92
2.92
3.57
2.59
3.25
2.00
3.02
2.24
2.77
2.26
2.74
2.17
2.71
3.02
2.69
2.97
2.67
3.31
2.64
2.33
2.63
2.08
2.59
2.46
2.57
2.80
2.47
3.62
2.44
2.35
2.31
2.11
2.23
3.12
2.21
2.09
2.21
2.17
2.17
2.80
2.12
3.63
2.03
4.75
2.02
2.02
2.01
2.12
2.01
2.43
2.00
2.07
-2.04
-3.23
-2.15
-2.42
-2.29
-2.34
-2.41
-6.45
-2.51
-2.76
-2.93
-2.29
-3.70
-2.91
-4.03
-4.82
-4.17
-2.36
-4.24
-2.33
-5.08
-2.02
-5.37
-3.86
-5.64
-3.26
-6.33
-3.36
-6.67
-2.22
-6.77
-2.41
-8.23
-5.14
-10.55
-2.62
-11.65
-2.92

All EGF-dependent genes similarly regulated by Flu (GFP FluE-GFP E) and PKA inhibition (PKI E-GFP E). GFP FluE-GFP E
denotes comparison of gene expression in GFP-expressing cells pre-treated with Flu and stimulated with EGF vs. GFP-expressing
cells stimulated with EGF only. PKI E-GFP E denotes comparison of gene expression in PKI-expressing cells stimulated with EGF
vs. GFP-expressing cells stimulated with EGF.
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Table VII (C)
E+I-dependent genes similarly regulated by Fluticasone and PKA inhibition ‡‡
Symbol

Name

C10orf10
C13orf15
CTGF
TIPARP
GRAMD3
MBNL1
DNAJB4
ZFP36L2
CYR61
KLF7
ALCAM
TACC1
POLR3C
CDC42EP3
F3
USP33
ZFAND5
TJP2
FAM69A
HMGA2
C5orf30
FOXO3
PHACTR2
STX7
NR2F2
ADD3
SWAP70
TRAK2
SHANK2
RAB22A
DPP8
CLASP1
NET1
PPM2C
LBH
RSL1D1
AKAP13
SPRY4

chromosome 10 open reading frame 10
chromosome 13 open reading frame 15
connective tissue growth factor
TCDD-inducible poly(ADP-ribose) polymerase
GRAM domain containing 3
muscleblind-like (Drosophila)
DnaJ (Hsp40) homolog, subfamily B, member 4
zinc finger protein 36, C3H type-like 2
cysteine-rich, angiogenic inducer, 61
Kruppel-like factor 7 (ubiquitous)
activated leukocyte cell adhesion molecule
transforming, acidic coiled-coil containing protein 1
polymerase (RNA) III (DNA directed) polypeptide C (62kD)
CDC42 effector protein (Rho GTPase binding) 3
coagulation factor III (thromboplastin, tissue factor)
ubiquitin specific peptidase 33
zinc finger, AN1-type domain 5
tight junction protein 2 (zona occludens 2)
family with sequence similarity 69, member A
high mobility group AT-hook 2
chromosome 5 open reading frame 30
forkhead box O3
phosphatase and actin regulator 2
syntaxin 7
nuclear receptor subfamily 2, group F, member 2
adducin 3 (gamma)
SWAP-70 protein
trafficking protein, kinesin binding 2
SH3 and multiple ankyrin repeat domains 2
RAB22A, member RAS oncogene family
dipeptidyl-peptidase 8
cytoplasmic linker associated protein 1
neuroepithelial cell transforming gene 1
protein phosphatase 2C, magnesium-dependent, catalytic subunit
limb bud and heart development homolog (mouse)
ribosomal L1 domain containing 1
A kinase (PRKA) anchor protein 13
sprouty homolog 4 (Drosophila)
sema domain, seven thrombospondin repeats (type 1 and type 1-like),
transmembrane domain (TM) and short cytoplasmic domain, (semaphorin) 5A
eukaryotic translation initiation factor 4 gamma, 3
zinc finger protein 106 homolog (mouse)
SMAD family member 4
filamin A interacting protein 1-like
Kruppel-like factor 6
eukaryotic translation initiation factor 3, subunit A
AHNAK nucleoprotein
tetratricopeptide repeat domain 3
myeloid/lymphoid or mixed-lineage leukemia
solute carrier organic anion transporter family, member 4A1
placental growth factor
carboxylesterase 1
nuclear receptor subfamily 4, group A, member 1
transducin-like enhancer of split 4

SEMA5A
EIF4G3
ZFP106
SMAD4
FILIP1L
KLF6
EIF3A
AHNAK
TTC3
MLL
SLCO4A1
PGF
CES1
NR4A1
TLE4
‡‡

Fold Change
GFP FluEIPKI EIGFP EI
GFP EI
196.79
2.55
14.92
2.25
11.07
3.03
9.24
3.31
7.63
2.34
6.29
2.49
5.45
2.53
4.59
3.43
4.56
6.99
4.41
2.61
4.36
2.03
3.72
2.21
3.51
2.01
3.47
3.15
3.41
3.63
3.40
2.02
3.39
2.13
3.36
3.17
3.09
3.41
2.87
2.83
2.83
3.09
2.82
2.08
2.80
2.17
2.79
2.26
2.69
2.12
2.69
2.02
2.66
2.12
2.40
2.39
2.39
2.40
2.38
2.05
2.38
2.29
2.37
2.29
2.32
6.60
2.32
3.03
2.28
2.59
2.24
2.12
2.20
2.41
2.19
3.05
2.18

2.02

2.18
2.16
2.13
2.12
2.08
2.07
2.05
2.04
2.02
-2.03
-2.05
-2.19
-2.37
-2.38

2.39
2.99
2.11
2.22
2.51
2.16
2.55
2.24
2.27
-2.17
-2.17
-2.52
-2.07
-2.07

All EGF+IL-1β-dependent genes similarly regulated by Flu (GFP FluEI-GFP EI) and PKA inhibition (PKI EI-GFP EI). GFP
FluEI-GFP EI denotes comparison of gene expression in GFP-expressing cells pre-treated with Flu and stimulated with EGF+IL-1β
vs. GFP-expressing cells stimulated with EGF+IL-1β only. PKI EI-GFP EI denotes comparison of gene expression in PKI-expressing
cells stimulated with EGF+IL-1β vs. GFP-expressing cells stimulated with EGF+IL-1β.
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Table VII (C) cont.
Symbol

Name

HIST2H2BE
SMAD6
OLFML1
FOXC1
TNFSF10
SLC39A8
GDF15
PGBD5
OASL
SLC2A3
AVPI1
ZEB1
MYBL1
DAAM1
PDE4B
PDE4D
LYPD3
FLRT3
TSC22D1
NGFB
TNFRSF1B
ID2
FST
CCL7
NR4A2
CCL8
GPRC5A
CXCR7
IL33

histone cluster 2, H2be
SMAD family member 6
olfactomedin-like 1
forkhead box C1
tumor necrosis factor (ligand) superfamily, member 10
solute carrier family 39 (zinc transporter), member 8
growth differentiation factor 15
piggyBac transposable element derived 5
2'-5'-oligoadenylate synthetase-like
solute carrier family 2 (facilitated glucose transporter), member 3
arginine vasopressin-induced 1
zinc finger E-box binding homeobox 1
v-myb myeloblastosis viral oncogene homolog (avian)-like 1
dishevelled associated activator of morphogenesis 1
phosphodiesterase 4B, cAMP-specific
phosphodiesterase 4D, cAMP-specific
LY6/PLAUR domain containing 3
fibronectin leucine rich transmembrane protein 3
TSC22 domain family, member 1
nerve growth factor, beta polypeptide
tumor necrosis factor receptor superfamily, member 1B
inhibitor of DNA binding 2, dominant negative helix-loop-helix protein
follistatin
chemokine (C-C motif) ligand 7
nuclear receptor subfamily 4, group A, member 2
chemokine (C-C motif) ligand 8
G protein-coupled receptor, family C, group 5, member A
chemokine (C-X-C motif) receptor 7
interleukin 33
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Fold Change
GFP FluEIPKI EIGFP EI
GFP EI
-2.38
-2.70
-2.39
-2.38
-2.40
-2.40
-2.58
-3.31
-2.59
-2.03
-2.78
-2.36
-2.90
-2.09
-3.25
-2.52
-3.26
-3.06
-3.39
-2.10
-3.55
-8.75
-3.61
-2.85
-3.63
-3.96
-3.91
-2.22
-4.02
-2.23
-4.80
-2.78
-4.84
-3.45
-5.03
-2.64
-5.13
-2.10
-5.34
-2.03
-7.32
-2.04
-8.12
-3.07
-9.46
-2.75
-11.87
-3.10
-14.54
-4.00
-18.45
-2.76
-21.44
-2.10
-22.33
-6.89
-25.07
-3.77

effective asthma management, and may underlie the therapeutic advantage of GC and βagonist combination therapy (38). Genes similarly regulated by Flu or PKA inhibition
genes included those encoding proteins involved in the inflammatory process (CCL-7, -8,
-11; CXCL-12, IL-11, -1α and β, -33; CXCR-7, CCRL-1 and -7, MMP3), coagulation
cascade (tissue factor, coagulation factor B), cAMP-dependent signaling (PKA RIIβ,
PDE4B and D, AKAP13, CBP/p300 interacting transactivator 2), and growth regulation
(ID2, PI3K Cα, DUSP6, SMAD 4 and 6, Cyr61, C10orf10). Some of the genes similarly
regulated by Flu and PKA inhibition exhibited a comparable magnitude of regulation
(fold change), including PDE4B and D, AKAP 13, ID2, SMAD4, tissue factor, PKARIIβ,
CXCL12, CCL7, and CCL11. However, several genes were more profoundly affected by
Flu.

