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1. FILM OPENS ON EXT. JOHN BUHLER RESEARCH CENTRE
Weather-beaten sign above the door reads, "Researchers Enter Here".
Ambulances scuttle by. lt is WINTER, snow is piled on the curbs, the wind is
howling.

2. INSIDE 537 JBRC are incubators and a bench-full of smooth muscle mechanics
measuring devices. Echoing SOUNDS of student and technicians talking;
determination and diligence fill the air.

CUT TO:

3. INT. OFFICE OF DR. STEPHENS

Lettering on the door reads:

Dr. Newman L. Stephens
Eminent Scientist and Mentor

SOUND of laboratory busy at work: shuffling, pipetting, arguing

CUT TO:

4. INT. OFFICE OF DR. STEPHENS

The office is in cluttered disarray. Sheets with headings "Project ldeas" and so
forth are stuck to the computer; it is February. Desk is cluttered with forms,
reports and an old Pentium llcomputer. Distinguished gentleman looks upfrom
the desk.

We CUT lN to ongoing conversation between the DISTINGUISHED
GENTLEMAN and a young man standing in front of his desk.

The young man is JUSTIN GAWAZIUK. He wears jeans, boots and Army jacket.
He takes a drag off his unfiltered cigarette.

The DISTINGUISHED GENTLEMAN is beat and exhausted: he arrives at work
exhausted. Justin quietly waits. His intense steely gaze is enough to jar even the
DISTINGUISHED GENTLEMAN out of his workday boredom.

DTSTtNGUISHED GENTLEMAN (O.S)
No trouble with the Department?

JUST|N (O.S.)
No sir.

DTSTTNGUtSHED GENTLEMAN (O.S.)
Got a Bachelor's degree?



JUSTTN (O.S.)
Yes.

DTSTTNGUTSHED GENTLEMAN (O.S.)
So why do you want to be a researcher?

JUSTIN
I can't sleep at nights

DISTINGUISHED GENTLEMAN
There is burlesque for that very purpose,

JUSTIN
I know. I tried that

The DISTINGUISHED GENTLEMAN, though officious, is mildly probing and
curious. JUSTIN is a cipher, cold and distant. He speaks as if his mind doesn't
know what his mouth is saying.

DISTINGUISHED GENTLEMAN
What, perchance do you do now?

JUSTIN
I walk around nights mostly. See things.
Figur'd I might as well do an MSc. instead

DISTI NGUISHED GENTLEMAN
We need not any ne'er-do-wells around here, young man.

A thin smile cracks almost indiscernible across JUSTIN'S lips.

JUSTIN
You kiddin'? Who else would want to do an MSc.?

DISTINGUISHED GENTLEMAN

You want to do an MSc.?

JUSTIN
I'll work anywhere, anytime.
I know I can't be choosy.

DISTINGUISHED GENTLEMAN
(thinks a moment)

How's your disciplinary record?

JUSTIN
Clean. Real clean.

(pause, thin smile)
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As clean as my conscience.

DISTINGUISHED GENTLEMAN
Listen, dear boy, if you wish to speak smartly,
you may depart at this very moment.

JUSTIN
(apologetic)

Sorry, sir. I don't mean to do that.

DISTINGUISHED GENTLEMAN
Physical? Criminal?

JUSTIN
Also clean.

DISTINGUISHED GENTLEMAN
Age?

JUSTIN
Twenty-five.

DISTINGUISHED GENTLEMAN
Education?

JUSTIN
Some. Here and there.

DISTINGUISHED GENTLEMAN
Do you have any muscle mechanics experience?

JUSTIN
No, I prefer cell biology.

DISTINGUISHED GENTLEMAN
(casually, almost to himself)

We hire a lot of muscle mechanics experts here.

JUSTIN
So I hear. What is muscle mechanics?

DISTINGUISHED GENTLEMAN
(looks up at Justin)

Heavens, we really have no set preference. There is likely
an opening in our laboratory. Go see Judy and fill out
out the requisite papenvork. Have you a telephone?

JUSTIN
No.

DISTINGUISHED GENTLEMAN
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Well, dear boy, do visit me tomorrow.

JUSTIN
Yes sir.

CUT TO:

5. EXT. BANNATYNE AVENUE

Later, we see JUSTIN walking down a rain slicked sidewalk. The action is
periodically accompanied by JUSTIN'S narration. He is reading from a
haphazard personal diary.

JUSTTN (V.O.)
(monotone)

February 19,2002. Thank God for the rain which has helped wash the
garbage and trash off the sidewalks. Someday a real rain will come and
wash all the scum off the streets.

54. JUSTIN'S P.O.V. of sleazy Bannatyne Avenue, replete with bums, hookers,
junkies.

JUSTTN (V.O.) (CONT'D)

I'm still running gels all the time. Long shifts, six to six, seven
days a week.

58. A HOMELESS MAN hails JUSTIN to come over and give him a hand out.

JUSTTN (V.O.) (CONT'D)

It's hustle, but it keeps me busy. I can make two seventy a week,
more if I don't have any deductions...

CAMERA FOLLOWS JUSTIN as he slowly disappears down Bannatyne Ave.

FADE OUT
THE END

[Thanks Fellahs for bringing me along]
Regards,
JG.
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ABSTRACT

Airway remodeling (AWR) is an important feature in pathogenesis of asthma.