These genes included IL-33, CXCR7, CCL8, CCL7, C10orf10, C13orf15,

prostacyclin synthase, and IL-1α and β. Previous studies have identified some of these
genes, including follistatin (32, 39), connective tissue growth factor (40, 41), and
chromosome 12 open reading frame 15 (RGC-32) (42, 43) as both GC- and PKAdependent. Our findings suggest that the majority of genes we identified as similarly
regulated by Flu pretreatment and PKI expression are most likely PKA-dependent genes,
which are regulated by IL-1β- or E+I- induced PKA activity, with this regulation
reversed by either inhibition of PKA induction (GC) or direct PKA inhibition (PKI).
Additionally, the analysis identified genes that were regulated by Flu but not by PKA
inhibition, or vice versa, in cells stimulated with IL-1β, EGF or E+I (Table E8). The
genes regulated by Flu but not PKI were primarily involved in inflammatory response,
chemotaxis, apoptosis, and regulation of proliferation and progression through cell cycle
as well as pathways regulating focal adhesion, actin cytoskeleton, and interactions of
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ECM or cytokines with cell receptors (Table E9). Genes regulated by PKA inhibition,
but not by Flu pretreatment, were primarily involved in regulation of signal transduction,
cell growth and size, GPCR signaling, apoptosis, and pathways regulating ECM
interactions with receptors, cell communication and focal adhesion (Table E10). The
PKI-induced Flu-insensitive genes included those encoding chemokines (CX3CL1,
CXC11, CSF1), mitogens and growth regulators (cyclin M1, Cyr61, RasGAP, FGF5,
MAP3K7, MAP3K5, MAP4K5), and proteases (ADAM-10, -19, and MMP-3, -10), and
which could have deleterious effects on asthma by stimulatory effects on inflammatory
cells, ASM cell proliferation, or ECM remodeling. As PKA-regulated genes however,
these are also targets of β-adrenergic receptor agonists, which would stimulate PKA
activity otherwise suppressed by GCs and thus replace critical antimitogenic effects.
Interestingly, for IL-1β-regulated genes, all Flu-induced genes were also regulated by
PKI suggesting that major effect of Flu on these genes may be due to inhibition of PKA
activation.
We also observed that some genes under the IL-1β-, EGF-, and E+I- stimulatory
conditions were regulated in the opposite direction by Flu and PKI (Table VIII A-C).
These genes include those encoding proteases (MMP-1, -10, -12 and ADAMTS-1, -5),
growth factors (heparin binding EGF-like growth factor, FGF2 and -5, CSF1 and -2),
solute transporters (urea, inositol, thiamine, potassium), and GPCR-signaling regulators
(RGS4 and -5). This set of genes is likely similarly regulated by GCs and β-agonists in a
redundant or a reinforcing manner.
Because ASM cells stimulated with E+I in presence of Flu or PKA inhibition exhibit
enhanced growth (Fig. 2 and (5)), we compared the effects of Flu and PKI on expression
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Table VIII (A)
Disparate effects of Fluticasone and PKA on IL-1β-dependent genes §§
Symbol

Name

LRRC32
MMP12
FGF5
HHEX
ENC1
RGS5
EHD1
SOX4
APOL6
MEOX1
CD83
CCL5
DUSP5
DUSP10
SMAD3

leucine rich repeat containing 32
matrix metallopeptidase 12
fibroblast growth factor 5
hematopoietically expressed homeobox
ectodermal-neural cortex (with BTB-like domain)
regulator of G-protein signaling 5
EH-domain containing 1
SRY (sex determining region Y)-box 4
apolipoprotein L, 6
mesenchyme homeobox 1
CD83 molecule
chemokine (C-C motif) ligand 5
dual specificity phosphatase 5
dual specificity phosphatase 10
SMAD family member 3

Symbol

Name

AKR1C2
MT1M
ADAMTS5
SLC19A2
GPM6B
ADAMTS1
ABHD5
GAS1
IGFBP2
MSX1
LOC339524
PLAU
ETV1
AURKA
CSRP2

aldo-keto reductase family 1, member C2
metallothionein 1M
ADAM metallopeptidase with thrombospondin type 1 motif, 5
solute carrier family 19 (thiamine transporter), member 2
glycoprotein M6B
ADAM metallopeptidase with thrombospondin type 1 motif, 1
abhydrolase domain containing 5
growth arrest-specific 1
insulin-like growth factor binding protein 2, 36kDa
msh homeobox 1
hypothetical protein LOC339524
plasminogen activator, urokinase
ets variant gene 1
aurora kinase A
cysteine and glycine-rich protein 2

§§

PKI IGFP I up
5.48
4.00
3.61
3.52
2.94
2.93
2.67
2.23
2.20
2.15
2.14
2.08
2.05
2.04
2.03
PKI IGFPI
down
-4.07
-3.55
-3.11
-2.74
-2.64
-2.55
-2.49
-2.33
-2.17
2.45
2.44
2.28
2.27
2.21
2.11

GFP FluIGFP I down
-2.09
-2.51
-2.59
-3.11
-2.77
-3.16
-2.41
-2.54
-7.07
-5.02
-2.67
-3.64
-3.50
-3.34
-3.89
GFP FluIGFP I up
2.75
28.37
3.47
7.22
6.60
4.55
2.78
2.95
10.52
-3.81
-2.47
-9.85
-3.42
-2.57
-2.15

Differential gene expression in PKI-expressing cells stimulated with IL-1β (as compared to GFP-expressing cells stimulated with
IL-1β) contrasted against differential gene expression in Flu pre-treated GFP-expressing cells stimulated with IL-1β (as compared to
GFP expressing cells stimulated with IL-1β).
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Table VIII (B)
Disparate effects of Fluticasone and PKA on EGF-dependent genes ***
Symbol

Name

PTGS2
MMP1
CNIH3
RGS4
PRPS1
EML1
CDH6
AMIGO2
COPA
DACT1
LRRC32
SLC14A1
DDX17
HHEX
FGF5
GREM2
ENC1
SLC5A3
PRRX1

prostaglandin-endoperoxide synthase 2
matrix metallopeptidase 1
cornichon homolog 3 (Drosophila)
regulator of G-protein signaling 4
phosphoribosyl pyrophosphate synthetase 1
echinoderm microtubule associated protein like 1
cadherin 6, type 2, K-cadherin (fetal kidney)
adhesion molecule with Ig-like domain 2
coatomer protein complex, subunit alpha
dapper, antagonist of beta-catenin, homolog 1
leucine rich repeat containing 32
solute carrier family 14 (urea transporter), member 1
DEAD (Asp-Glu-Ala-Asp) box polypeptide 17
hematopoietically expressed homeobox
fibroblast growth factor 5
gremlin 2, cysteine knot superfamily, homolog
ectodermal-neural cortex (with BTB-like domain)
solute carrier family 5 (inositol transporters), member 3
paired related homeobox 1

Symbol

Name

STC2
OR7E47P
CEBPD
GPX3
IGFBP2

stanniocalcin 2
olfactory receptor, family 7, subfamily E, member 47 pseudogene
CCAAT/enhancer binding protein (C/EBP), delta
glutathione peroxidase 3 (plasma)
insulin-like growth factor binding protein 2, 36kDa

***

PKI EGFP E up
8.26
7.34
6.09
4.93
4.86
4.17
3.62
3.55
3.40
3.20
3.02
3.02
3.01
2.96
2.89
2.81
2.74
2.59
2.49
PKI EGFP E
down
-2.04
-2.08
-2.25
-2.31
-3.71

GFP FluEGFP E down
-3.98
-8.23
-5.00
-2.53
-2.14
-2.16
-2.06
-2.88
-2.75
-2.12
-3.65
-8.55
-2.05
-8.98
-2.11
-4.64
-3.44
-7.82
-3.40
GFP FluEGFP E up
2.44
2.41
3.35
17.70
18.65

Differential gene expression in PKI-expressing cells stimulated with EGF (as compared to GFP-expressing cells stimulated with
EGF) contrasted against differential gene expression in Flu pre-treated GFP-expressing cells stimulated with EGF (as compared to
GFP expressing cells stimulated with EGF).
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Table VIII (C)
Disparate effects of Fluticasone and PKA on E+I-dependent genes †††
Symbol

Name

RGS4
SLC14A1
RGS5
MMP10
SLC5A3
DIO2
NRG1
LRRC32
IFIT3
NAV3
AMIGO2
EHD1
MMP12
HBEGF
FGF2
SMAD3
GBP1
HAS2
PLK2
MMP1
CSF1
LEPREL1
CSF2
COPA
TRAF1
BPGM
PRRX1

regulator of G-protein signaling 4
solute carrier family 14 (urea transporter), member 1
regulator of G-protein signaling 5
matrix metallopeptidase 10 (stromelysin 2)
solute carrier family 5 (inositol transporters), member 3
deiodinase, iodothyronine, type II
neuregulin 1
leucine rich repeat containing 32
interferon-induced protein with tetratricopeptide repeats 3
neuron navigator 3
adhesion molecule with Ig-like domain 2
EH-domain containing 1
matrix metallopeptidase 12 (macrophage elastase)
heparin-binding EGF-like growth factor
fibroblast growth factor 2 (basic)
SMAD family member 3
guanylate binding protein 1, interferon-inducible,
hyaluronan synthase 2
polo-like kinase 2 (Drosophila)
matrix metallopeptidase 1 (interstitial collagenase)
colony stimulating factor 1 (macrophage)
leprecan-like 1
colony stimulating factor 2
coatomer protein complex, subunit alpha
TNF receptor-associated factor 1
2,3-bisphosphoglycerate mutase
paired related homeobox 1

Symbol

Name

KCTD12
AKR1C2
GAS1
FADS1
TGFBR3
ADAMTS5
ADAMTS1
SLC19A2
CEBPD

potassium channel tetramerisation domain containing 12
aldo-keto reductase family 1, member C2
growth arrest-specific 1
fatty acid desaturase 1
transforming growth factor, beta receptor III
ADAM metallopeptidase with thrombospondin type 1 motif, 5
ADAM metallopeptidase with thrombospondin type 1 motif, 1
solute carrier family 19 (thiamine transporter), member 2
CCAAT/enhancer binding protein (C/EBP), delta

†††

PKI EIGFP EI up
12.38
10.08
3.89
3.60
3.55
3.18
3.01
2.93
2.91
2.78
2.65
2.64
2.48
2.45
2.44
2.43
2.39
2.36
2.27
2.27
2.23
2.09
2.08
2.08
2.05
2.04
2.03
PKI EIGFP EI
down
-3.12
-3.01
-2.94
-2.84
-2.62
-2.29
-2.22
-2.08
-2.07

GFP FluEIGFP EI down
-6.12
-2.05
-2.58
-3.78
-2.43
-3.59
-2.79
-2.24
-2.98
-2.85
-5.72
-2.72
-6.70
-14.96
-4.52
-3.60
-3.18
-4.23
-7.63
-28.50
-2.93
-3.54
-2.89
-4.77
-8.68
-2.20
-3.50
GFP FluEIGFP EI up
2.01
3.02
3.85
2.22
2.50
2.38
2.02
10.07
2.32

Differential gene expression in PKI-expressing cells stimulated with EGF+IL-1β (as compared to GFP-expressing cells stimulated
with EGF+IL-1β) contrasted against differential gene expression in Flu pre-treated GFP-expressing cells stimulated with EGF+IL-1β
(as compared to GFP expressing cells stimulated with EGF+IL-1β).
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of mitogenic regulators (Table E7). As described above, Flu induced expression of Ras,
PI3K Cα and p85, cyclins A1, D3 and G1, Cyr61, and SKP2, and suppressed expression
of DUSP6, ID2, and importantly COX-2, PGES and cPLA2.

In comparison, PKA

inhibition in E+I-stimulated cells resulted in enhanced expression of Cyr61, RasGAP,
and MAP3K5 and -7 (ASK1 and TAK1, respectively) and decreased expression of ID2.
Thus, our analysis does not identify an obvious promitogenic mechanism shared by the
Flu treatment or PKA inhibition other than the suppression of PKA activity.

Role of autocrine factors in promoting enhanced proliferation of ASM cells
Our laboratory has previously shown that Gq protein-coupled receptor signaling
enhances (15, 44), while Gs-coupled receptor signaling attenuates (5) growth factorstimulated ASM proliferation. We thus compared the expression of genes encoding
proteins involved in either GPCR- or growth factor- signaling in control-, Flu-pretreatedor PKI-expressing cells stimulated with E+I (Table E11), conditions associated with
attenuated or enhanced ASM proliferation (Fig. 2). E+I stimulation resulted in decreased
expression of Gαq, RGS2 and 4, Ras, PI3K p85 and p110, induction of PDE4B and D, and
DUSP1 and 6, and proteases (listed above), as well as differential regulation of genes
encoding various GPCRs: induction of adenosine A2a and A2b and endothelin type A
and B receptors, and suppression of adenosine A1, adrenergic α2a, and histamine H1
receptors. Flu pretreatment resulted in suppression of RGS4, DUSP6, PAR2, PDE4B and
D, MMPs (-1, -3, -10, -12, and -14), and urokinase, and increased expression of Gαq,
PAR1, MMP19, Ras, PI3K p85 and p110.

In contrast, PKA inhibition enhanced

expression of RGS4 and 5 and MMPs (-1, -10, -12) and suppressed PDE4B and D.
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Although Flu appears capable of directly regulating RGS4 and 5 independent of Gαq/Gαisignaling, the induction of RGS4 and -5 in PKI-expressing cells likely reflects classical
negative feedback regulation due to an increase in Gαq- and Gαi- coupled receptor
signaling (45).

Similarly, regulation of (negative feedback mediators) DUSP6 and

PDE4B/D reflects increased/decreased MAPK- and cAMP-dependent signaling,
respectively.
As noted above, E+I stimulation enhanced expression of genes encoding
inflammatory agents such as cytokines, chemokines, and proteases (as compared to EGFor IL-1β- stimulations alone) that can activate GPCRs, and although Flu suppressed
expression of some of these genes, their induction typically remained high. Recently,
expression of functional chemokine receptors CXCR1, CXCR2 (46), CCR7 (47), CCR1
(48), and CCR3 (49) has been demonstrated in ASM cells. Stimulation of these GPCRs
resulted in regulation of Ca2+ mobilization, suggesting receptor coupling to Gαq or Gαi, as
well as cell contraction and migration.

Additionally, as discussed above, cytokine-

induced expression of proteases can lead to activation Gαq/Gαi-coupled PARs. Thus,
upregulation of these GPCR agonists in cells in which PKA activity is suppressed (by Flu
treatment or PKI expression) likely results in persistently upregulated Gαq/Gαi-coupled
receptor signaling. Such signaling, in conjunction with that stimulated by polypeptide
growth factors, has been shown to contribute to the observed enhanced human ASM cell
proliferation (14, 15).
To examine the ability of induced autocrine factors to stimulate Gαq/Gαi signaling in
ASM cells, we tested the ability of conditioned media from GFP- or PKI- expressing
cells to stimulate Ca2+ mobilization in ASM cells (Fig. 4A and B). Media harvested from
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Figure 4. Intracellular PKA inhibition augments the ability of induced autocrine factors to
promote ASM Ca2+ mobilization. Evaluation of ability of conditioned media from GFP- and PKIexpressing cells stimulated with EGF (10 ng/ml) and IL-1β (20 U/ml) to stimulate [Ca2+]i flux in GFPand PKI- expressing cells. Representative tracing (A) and cumulative results (B) of 3 different
experiments are presented. Data represent mean+SE values. C) Ability of autocrine factors produced by
HASM cells to enhance BrdU incorporation. dsRed-expressing cells were co-cultured with GFP- or
GFP-PKI- expressing cells, stimulated with EGF (10 ng/ml), IL-1β (20 U/ml), or both in presence of
BrdU (60 μM). BrdU incorporation was evaluated in dsRed+ and GFP+ cell populations. Data represent
mean+SE. n=4.
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cells treated 18 h with E+I promoted Ca2+ mobilization in both (quiesced) GFP- and PKIexpressing cells, with a significantly greater peak Ca2+ flux being observed in the PKIexpressing cells. Peak Ca2+ values were similar when using media harvested from GFPor PKI- expressing cells. The ability of conditioned media to stimulate greater Ca2+
mobilization in PKI-expressing cells is consistent with the ability of PKA activity to
antagonize Gq/Gi- dependent signaling at multiple junctures upstream of store-dependent
Ca2+ release (1). Collectively, these data fail to demonstrate differences in potential promitogenic autocrine factors released from GFP- versus PKI- expressing cells, yet
demonstrate that the cellular response to such factors is dependent on the level of cellular
PKA activity.
To further explore the capacity of autocrine factors to regulate ASM proliferation, we
conducted co-culture experiments using GFP-, dsRed-, and GFP-PKI chimeraexpressing cells and BrdU incorporation as a measure of cell proliferation stimulated with
vehicle, IL-1β, EGF or E+I. We reasoned that should autocrine factors produced by PKIexpressing cells be sufficient to augment EGF-stimulated cell growth, they would be
capable of increasing BrdU incorporation of co-cultured dsRed-expressing (i.e. control)
cells in a paracrine/juxtacrine manner. Results depicted in Figure 4C demonstrate that
co-cultured dsRed- and GFP- expressing cells stimulated with E+I both exhibit lesser
BrdU incorporation than when stimulated with EGF alone. In experiments where dsRedand PKI-GFP- expressing cells were co-cultured, control (dsRed) cells still exhibited
lesser BrdU incorporation when stimulated with E+I compared to stimulation with EGF
alone, whereas IL-1β predictably increased EGF-stimulated BrdU incorporation in PKIGFP-expressing cells. These results suggest that the release of factors from PKI-GFP-
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expressing cells is not sufficient to augment EGF-stimulated growth and that inhibition of
intracellular PKA activity in an absolute requirement.

Conclusion
In summary, our studies provide a comprehensive analysis of the differential
regulation of human ASM gene expression by GCs and PKA, in the context of mitogenic
(EGF) and inflammatory (IL-1β and E+I) stimuli. In ASM cells, EGF primarily regulates
expression of mitogenic effectors, whereas IL-1β strongly induces expression of
proinflammatory genes including cytokines, chemokines, interleukins, PG synthesis
enzymes and other inflammatory regulators. Combination of the two conditions (E+I)
results in enhanced expression of many inflammatory mediators, with variable effects on
genes regulating ASM growth. The most important mitogenic effect of IL-1β and E+I
stimulation on ASM growth appears to be the induction of COX-2/PGES and consequent
PGE2 synthesis resulting in increased cellular PKA activity, which exerts profound
regulatory control over the mitogenic capacity of both growth factors and GPCR
agonists. The induction of numerous proteases and GPCR agonists by IL-1β suggests a
potential mechanism underlying the cooperative nature of growth factors and cytokines in
regulating ASM growth.
Through identification and comparison of genes differentially expressed under
condition of GC treatment and PKA inhibition, our findings provide insight into
mechanisms of action, with respect to ASM growth regulation, of the two most common
anti-asthma drugs: inhaled steroids and β-agonists. The profile of Flu –sensitive and insensitive genes provides a number of potential drug targets to guide the development of
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new generations of GCs or add-on therapies capable of addressing pathogenic
mechanisms unaffected, or promoted, by GCs. Finally, our results further strengthen the
concept of ASM as an important immunomodulatory cell in the airway, capable of
generating numerous paracrine agents affecting multiple resident and infiltrating airway
cell types involved in the orchestration of airway inflammation.
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CHAPTER V
DISCUSSION
A. Misior
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Studies presented in this thesis provide an extensive analysis of the mechanisms
underlying the effects of the inflammatory cytokine IL-1β on human ASM growth
(summarized in Figure 1).

Our initial study details the role of COX-2/PGE2 and

consequent activation of PKA in modulating the mitogenic effects of IL-1β and TNF-α
on EGF-stimulated ASM proliferation. Expression of COX-2 correlated with induction
of PKA activity and was associated with strong inhibitory effects on growth. Inhibition
of COX-2 activity or PGE2 production reversed these growth inhibitory effects and
uncovered strong cooperativity of EGF and IL-1β.

Direct inhibition of PKA, by

heterologous expression of two different PKA inhibitors, also enhanced E+I stimulated
growth and rendered IL-1β a strong mitogen, further confirming the anti-mitogenic role
of PKA.

The role of PKA as the downstream effector of COX-2 and PGE2 was

evidenced by the fact that exogenous PGE2 was able to reverse the growth enhancing
effects of COX-2 inhibition in control, but not in PKI-expressing cells. We observed
similar promitogenic effects of GC treatment, which suppressed COX-2 expression and
PGE2 production.

The dose-dependent effect of IL-1β and the correlation of PKA

activity with the inhibitory effect of IL-1β suggest exquisite dependence of IL-1β
functional effects on induced PKA activity. Variability among cultures in the capacity of
IL-1β to induce PKA activity resulted in differential effects on ASM growth and has
clinical implications (see below).
The observed effects of GC treatment and PKI expression on ASM growth were
somewhat redundant, although a promitogenic GC-sensitive element is evident in the
tendency of GCs to slightly inhibit the growth-enhancing effects of PKA inhibition. One
of these GC-sensitive mechanisms may be the inhibition of PGE2 production. By
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Figure 1. Proposed mechanisms regulating growth of human ASM cells in response to IL-1β and
EGF. IL-1β induces expression of COX-2 and production of PGE2 in cultured ASM, which through
autocrine signaling leads to activation of PKA. IL-1β also induces expression of autocrine factors
(cytokines, chemokines, interleukins) and proteases, which degrade ECM releasing ECM-associated
growth factors. Additionally, proteases can directly activate protease activated cell surface receptors (e.g.,
PARs). IL-1β-induced- and ECM- derived factors, as well as proteases can activate GPCRs and enhance
polypeptide growth factor stimulated proliferation of ASM. Proposed anti-mitogenic effects of PKA
include inhibition of mitogenic pathways p42/p44 ERK and PI3K/Akt, regulation of cell cycle proteins
involved in control of restriction point traversal, modulation of gene expression, and inhibition of Gq/Gicoupled receptor signaling.
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signaling through EP1/3 receptors, which are coupled to Gαq/Gαi proteins, PGE2 could
cooperatively enhance EGF-stimulated growth under conditions of PKA inhibition (PKI
expression). This hypothesis is further suggested by the tendency of the exogenous PGE2
to enhance E+I-stimulated proliferation of PKI-expressing cells.
Array studies provide further mechanistic insight, identifying differential gene
expression by growth factors and IL-1β, and their modulation by GCs and PKA.
Mechanisms underlying the effects of growth factor, IL-1β, GCs, and PKA inhibition
were suggested by regulation of anti-mitogenic PKA-activating genes, promitogenic
GPCR agonists and GPCR pathway intermediates, and ECM proteins and regulators of
their turnover.
The transcriptome analyses indicated that both GCs and PKA differentially regulate
many IL-1β- and EGF- dependent genes encoding proteins involved in the regulation of
cell proliferation and cell cycle progression. However, a consistent regulation of these
genes was not observed (some genes were upregulated, some were downregulated)
suggesting that the inhibition of the genes responsible for PKA activity (COX-2, PGES)
and PKA itself (in PKI-expressing cells) are primarily responsible for the growthenhancing effect of Flu and PKI. As PKA inhibition was associated with enhanced
activation of p42/p44 ERK and PI3K/Akt, as well as increased expression/activation of
cell cycle regulatory proteins, PKA appears to regulate activation of these essential
promitogenic pathways in ASM and the transition through the restriction point in the cell
cycle. Additionally, PKA appears to regulate the signaling and mitogenic effects of IL1β-induced autocrine factors, many of which are GPCR ligands (discussed below), on
ASM growth. Suppression of PKA activation by GCs may similarly contribute to the
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enhanced ability of autocrine factors to augment ASM growth, despite the suppressive
effects of GCs on inflammatory gene expression. Even though Flu appears to completely
inhibit expression of COX-2 in ASM cells, the effects on genes encoding autocrine
factors are variable and IL-1β (especially in presence of EGF) continues to significantly
induce expression of many of these genes.

Mining additional mechanisms
Although our studies provide significant insight into the effects of growth factors, the
cytokines IL-1β and TNF-α, and intracellular PKA activity on ASM growth, they also
suggest additional mechanisms that regulate the ASM response to inflammation and to
the asthma therapies GCs and PKA activating agents such as β-agonists or PDE
inhibitors.
The idea of ASM as an immunomodulatory cell has emerged over the last ten years,
as studies reported an ability of cultured ASM to express and secrete different cytokines,
chemokines, and other immunoactive agents (Panettieri, R.A., Jr., 2003).

Our

transcriptome analysis provides further evidence for this role of ASM and reveals a
significant breadth of ASM immunomodulatory capabilities.

In response to IL-1β

stimulation, ASM cells expressed numerous cytokines, chemokines, interleukins, and
growth factors that are known to regulate a variety of immune cells such as T cells,
eosinophils, monocytes, or mast cells (Busse, W.W. et al., 2001).

In asthma, this

response likely propagates the inflammatory process in the airway by recruiting and
activating immune cells.
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Additionally, many of these factors are GPCR ligands that have capacity to activate
Gq- and Gi-coupled receptor signaling. In addition to the procontractile effect of these
factors on ASM, the Gq- and Gi- coupled receptor ligands can enhance polypeptide
growth factor-stimulated proliferation (Billington, C.K. et al., 2005; Ediger, T.L. et al.,
2003; Kong, K.C. et al., 2006). Our studies indicate that in ASM, inhibition of PKA
promotes enhanced Gq/Gi signaling, evidenced by increased expression of RGS proteins
(RGS proteins are known negative feedback regulators to Gq/Gi-coupled receptors (Penn,
R.B. et al., 2008)), and enhanced calcium mobilization stimulated by conditioned media
from E+I-treated ASM.
Exposure of ASM cells to IL-1β also resulted in expression of numerous proteases
and ECM proteins indicating that ASM may also contribute to this feature of airway
remodeling associated with asthma. Because ECM is a sink for numerous growth and
other autocrine factors, ECM turnover may also release these factors from the matrix
promoting ASM proliferation (Gueders, M.M. et al., 2006).

Moreover, increased

protease activity associated with remodeling can either directly stimulate proteaseactivated GPCRs (e.g., PARs) or activate other proteases that target these receptors.
MMP activity has also been shown to regulate ASM proliferation by regulating cell
adhesion and modulating cell signaling via effects on integrins (Nguyen, T.T.B. et al.,
2005). In fact, inhibition of MMP activity can dramatically inhibit ASM proliferation
((Johnson, S. et al., 1999) and unpublished data). Lastly, ECM remodeling resulting in
altered matrix composition, observed in asthma, can also modulate ASM response to
mitogens and GCs, as some proteins enhance (e.g., collagen, fibronectin), while others
suppress (e.g., laminin) ASM proliferation and appear to modulate the effects of GCs on
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ASM growth (Bonacci, J.V. et al., 2003; Bonacci, J.V. et al., 2006; Hirst, S.J. et al.,
2000).
Future studies beyond those in this thesis will explore the role of GPCRs and matrix
turnover in regulating effects of cytokines, GCs and PKA on ASM growth. To explore
the role of GPCRs, we can employ strategies used by Billington et al. and Kong et al.
(Billington, C.K. et al., 2005; Kong, K.C. et al., 2006) to globally inhibit Gq- and Gidependent signaling.

Additionally, specific targeting approaches (e.g., selective

antagonists of PARs) may be used as available and appropriate. To explore the role of
proteases, matrix proteins and their turnover, several approaches can be applied.
Protocols employing plates precoated with specific matrix protein are established
(Bonacci, J.V. et al., 2003; Bonacci, J.V. et al., 2006; Hirst, S.J. et al., 2000; Nguyen,
T.T.B. et al., 2005) to examine their effects on ASM growth. Additionally, global and
specific inhibition of MMPs can be employed, although global approaches so far have
been problematic due to (mentioned above) requirement for MMP activity in ASM
proliferation.

Relevance to the in vivo condition
Inflammation of the airway is a consistent finding in asthma and is evidenced by the
presence of inflammatory cells in the airways, as well as the presence of cytokines and
chemokines in bronchoalveolar lavage fluid and pulmonary secretions from asthmatic
patients (Busse, W.W. et al., 2001).

Inflammatory cells such as monocytes,

macrophages, T cells, and eosinophils are primarily responsible for production of these
inflammatory mediators, although mesenchymal cells, including ASM, can also
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contribute (discussed above). These inflammatory cells infiltrate the airway and localize
throughout the submucosa and adventitia of the airway, including within the ASM
bundles.
IL-1β and TNF-α are ubiquitously expressed cytokines in any inflammatory
condition, including asthma, have profound effects on inflammatory cells, and modulate
the effects of other inflammatory mediators. Immunohistochemical examinations of
asthmatic lung sections indicate that IL-1β and TNF-α are produced primarily by
monocytes and mesenchymal cells such as non-ciliated epithelial cells or fibroblasts
(Mattoli, S. et al., 1991). Very few studies have measured the concentration of these
cytokines in BALF from symptomatic asthmatic patients; one study found that the
concentration of IL-1β was 266 pg/ml and TNF-α 578 pg/ml (Broide, D.H. et al., 1992;
Mattoli, S. et al., 1991). However, the significant variability in the measurement (+270
pg/ml for IL-1β and +917 pg/ml for TNF-α), the unknown dilution factor of the lavage
saline, combined with variable distribution and recovery of the lavage saline highlight the
difficulty in determining the true concentration of paracrine/juxtacrine agents in tissue
fluids in vivo. The in vivo concentration within the ASM microenvironment is even more
difficult, perhaps impossible, to establish. The fact that the growth modulating effects of
combined IL-1β and TNF-α treatment are evident at low (2 U/ml and 1 ng/ml,
respectively) concentrations in vitro suggest the in vivo relevance of our findings.
Inflammation associated with asthma is thought to drive the increased ASM mass
observed in vivo, although the causal relationship has been difficult to establish in
humans. Animal models, which primarily employ rodent models of allergic asthma
induced through sensitization and repeated challenge protocols, suggest that
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inflammation does indeed drive airway remodeling. However, the reports on the effects
on increased ASM mass have been mixed.

Allergic asthma was associated with

increased ASM mass in mice (Hirano, A. et al., 2006; Miller, M. et al., 2006), but was
observed only in the peripheral airways of guinea pigs (Gosens, R. et al., 2005) and not at
all in some rat models (Vanacker, N.J. et al., 2001; Vanacker, N.J. et al., 2002).
However, heaves, a spontaneously occurring asthma in horses, is associated with
increased proliferation and volume of ASM in the airway (Herszberg, B. et al., 2006). In
asthmatic humans increased ASM mass is a consistent finding in biopsies and autopsy
samples, which has led many to assume that chronic, persistent inflammation causes (and
leads to) increased ASM mass by promoting ASM hyperplasia/hypertrophy over the
course of the patient’s lifetime. However, attempts to detect ASM proliferation by
staining for proliferation markers (e.g. Ki67) have not been successful (Benayoun, L. et
al., 2001) and biopsies of young wheezing children suggest that airway remodeling
(although changes in ASM mass have not been addressed) may occur prior to the
development of inflammation and infiltration of the airway with inflammatory cells
(Bush, A., 2008).
These contrasting reports suggest that the effects of inflammation on increases in
ASM mass may be species-specific or determined by the nature of the inflammatory
response. Whereas the in vitro conditions employed in our experiments are focused and
highly controlled, the in vivo condition is more variable and complex. For example,
inflammation-associated increases in IL-1β and TNF-α in the airway occur within the
context of type 1 and type 2 T cell products. An enhanced Type 1 inflammatory response
associated with production of IFN-γ may attenuate the promitogenic effects of other
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inflammatory mediators on ASM due to the capacity of IFN-γ to inhibit ASM growth
(Amrani, Y. et al., 2003).
Our studies suggest that induced PKA activity may also be an important mechanism
controlling increases in ASM mass, as well as ASM contractility. However, as reported
earlier, induction of PKA activity is subject to a considerable variability among
individuals and likely exists in vivo.

A reduced ability to induce PKA activation

(reported in some inflammatory diseases such as Systemic Lupus Erythematosus
(Skalhegg, B.S. et al., 2005)) may correspond to enhanced ASM proliferation and
contractility in such patients. Although not explored thus far, a high dependence on
intracellular ASM PKA activity may underlie the adverse effects of aspirin (COX
inhibitor) in a subset of asthmatic patients. In these patients, aspirin administration
results in disease exacerbation (asthma attack), possibly caused by suppression of
prostaglandin production by aspirin which could eliminate the protective effect of PKA.
Conclusions from our array studies suggesting the role of GPCRs in promoting ASM
proliferation are consistent with our prior reports of the ability of GPCRs to enhance
growth factor-stimulated proliferation of ASM cells (Billington, C.K. et al., 2005; Kong,
K.C. et al., 2006). In vivo data from animal models of allergic asthma further support
this hypothesis. A recent study by Gosens et al. suggested a role of Gq/Gi-coupled
receptors in promoting increased ASM mass in guinea pig model of asthma (Gosens, R.
et al., 2005). In addition to the ability of the GPCR ligands to act directly on ASM,
recent reports indicate that these factors may also modulate neural (cholinergic) activity
within the airway. Thromboxane A2 and adenosine have been shown to increase airway
resistance through mechanisms requiring vagal innervation of the airways (Allen, I.C. et
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al., 2006; Hua, X. et al., 2007), suggesting that the increased presence of certain GPCR
ligands in the airways promotes increased parasympathetic release of acetylcholine.

Relevance to asthma therapy
GCs and β-agonists are the most widely used asthma therapies due to their potent
anti-inflammatory and bronchodilating effects, respectively. Both classes of drugs were
originally developed to prevent or reverse bronchoconstriction associated with asthma.
GCs through effects on gene expression modulate (primarily suppress) expression and
production of inflammatory mediators, and have also been shown to induce apoptosis in
inflammatory cells.

Thus, the primary effect of GCs is to reduce the presence of

inflammatory and procontractile mediators in the airway. β-agonists, acting through Gscoupled receptors, induce elevation in cAMP and PKA activation, which negatively
regulates the ability of ASM to contract (as discussed above).
In vitro and in vivo studies indicate that both GCs and β-agonists also modulate ASM
proliferation. GCs have been reported to have an anti-mitogenic effect on cultured ASM
(Bonacci, J.V. et al., 2006; Fernandes, D. et al., 1999; Stewart, A.G. et al., 1995; Vlahos,
R. et al., 2003), although in our hands this effect tends to be minimal and variable. In a
murine model of allergic asthma, GC treatment administered concurrently with the
rechallenge prevented most features of airway remodeling but not increases in ASM mass
(Miller, M. et al., 2006). Similarly, Vanacker et al. examined the effect of GCs on
established asthma in rats and reported that GCs were effective in preventing further
airway remodeling, including thickening of the airway wall, but did not reverse existing
changes (Vanacker, N.J. et al., 2002). Thus in vitro and animal models of asthma yield
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mixed results, although prophylactic models of asthma may not be clinically relevant as
GC treatment may minimize the initial inflammatory influx into the lung and limit
remodeling and often inhaled GCs are taken during ongoing inflammation. Comparable
studies in humans are rare, but one study did examine the effects of GC treatment on
increases in ASM mass in asthmatic patients and found that GC was capable of
decreasing ASM area in peripheral (Bergeron, C. et al., 2005), but not in the central
airways. In fact, GC treatment was associated with increased ASM mass (~50%) in the
central airway, although this finding was not statistically significant due to variance.
Thus, increases in ASM mass, and associated increases in fixed airway obstruction
appear to progress in patients with asthma despite GC therapy. Thus, GCs may have
detrimental effects on ASM proliferation by promoting mitogenic effects of the
inflammatory mediators and enhancing their cooperativity with growth factors.
β-agonists, which in vitro have anti-mitogenic effects on ASM growth (Florio, C. et
al., 1994; Ibe, B.O. et al., 2006; Maruno, K. et al., 1995; Tomlinson, P.R. et al., 1995),
may supply the critical PKA activity suppressed by GCs. Treatments combining these
two classes of agents exhibit improved efficacy in controlling asthma symptoms, which
has been attributed to a cooperative crosstalk of GC- and β-agonist- dependent pathways
(Kaur, M. et al., 2008; Roth, M. et al., 2002). In vitro, combined GC and β-agonist
treatment exhibits enhanced ability to attenuate mitogen-stimulated ASM proliferation
than either treatment alone (Roth, M. et al., 2002).

However, no in vivo studies

examining the effect of the combination treatment have been reported thus far. Such
studies would help establish whether the anti-inflammatory effects of GCs and the anti-
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mitogenic PKA activation provided by β-agonists complement and prevent or attenuate
airway remodeling.
Based on our results, new treatment strategies and therapies may be developed that
address potential pathogenic mechanisms suggested (low PKA activity, induced GPCR
activation that promotes ASM growth or inflammatory influx, ECM turnover), either in
the form of new GCs or adjunct therapies (e.g., new GPCR antagonists, MMP regulators,
I-κB kinase inhibitors). Screening of patients to identify those with limited capacity to
induce PKA activity under relevant conditions (e.g., inflammation) could help in
identifying optimal treatment strategies to maximize the protective effects of PKA in the
airway and counterbalance the growth enhancing effects of GCs. Characterization of Flu
-dependent (induced and suppressed), as well as Flu-insensitive genes provided by our
studies may aid in the development of novel GCs or other anti-inflammatory therapies
that could selectively suppress the expression of cytokines, chemokines and other
inflammatory mediators that promote the inflammatory process.

GPCR ligands,

especially those that activate Gq/Gi-dependent signaling pathways, represent attractive
therapy targets due to their established role as procontractile agents and their possible
role as mitogens in ASM. Pharmaceuticals that target these pathways in a global, rather
than a selective, manner may be extremely effective in asthma-associated
bronchoconstriction and ASM hyperplasia/hypertrophy.

Additionally, targeting of

proteases and ECM remodeling may be beneficial in attenuating the ASM proliferative
response and remodeling of the airway ECM, as suggested by the recent studies
examining anti-fibrotic agents as anti-asthma therapies (Hirano, A. et al., 2006).
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Summary
In summary, our studies characterize the effects of IL-1β on ASM proliferation and
implicate PKA as the critical regulator of cultured ASM proliferation in response to
growth factors, GPCR ligands, and cytokines. We establish that PKA regulates ASM
growth through modulation of promitogenic signaling, restriction point traversal, and
gene expression and provide basis for future mechanistic studies. Characterization of
PKA- and GC- dependent gene expression provides novel insight into the mechanism of
action of the main asthma therapies, β-agonists and GCs and offers a new guide for
improvement or development of new treatments.
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APPENDIX

SUPPLEMENTAL FIGURES AND TABLES TO CHAPTER IV

A. Misior

150

151
Figure E1. Molecular functions associated with EGF-regulated genes. Overepresented molecular functions associated with genes regulated by EGF (10
ng/ml) in HASM after 8 h of stimulation (analysis by IPA). Threshold represents p=0.05.
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Figure E2. Molecular functions associated with IL-1β-regulated genes. Overrepresented molecular functions associated with genes regulated by IL-1β (20
U/ml) in HASM after 8 h of stimulation (analysis by IPA). Threshold represents p=0.05.
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Figure E3. Molecular functions associated with EGF and IL-1β-regulated genes. Overrepresented molecular functions associated with genes regulated by
IL-1β (20 U/ml) and EGF (10 ng/ml) in HASM after 8 h of costimulation (analysis by IPA). Threshold represents p=0.05.

Supplemental Figure E4 is provided on the enclosed CD.
Figure E4. Canonical pathways associated with Flu-sensitive EGF-regulated genes. Overrepresented
canonical pathways associated with genes regulated by EGF (10 ng/ml) and sensitive to Flu (10 nM) in
HASM. Percentage indicates ratio of genes represented within the regulated gene set to the total number of
genes involved in the pathway (as defined by IPA).
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Figure E5. Molecular functions associated with PKA-dependent EGF-regulated genes. Overrepresented molecular functions associated with genes
regulated by EGF (10 ng/ml) in PKI-expressing HASM cells after 8 h of stimulation (analysis by IPA). Threshold represents p=0.05.
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Table E1
Pathways associated with EGF-regulated genes in HASM
(KEGG Pathway analysis, DAVID) *
Term
HSA04540:GAP JUNCTION
HSA04060:CYTOKINE-CYTOKINE RECEPTOR
INTERACTION
HSA04010:MAPK SIGNALING PATHWAY
HSA04630:JAK-STAT SIGNALING PATHWAY
HSA04310:WNT SIGNALING PATHWAY
HSA04510:FOCAL ADHESION
HSA04910:INSULIN SIGNALING PATHWAY
HSA04810:REGULATION OF ACTIN CYTOSKELETON
HSA00010:GLYCOLYSIS / GLUCONEOGENESIS
HSA04710:CIRCADIAN RHYTHM
HSA04340:HEDGEHOG SIGNALING PATHWAY
HSA04350:TGF-BETA SIGNALING PATHWAY
HSA04210:APOPTOSIS

*

Count
16

%
2.38%

p value
3.98E-05

28
28
18
16
19
14
18
8
4
7
9
9

4.17%
4.17%
2.68%
2.38%
2.83%
2.09%
2.68%
1.19%
0.60%
1.04%
1.34%
1.34%

5.41E-05
2.10E-04
8.46E-04
4.79E-03
1.35E-02
1.53E-02
2.19E-02
2.82E-02
3.13E-02
4.09E-02
4.96E-02
7.21E-02

DAVID terms are defined as: count indicates number of genes involved in the category/term; % indicates percentage of total genes
classified for the category/term that are represented within the differentially regulated genes listed; p-value indicates modified Fisher
Exact p-value and smaller value reflects more enriched term/category.
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Table E2
Pathways associated with IL-1β-regulated genes in HASM
(KEGG Pathway analysis, DAVID) †
Term
HSA04060:CYTOKINE-CYTOKINE RECEPTOR
INTERACTION
HSA04210:APOPTOSIS
HSA04620:TOLL-LIKE RECEPTOR SIGNALING
PATHWAY
HSA04710:CIRCADIAN RHYTHM
HSA04630:JAK-STAT SIGNALING PATHWAY
HSA05120:EPITHELIAL CELL SIGNALING IN
HELICOBACTER PYLORI INFECTION
HSA04010:MAPK SIGNALING PATHWAY
HSA04510:FOCAL ADHESION
HSA05040:HUNTINGTON'S DISEASE
HSA04920:ADIPOCYTOKINE SIGNALING PATHWAY
HSA00071:FATTY ACID METABOLISM
HSA04662:B CELL RECEPTOR SIGNALING
PATHWAY
HSA04660:T CELL RECEPTOR SIGNALING PATHWAY

Count

%

p value

46
23

3.70%
1.85%

1.34E-05
2.75E-05

21
7
27

1.69%
0.56%
2.17%

4.06E-04
1.51E-03
1.77E-03

12
40
33
8
14
10

0.97%
3.22%
2.66%
0.64%
1.13%
0.81%

2.64E-03
4.87E-03
5.20E-03
1.21E-02
1.26E-02
4.82E-02

12
15

0.97%
1.21%

5.21E-02
6.34E-02

Table E3
Pathways associated with EGF and IL-1β-regulated genes in HASM
(KEGG Pathway analysis, DAVID) ‡
Term
HSA04540:GAP JUNCTION
HSA04710:CIRCADIAN RHYTHM
HSA05120:EPITHELIAL CELL SIGNALING IN
HELICOBACTER PYLORI INFECTION
HSA04060:CYTOKINE-CYTOKINE RECEPTOR
INTERACTION
HSA04210:APOPTOSIS
HSA04010:MAPK SIGNALING PATHWAY
HSA04510:FOCAL ADHESION
HSA04620:TOLL-LIKE RECEPTOR SIGNALING
PATHWAY
HSA04350:TGF-BETA SIGNALING PATHWAY
HSA04630:JAK-STAT SIGNALING PATHWAY
HSA00010:GLYCOLYSIS / GLUCONEOGENESIS
HSA04310:WNT SIGNALING PATHWAY
HSA04340:HEDGEHOG SIGNALING PATHWAY
HSA05040:HUNTINGTON'S DISEASE
HSA04020:CALCIUM SIGNALING PATHWAY
HSA04920:ADIPOCYTOKINE SIGNALING PATHWAY
HSA04720:LONG-TERM POTENTIATION
HSA00280:VALINE, LEUCINE AND ISOLEUCINE
DEGRADATION
HSA04910:INSULIN SIGNALING PATHWAY

‡

Count
26
9

%
1.56%
0.54%

p value
3.04E-05
6.58E-05

16

0.96%

6.92E-05

48
23
50
36

2.88%
1.38%
3.00%
2.16%

2.15E-04
3.50E-04
3.96E-04
1.21E-02

19
17
26
13
25
11
7
27
13
12

1.14%
1.02%
1.56%
0.78%
1.50%
0.66%
0.42%
1.62%
0.78%
0.72%

1.59E-02
2.38E-02
2.90E-02
3.98E-02
3.99E-02
6.77E-02
8.03E-02
8.37E-02
8.58E-02
8.86E-02

11
22

0.66%
1.32%

9.11E-02
9.16E-02

DAVID terms are defined as: count indicates number of genes involved in the category/term; % indicates percentage of total genes
classified for the category/term that are represented within the differentially regulated genes listed; p-value indicates modified Fisher
Exact p-value and smaller value reflects more enriched term/category.
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Table E4
Fluticasone-regulated genes in unstimulated HASM
Symbol
MT1M
FAM107A
ZBTB16
TIPARP
GPX3
MT1X
TSC22D3
CRISPLD2
PER1
C13orf15
FKBP5
GPM6B
IGFBP2
GLUL
PIK3R1
FOXO1
SLC19A2
TJP2
MTSS1
FOS
VIL2
MMD
C10orf10
PHF17
MT1E
DUSP1
SLC7A8
MT1F
TNFAIP3
CDC42EP3
HSD11B1
IMPA2
AGL
IGF1
NFKBIA
IRS2
SLC7A6
KLF9
PSRC1
GPR37
Symbol
BDKRB1
IER3
BDKRB2
CXCL12
HHEX
CCL2
EFNB2
CCL11
CCRL1
FRY
FGF7
CYP1B1
DAAM1
IL6
DACT1
FST
CHN1
BAMBI
GREM1
GDF15

Name
metallothionein 1M
family with sequence similarity 107, member A
zinc finger and BTB domain containing 16
TCDD-inducible poly(ADP-ribose) polymerase
glutathione peroxidase 3 (plasma)
metallothionein 1X
TSC22 domain family, member 3
cysteine-rich secretory protein LCCL domain containing 2
period homolog 1 (Drosophila)
chromosome 13 open reading frame 15
FK506 binding protein 5
glycoprotein M6B
insulin-like growth factor binding protein 2, 36kDa
glutamate-ammonia ligase (glutamine synthetase)
phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha)
forkhead box O1
solute carrier family 19 (thiamine transporter), member 2
tight junction protein 2 (zona occludens 2)
metastasis suppressor 1
v-fos FBJ murine osteosarcoma viral oncogene homolog
villin 2 (ezrin)
monocyte to macrophage differentiation-associated
chromosome 10 open reading frame 10
PHD finger protein 17
metallothionein 1E
dual specificity phosphatase 1
solute carrier family 7 (cationic amino acid transporter, y+ system), member 8
metallothionein 1F
tumor necrosis factor, alpha-induced protein 3
CDC42 effector protein (Rho GTPase binding) 3
hydroxysteroid (11-beta) dehydrogenase 1
inositol(myo)-1(or 4)-monophosphatase 2
amylo-1, 6-glucosidase, 4-alpha-glucanotransferase
insulin-like growth factor 1 (somatomedin C)
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
insulin receptor substrate 2
solute carrier family 7 (cationic amino acid transporter, y+ system), member 6
Kruppel-like factor 9
proline/serine-rich coiled-coil 1
G protein-coupled receptor 37 (endothelin receptor type B-like)
Name
bradykinin receptor B1
immediate early response 3
bradykinin receptor B2
chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
hematopoietically expressed homeobox
chemokine (C-C motif) ligand 2
ephrin-B2
chemokine (C-C motif) ligand 11
chemokine (C-C motif) receptor-like 1
furry homolog (Drosophila)
fibroblast growth factor 7 (keratinocyte growth factor)
cytochrome P450, family 1, subfamily B, polypeptide 1
dishevelled associated activator of morphogenesis 1
interleukin 6 (interferon, beta 2)
dapper, antagonist of beta-catenin, homolog 1 (Xenopus laevis)
follistatin
chimerin (chimaerin) 1
BMP and activin membrane-bound inhibitor homolog (Xenopus laevis)
gremlin 1, cysteine knot superfamily, homolog (Xenopus laevis)
growth differentiation factor 15
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Fold Change
61.23
56.25
28.05
26.87
24.36
23.21
16.89
15.44
13.62
11.11
10.11
10.09
10.05
9.91
9.48
9.15
8.95
8.40
8.30
8.15
8.14
8.11
8.09
8.06
7.41
7.37
7.07
6.94
6.81
6.79
6.71
6.26
5.85
5.84
5.49
5.39
5.23
5.16
5.08
5.08
Fold Change
-14.06
-13.75
-13.49
-11.12
-7.19
-6.30
-5.87
-5.62
-5.57
-5.05
-5.01
-4.99
-4.84
-4.78
-4.33
-4.29
-4.15
-4.02
-4.01
-3.79

Table E5
Pathways associated with Flu-sensitive EGF-regulated genes in HASM
(KEGG Pathway analysis, DAVID) §
Term
HSA04510:FOCAL ADHESION
HSA04810:REGULATION OF ACTIN CYTOSKELETON
HSA04512:ECM-RECEPTOR INTERACTION
HSA04070:PHOSPHATIDYLINOSITOL SIGNALING SYSTEM
HSA00562:INOSITOL PHOSPHATE METABOLISM
HSA04630:JAK-STAT SIGNALING PATHWAY
HSA04350:TGF-BETA SIGNALING PATHWAY
HSA04310:WNT SIGNALING PATHWAY
HSA04060:CYTOKINE-CYTOKINE RECEPTOR INTERACTION
HSA04610:COMPLEMENT AND COAGULATION CASCADES
HSA00590:ARACHIDONIC ACID METABOLISM
HSA04620:TOLL-LIKE RECEPTOR SIGNALING PATHWAY
HSA00521:STREPTOMYCIN BIOSYNTHESIS
HSA04010:MAPK SIGNALING PATHWAY
HSA04662:B CELL RECEPTOR SIGNALING PATHWAY

§

Count
25
21
12
12
10
15
10
14
20
8
7
9
3
19
7

%
4.40%
3.70%
2.11%
2.11%
1.76%
2.64%
1.76%
2.46%
3.52%
1.41%
1.23%
1.58%
0.53%
3.35%
1.23%

p value
4.09E-05
1.49E-03
2.97E-03
4.87E-03
5.23E-03
1.05E-02
1.63E-02
2.04E-02
2.44E-02
3.76E-02
5.20E-02
7.24E-02
7.42E-02
8.29E-02
9.56E-02

DAVID terms are defined as: count indicates number of genes involved in the category/term; % indicates percentage of total genes
classified for the category/term that are represented within the differentially regulated genes listed; p-value indicates modified Fisher
Exact p-value and smaller value reflects more enriched term/category.
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Table E6
Comparison of Flu-effect on E+I- and I- induced genes **
Fold Change
Symbol
CXCL2
IL8
IL6
CXCL10
CXCL3
MX1
CCL20
GCH1
ICAM1
CCL8
PTGS2
IL1B
CCL7
OAS1
ISG20
CXCL6
MX2
STC1
G0S2
3-Mar
IFIT3
SERPINB2
SLC39A8
TNFAIP6
TFPI2
IFI44
RSAD2
OAS2
IFIH1
GBP1
HERC6
LIF
PDLIM4
RIPK2
TRIM14
DDX58
CFB
MMP3
IER3
CSF2
PARP12
CCL11
ISG15
BDKRB1
CXCL11
VCAM1
RAB20
IL15RA
IFI35

Name

GFP IGFP B

GFP EIGFP B

GFP FluIGFP I

chemokine (C-X-C motif) ligand 2
interleukin 8
interleukin 6 (interferon, beta 2)
chemokine (C-X-C motif) ligand 10
chemokine (C-X-C motif) ligand 3
myxovirus (influenza virus) resistance 1, interferoninducible protein p78 (mouse)
chemokine (C-C motif) ligand 20
GTP cyclohydrolase 1 (dopa-responsive dystonia)
intercellular adhesion molecule 1 (CD54), human
rhinovirus receptor
chemokine (C-C motif) ligand 8
prostaglandin-endoperoxide synthase 2 (prostaglandin
G/H synthase and cyclooxygenase)
interleukin 1, beta
chemokine (C-C motif) ligand 7
2',5'-oligoadenylate synthetase 1, 40/46kDa
interferon stimulated exonuclease gene 20kDa
chemokine (C-X-C motif) ligand 6 (granulocyte
chemotactic protein 2)
myxovirus (influenza virus) resistance 2 (mouse)
stanniocalcin 1
G0/G1switch 2
membrane-associated ring finger (C3HC4) 3
interferon-induced protein with tetratricopeptide repeats 3
serpin peptidase inhibitor, clade B (ovalbumin), member 2
solute carrier family 39 (zinc transporter), member 8
tumor necrosis factor, alpha-induced protein 6
tissue factor pathway inhibitor 2
interferon-induced protein 44
radical S-adenosyl methionine domain containing 2
2'-5'-oligoadenylate synthetase 2, 69/71kDa
interferon induced with helicase C domain 1
guanylate binding protein 1, interferon-inducible, 67kDa
hect domain and RLD 6
leukemia inhibitory factor (cholinergic differentiation
factor)
PDZ and LIM domain 4
receptor-interacting serine-threonine kinase 2
tripartite motif-containing 14
DEAD (Asp-Glu-Ala-Asp) box polypeptide 58
complement factor B
matrix metallopeptidase 3 (stromelysin 1, progelatinase)
immediate early response 3
colony stimulating factor 2 (granulocyte-macrophage)
poly (ADP-ribose) polymerase family, member 12
chemokine (C-C motif) ligand 11
ISG15 ubiquitin-like modifier
bradykinin receptor B1
chemokine (C-X-C motif) ligand 11
vascular cell adhesion molecule 1
RAB20, member RAS oncogene family
interleukin 15 receptor, alpha
interferon-induced protein 35

1203.11
710.60
709.90
608.04
545.32

1282.97
1159.07
915.52
93.05
1199.68

-2.69
-3.14
-7.47
-9.28
-7.60

GFP
FluEIGFP EI
-2.12
-2.51
-5.05
-3.01
-3.26

297.84

24.11

-76.52

-13.95

245.09
214.89

342.52
123.15

-1.18
-3.78

2.07
-1.66

202.16

215.28

-2.03

-2.08

199.86

23.92

-123.87

-18.45

189.19

198.80

-106.33

-32.43

164.13
123.28
118.00
98.13

543.54
193.56
4.89
87.03

-109.09
-48.37
-45.78
-34.24

-12.87
-11.87
-3.41
-4.96

72.49

94.13

-4.68

-3.16

64.84
59.17
52.03
50.32
46.85
38.99
37.73
35.82
35.16
34.40
34.33
33.77
33.51
33.30
32.65

4.87
120.47
32.94
53.61
2.16
111.85
13.53
22.11
59.62
2.34
2.85
3.67
2.64
4.86
2.65

-85.45
-2.64
-5.82
-4.25
-46.54
-13.04
-2.24
-2.16
-3.78
-40.49
-33.56
-33.60
-18.66
-10.55
-33.57

-8.08
-2.81
-1.62
-2.34
-2.98
-4.53
-1.05
-1.84
-4.17
-2.75
-2.74
-3.63
-2.57
-3.18
-2.74

32.52

60.87

-27.06

-12.94

30.90
27.19
26.24
25.54
24.55
24.30
23.25
22.21
22.17
21.94
21.90
21.46
21.44
21.07
19.39
18.68
18.05

41.43
19.80
5.14
3.12
7.05
88.43
28.23
75.14
4.91
8.59
3.84
20.07
3.54
7.10
19.50
10.23
4.56

-2.19
-2.67
-16.43
-24.53
-2.00
-15.48
-6.46
-13.66
-8.15
-4.85
-20.72
-10.36
-14.46
-4.63
-3.61
-5.78
-6.89

-1.20
-1.87
-2.86
-3.04
-1.49
-7.13
-3.11
-2.89
-3.03
-2.43
-4.30
-3.93
-3.22
-4.08
-1.33
-3.20
-2.87

**

Comparison of IL-1β- and EGF+IL-1β- gene expression regulation in GFP-expressing cells (as compared to unstimulated (B)
condition) and effects of Fluticasone pretreatment. Flu-sensitive genes were identified by comparing gene expression in GFPexpressing cells pretreated with Flu and stimulated with IL-1β versus cells pre-treated with vehicle and stimulated with IL-1β (GFP
FluI-GFP I). Similar comparison generated Flu-sensitive EGF+IL-1β-regulated genes (GFP FLuEI-GFP EI).
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Table E7
Differential regulation by Fluticasone and PKA inhibition of E+I-regulated genes
encoding proteins involved in regulation of cell growth ††
Name
ADCY9
C13ORF15
CCNA1
CCND3
CCNG1
CDC25B
CDKN1B
CDKN1C
CDKN2C
CREB1
CYR61
DUSP1
DUSP5
DUSP6
DUSP10
EGFR
ELK1
ELK3
FYN
GRB2
ID2
JUNB
JUN
KRAS
MAP2K1
MAP2K1IP1
MAP2K3
MAP3K5
MAP3K6
MAP3K7
MAP3K8
MAPK14
MYC
PDE4B
PDE4D
PIK3C2A
PIK3CD
PIK3R1
PLA2G4A
PRKACB
PRKAR2B
PTEN
PTGES
PTGS2
RASA1
RBL2
RGS2
RGS4
RGS5
SKP2
SPRY1
SPRY2
SPRY4
STAT1

Description
adenylate cyclase 9
chromosome 13 open reading frame 15
cyclin A1
cyclin D3
cyclin G1
cell division cycle 25 homolog B (S. pombe)
cyclin-dependent kinase inhibitor 1B (p27, Kip1)
cyclin-dependent kinase inhibitor 1C (p57, Kip2)
cyclin-dependent kinase inhibitor 2C (p18)
cAMP responsive element binding protein 1
cysteine-rich angiogenic inducer, 61
dual specificity phosphatase 1
dual specificity phosphatase 5
dual specificity phosphatase 6
dual specificity phosphatase 10
epidermal growth factor receptor
ELK1, member of ETS oncogene family
ELK3, ETS-domain protein (SRF accessory protein 2)
FYN oncogene related to SRC, FGR, YES
growth factor receptor-bound protein 2
inhibitor of DNA binding, 2
jun B protooncogene
jun oncogene
v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
mitogen-activated protein kinase kinase 1
mitogen-activated protein kinase kinase 1 interacting protein 1
mitogen-activated protein kinase kinase 3
mitogen-activated protein kinase kinase kinase 5 (ASK1)
mitogen-activated protein kinase kinase kinase 6 (ASK2)
mitogen-activated protein kinase kinase kinase 7 (TAK1)
mitogen-activated protein kinase kinase kinase 8
mitogen-activated protein kinase 14 (p38)
v-myc myelocytomatosis viral oncogene homolog (avian)
phosphodiesterase 4B, cAMP-specific
phosphodiesterase 4D, cAMP-specific
phosphoinositide-3-kinase, class 2, alpha polypeptide
phosphoinositide-3-kinase, catalytic, delta polypeptide
phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha)
phospholipase A2, group IVA (cytosolic, calcium-dependent)
protein kinase, cAMP-dependent, catalytic, beta
protein kinase, cAMP-dependent, regulatory, type II, beta
phosphatase and tensin homolog
prostaglandin E synthase
cyclooxygenase 2
RAS p21 protein activator (GTPase activating protein) 1
retinoblastoma-like 2 (p130)
regulator of G-protein signaling 2, 24kDa
regulator of G-protein signaling 4
regulator of G-protein signaling 5
S-phase kinase associated protein 2
sprouty homolog 1
sprouty homolog 2
sprouty homolog 4
signal transducer and activator of transcription 1, 91kDa

††

GFP EIGFP B
-2.45

Fold Change
PKI EIGFP FluEIGFP EI
GFP EI
2.25

-3.95
-3.50
-2.75
-12.46
-4.35
-2.40

-2.39

7.00
8.37
23.70
31.01
3.64
3.03
2.64
4.59
2.34
5.86
2.55
2.73
-2.17
4.09
-2.15
4.23
4.89

14.92
3.74
2.08

4.56

-3.54
-3.37
-2.57
2.15
-2.05
-4.60

-8.12

2.49

2.28
2.24
2.07

3.82
2.90
3.91
5.71
-2.04
6.66
-9.90
6.28
-4.46
-2.04
-2.37
16.93
198.80
-2.25
-2.27
-3.05
2.31
-3.75
-2.82
9.50
14.44

-2.23
-2.78

-2.04
2.29
-4.02
-4.80
2.18
6.38
-6.16

-4.73
-32.42
2.04

13.93
4.34

-6.12
-2.58
2.07
4.69

3.05

2.19
-3.15

GFP EI-GFP B: EGF+IL-1β-regulated genes as compared to unstimulated (B) condition in GFP-expressing cells. PKI EI-GFP EI:
comparison of EGF+IL-1β stimulation on gene expression in PKI-GFP- vs. GFP- expressing cells. GFP FluEI-GFP EI: Flu sensitive
genes defined by comparing gene expression in GFP-expressing cells pretreated with Flu and stimulated with EGF+IL-1β versus cells
pre-treated with vehicle and stimulated with EGF+IL-1β.
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Supplemental Table E8 is provided on the enclosed CD.
Table E8
Differentially regulated genes by Fluticasone and PKA inhibition (complete listing)
(A) genes regulated by Flu but not by PKA inhibition
(B) genes regulated by PKA inhibition but not by Flu
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Table E9 (A)
Overrepresented biological processes associated with E+I-dependent genes regulated by
Flu, but not PKI (DAVID analysis using Biological Processes Level 5 GO) ‡‡
Term
response to virus
inflammatory response
chemotaxis
apoptosis
regulation of progression through cell cycle
cell migration
positive regulation of cell proliferation
angiogenesis
blood vessel morphogenesis
regulation of apoptosis
regulation of programmed cell death
regulation of cell motility
regulation of cell migration
protein kinase cascade
enzyme linked receptor protein signaling pathway
nucleocytoplasmic transport
response to nutrient
blood coagulation
nuclear transport
cellular lipid metabolism
negative regulation of progression through cell cycle
cation homeostasis
fatty acid metabolism
negative regulation of programmed cell death
fatty acid biosynthesis
carbohydrate transport
protein import
negative regulation of cell proliferation
cell growth
regulation of cell size
lipid biosynthesis
organic acid biosynthesis
Wnt receptor signaling pathway
monosaccharide transport
actin polymerization and/or depolymerization
negative regulation of immune response
sulfur compound biosynthesis
regulation of inflammatory response
negative regulation of cell motility
immune cell activation
integrin-mediated signaling pathway
regulation of actin polymerization and/or depolymerization
lymphocyte differentiation
negative regulation of cellular metabolism
positive regulation of programmed cell death
regulation of immune response
second-messenger-mediated signaling
regulation of lipid metabolism
fever
regulation of retroviral genome replication
nucleic acid transport
RNA transport
myeloid cell differentiation
small GTPase mediated signal transduction
‡‡

%
2.81%
4.39%
3.33%
7.19%
6.32%
2.46%
2.81%
1.93%
1.93%
4.74%
4.74%
1.23%
1.23%
3.68%
2.81%
2.11%
0.88%
1.75%
1.93%
5.09%
2.28%
1.93%
2.28%
2.11%
1.23%
1.05%
1.40%
2.11%
2.11%
2.11%
2.63%
1.23%
1.58%
0.70%
1.05%
0.70%
0.88%
0.53%
0.53%
1.58%
1.23%
0.88%
0.88%
2.28%
1.93%
1.23%
2.11%
0.53%
0.35%
0.35%
0.88%
0.88%
0.70%
2.63%

p value
3.85E-08
1.05E-07
1.13E-07
2.45E-06
3.87E-06
2.89E-05
3.53E-05
6.80E-05
9.83E-05
9.84E-05
1.08E-04
3.35E-04
3.35E-04
9.47E-04
1.14E-03
1.39E-03
1.43E-03
2.84E-03
2.91E-03
3.05E-03
5.42E-03
7.20E-03
7.23E-03
7.31E-03
7.60E-03
7.97E-03
9.72E-03
1.18E-02
1.34E-02
1.34E-02
1.44E-02
1.57E-02
1.72E-02
1.90E-02
2.03E-02
2.20E-02
2.54E-02
2.56E-02
2.56E-02
2.71E-02
3.02E-02
3.05E-02
3.32E-02
3.60E-02
4.28E-02
4.90E-02
5.15E-02
5.54E-02
6.35E-02
6.35E-02
6.43E-02
6.43E-02
7.13E-02
7.26E-02

DAVID terms are defined as: % indicates percentage of total genes classified for the category/term that are represented within the
differentially regulated genes listed; p-value indicates modified Fisher Exact p-value and smaller value reflects more enriched
term/category.
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Table E9 (A), cont.
Term
immune cell migration
immune cell chemotaxis
regulation of protein kinase activity
steroid metabolism
cellular carbohydrate metabolism
lymphocyte activation
lipid transport
negative regulation of lymphocyte differentiation
cellular response to starvation
cellular response to nutrient levels
positive regulation of signal transduction
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%
0.53%
0.53%
1.58%
1.75%
3.16%
1.23%
1.05%
0.35%
0.35%
0.35%
1.23%

p value
7.32E-02
7.32E-02
7.33E-02
7.46E-02
7.47E-02
8.00E-02
8.65E-02
9.37E-02
9.37E-02
9.37E-02
9.70E-02

Table E9 (B)
Overrepresented pathways associated with E+I-dependent genes regulated by Flu, but not
PKI (DAVID analysis using KEGG Pathways) §§
Term
HSA04060:CYTOKINE-CYTOKINE RECEPTOR
INTERACTION
HSA04810:REGULATION OF ACTIN CYTOSKELETON
HSA04510:FOCAL ADHESION
HSA05120:EPITHELIAL CELL SIGNALING IN
HELICOBACTER PYLORI INFECTION
HSA04512:ECM-RECEPTOR INTERACTION
HSA04630:JAK-STAT SIGNALING PATHWAY
HSA04520:ADHERENS JUNCTION
HSA04620:TOLL-LIKE RECEPTOR SIGNALING
PATHWAY
HSA04010:MAPK SIGNALING PATHWAY
HSA04670:LEUKOCYTE TRANSENDOTHELIAL
MIGRATION
HSA00590:ARACHIDONIC ACID METABOLISM
HSA00521:STREPTOMYCIN BIOSYNTHESIS
HSA04310:WNT SIGNALING PATHWAY

§§

Count

%

p value

26
23
23

4.56%
4.04%
4.04%

1.42E-04
1.53E-04
2.15E-04

9
11
15
9

1.58%
1.93%
2.63%
1.58%

8.35E-04
7.46E-03
8.35E-03
2.55E-02

10
20

1.75%
3.51%

2.67E-02
3.91E-02

11
7
3
12

1.93%
1.23%
0.53%
2.11%

4.30E-02
4.67E-02
7.08E-02
7.37E-02

DAVID terms are defined as: count indicates number of genes involved in the category/term; % indicates percentage of total genes
classified for the category/term that are represented within the differentially regulated genes listed; p-value indicates modified Fisher
Exact p-value and smaller value reflects more enriched term/category.
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Table E10
Overrepresented biological processes associated with E+I-dependent genes regulated by
PKI, but not Flu *** . DAVID analysis using A) Biological Processes Level 5 GO and B)
KEGG Pathways
A.
Term
negative regulation of signal transduction
regulation of cell size
cell growth
regulation of G-protein coupled receptor protein
signaling pathway
negative regulation of cell size
negative regulation of cell growth
regulation of cell shape
response to unfolded protein
regulation of apoptosis
regulation of programmed cell death
endocytosis
apoptosis
amino sugar metabolism
protein complex assembly
complement activation
establishment of cellular localization
enzyme linked receptor protein signaling pathway
vesicle-mediated transport
regulation of protein kinase activity
protein transport
positive regulation of cell proliferation

Count
6
8
8

%
2.73%
3.64%
3.64%

p value
9.43E-04
3.25E-03
3.25E-03

4
4
4
4
5
10
10
6
13
3
8
3
13
6
9
5
12
5

1.82%
1.82%
1.82%
1.82%
2.27%
4.55%
4.55%
2.73%
5.91%
1.36%
3.64%
1.36%
5.91%
2.73%
4.09%
2.27%
5.45%
2.27%

4.69E-03
5.71E-03
5.71E-03
8.12E-03
1.05E-02
3.17E-02
3.27E-02
3.69E-02
4.42E-02
5.48E-02
6.25E-02
7.49E-02
7.66E-02
8.07E-02
8.30E-02
8.53E-02
8.66E-02
8.71E-02

Term
HSA04512:ECM-RECEPTOR INTERACTION
HSA01430:CELL COMMUNICATION
HSA04510:FOCAL ADHESION
HSA04360:AXON GUIDANCE
HSA05040:HUNTINGTON'S DISEASE
HSA04610:COMPLEMENT AND COAGULATION
CASCADES

Count
7
7
9
6
3

%
3.18%
3.18%
4.09%
2.73%
1.36%

p value
2.74E-03
1.21E-02
1.77E-02
6.58E-02
6.89E-02

4

1.82%

9.03E-02

B.

***

DAVID terms are defined as: count indicates number of genes involved in the category/term; % indicates percentage of total genes
classified for the category/term that are represented within the differentially regulated genes listed; p-value indicates modified Fisher
Exact p-value and smaller value reflects more enriched term/category.
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Table E11
Regulation of genes encoding proteins involved in GPCR signaling by E+I and
modulation by Flu or PKI. †††
Name
Receptors:
ADORA1
ADORA2A
ADORA2B
ADRA2A
BDKRB1
BDKRB2
CXCR7
EDNRA
EDNRB
F2RL1
HRH1
PLAUR
PTGER4
Ligands:
CCL11
CCL2
CCL20
CCL5
CCL7
CXCL1
CXCL10
CXCL12
CXCL2
CXCL3
CXCL5
MMP1
MMP3
MT1E
MT1X
MT2A
PLAU
SERPINB2
SERPINE1
Effectors:
ADCY9
CREB1
GRB2
KRAS
MAP2K1
MAP2K1
MAP2K3
MAP2K5
MAP3K11
MAP3K5
MAP3K8
PIK3C2A
PIK3CD
PIK3R1
PLCB4
RASA1

GFP
EIGFP B

Description

adenosine A1 receptor
adenosine A2a receptor
adenosine A2b receptor
adrenergic, alpha-2A-, receptor
bradykinin receptor B1
bradykinin receptor B2
chemokine (C-X-C motif) receptor 7
endothelin receptor type A
endothelin receptor type B
coagulation factor II (thrombin) receptor-like 1 (PAR2)
histamine receptor H1
plasminogen activator, urokinase receptor
prostaglandin E receptor 4 (subtype EP4)
chemokine (C-C motif) ligand 11
chemokine (C-C motif) ligand 2
chemokine (C-C motif) ligand 20
chemokine (C-C motif) ligand 5
chemokine (C-C motif) ligand 7
chemokine (C-X-C motif) ligand 1
chemokine (C-X-C motif) ligand 10
chemokine (C-X-C motif) ligand 12
chemokine (C-X-C motif) ligand 2
chemokine (C-X-C motif) ligand 3
chemokine (C-X-C motif) ligand 5
matrix metallopeptidase 1 (interstitial collagenase)
matrix metallopeptidase 3 (stromelysin 1, progelatinase)
metallothionein 1E
metallothionein 1X
metallothionein 2A
plasminogen activator, urokinase
serpin peptidase inhibitor, clade B (ovalbumin), member 2
serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor
type 1), member 1
adenylate cyclase 9
cAMP responsive element binding protein 1
growth factor receptor-bound protein 2
v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
mitogen-activated protein kinase kinase 1
mitogen-activated protein kinase kinase 1 (MEK1)
mitogen-activated protein kinase kinase 3
mitogen-activated protein kinase kinase 5
mitogen-activated protein kinase kinase kinase 11
mitogen-activated protein kinase kinase kinase 5 (ASK1)
mitogen-activated protein kinase kinase kinase 8
phosphoinositide-3-kinase, class 2, alpha polypeptide
phosphoinositide-3-kinase, catalytic, delta polypeptide
phosphoinositide-3-kinase, regulatory subunit 1 (p85 alpha)
phospholipase C, beta 4
RAS p21 protein activator (GTPase activating protein) 1

†††

-2.65
8.78
4.82
-3.41
20.07
3.97
3.99
3.30
2.25
3.17
-2.08
8.74
2.09
8.59
14.43
342.52
2.32
193.56
799.76
93.05
-8.10
1282.97
1199.68
32.56
31.21
88.43
6.46
11.01
4.54
6.45
111.85

Fold Change
GFP
PKI
FluEIEIGFP EI
GFP EI

-4.83

-3.93
-3.06
-22.33
2.69
-2.49
-3.86

-6.89

-2.43
2.07
-2.00
-11.87

-3.10

-3.01
-3.67
-2.12
-3.26
-28.50
-7.13

2.27

3.67
-7.03
-4.53

10.32
-2.45
-2.40
2.34
-2.17
4.09
4.09
4.23
-3.18
2.09
4.89
3.82
-2.04
6.66
-9.90
-2.13
-2.25

2.49

2.28
2.18
6.38
2.04

GFP EI-GFP B: EGF+IL-1β-regulated genes as compared to unstimulated (B) condition in GFP-expressing cells. PKI EI-GFP EI:
comparison of EGF+IL-1β stimulation on gene expression in PKI-GFP- vs. GFP- expressing cells. GFP FluEI-GFP EI: Flu sensitive
genes defined by comparing gene expression in GFP-expressing cells pretreated with Flu and stimulated with EGF+IL-1β vs. cells
pre-treated with vehicle and stimulated with EGF+IL-1β.
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Table E11, cont.
Name
DUSP1
DUSP5
DUSP6
GNAQ
Feedback:
PDE4D
PRKACB
PRKAR2B
RGS2
RGS4
RGS5

Description
dual specificity phosphatase 1
dual specificity phosphatase 5
dual specificity phosphatase 6
guanine nucleotide binding protein (G protein), q polypeptide
phosphodiesterase 4D, cAMP-specific
protein kinase, cAMP-dependent, catalytic, beta
protein kinase, cAMP-dependent, regulatory, type II, beta
regulator of G-protein signaling 2, 24kDa
regulator of G-protein signaling 4
regulator of G-protein signaling 5
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GFP
EIGFP B
8.37
25.70
31.01
-3.02
5.71
-4.46
-2.04
-3.05
1.74
2.31

Fold Change
GFP
PKI
FluEIEIGFP EI
GFP EI
1.51
-3.54
2.42

1.04

-4.80

-2.78

12.38
3.89

-6.12
-2.58
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