AWR is characterized by fibrosis, increased airway smooth muscle (ASM) mass and

airway hyperresponsiveness. A key cytokine involved in these processes is transforming

growth factor-B1 (TGF- Fr), has also been implicated in activation and modulation of the

phenotype of mesenchymal cells such as myofibroblasts and airway smooth muscles

cells. ln addition, upregulated levels of TGF- B1 has been detected in bronchoalveolar

lavage and from bronchial biopsies taken from asthmatic subjects. Previous studies from

our lab have demonstrated that serum deprivation of confluent, cultured canine tracheal

smooth muscle cells caused 30% to lengthen, form bundles, become supercontractile

and express high levels of markers of differentiated smooth muscle phenotype, such as

smooth muscle type myosin light chain kinase (smMLCK) and smooth muscle type

myosin heavy chain (smMHC). On the basis of these observations, we tested the

hypothesis that TGF-B1 is a differentiating factor, partly responsible for conversion of

canine airway myocytes into a supercontractile phenotype.

lmmunoblotting of conditioned medium (CM) from canine airway myocytes indicated

that serum deprivation elicited expression of a -70 kDa band, which sequence analysis

and data bank homology searches identified as matrix metalloproteinase-2 (MMP-2).

lncreased duration of serum deprivation was associated with increased MMP-2 protein

accumulation and activity, as shown by Western blot and zymography, respectively.

Previous studies show that transforming growth factor-B1 (TGF-B1) can be activated by

MMP-2, which prompted evaluation of TGF-B1 in serum-deprived canine airway

myocytes. lmmunoblotted CM showed TGF-P1 protein levels were low at the onset of

serum-deprivation, but progressively increased with serum-deprivation of 6, 9 and 23



IX

days. ln addition, ELISA detected an increase of total TGF-81 in CM with prolonged

serum deprivation. To further characterize TGF-Fr as a differentiating factor, decorin (5

pg/ml), an extracellular matrix protein known to inhibit TGF-P1, was shown to block

serum-deprivation-induced increases in total TGF-81 in CM, as measured by ELISA. ln

canine airway myocytes in which TGF-F signaling was blocked by either decorin pre-

treatment or over-expression of adenoviral vector which coded for a type ll TGF-p

receptor having a truncated kinase domain (Adv-dn-TBRll). Our results showed that

these treatments partially blocked the serum-deprivation induced accumulation of SM-

specific markers, smMLCK and smMHC, Taken together, these data suggest that serum

deprivation activates MMP-2 and TGF-B1, which is a putative pathway involved in

conversion of airway myocytes into a supercontractile phenotype. lf similar processes

are involved in the humans airway, canine airway myocytes may provide a model to

study airuøay remodeling and the pathogenesis of asthma.



Chapter 1 - LITERATURE REVIEW AND BACKGROUND

1. Statement of the Problem

Elucidation of a mechanism responsible for the conversion of canine airway

myocytes into a supercontractile phenotype (62, 134) will aid in understanding what

occurs with serum-deprivation of canine airway myocytes and may provide a model to

study the role of airway smooth muscle in airway hyperresponsiveness and asthma.

Transforming growth factor-Q1 ffGF-Pì is a differentíatíng factor, partly

responsihle for conversion of canine airway myocytes into a supercontractile

phenotype.

1.2 lntroduction

Asthma is a chronic disease which has increased in prevalence over the last 20

years (141). ln the United States, the annual prevalence of asthma increased from 3.1o/o

in 1980 to 5.4% in 1994 (141).ln the United States, asthma mortality rose from nearly B

per 1 million population in 1977 to 20 per '1 million in 1 989 (193). One theory that might

explain the increase in asthma in affluent, Western, industrialized countries is the

"hygiene hypothesis" (200). Proponents of the hygiene hypothesis speculate an inverse

relationship between allergic diseases and childhood infections. lncreased prevalence of

asthma in developed nations may be due to social changes which include reduced family

size, improved hygiene, vaccinations, and antibiotic overuse. Another set of hypotheses

attributes increased asthma prevalence to early childhood events. Research also

suggests that increased allergen exposure or infection during early childhood could

predispose an individual to allergic sensitization and asthma. Support for this hypothesis

comes from studies showing a positive association between asthma development and

household exposure to cat dander, cockroach, dust mite, and Alternaria allergens (128,
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167,180). ln summary, asthma prevalence is increasing, but no unified theory for its

onset and development exists.

1,2.1 Pathophysiology of Asthma

The most significant advance in elucidation of the pathogenesis of chronic

asthma has been recognition that, in addition to increased contractility of the bronchial

smooth muscle, it is a chronic inflammatory disease associated with hypertrophy and

hyperplasia of the airway smooth muscle (ASM) (46,47,68, 84, 1'13). Recent research

associates subepithelial fibrosis, bronchial submucosal accumulation of fibroblasts and

myofibroblasts and upregulation of numerous pro-inflammatory cytokines including

transforming growth factor-B (TGF-P) and extracellular matrix (ECM) deposition with

severe asthma. Other airway alterations include epithelial denudation and damage,

edema, mucous gland hyperplasia and increased neurite growth (82, 1oB, 121,149,

217,218,227). Healing and repair following chronic airway inflammation can alter airway

geometry (51, 176,217). Chemokine, cytokine, and growth factor release by ASM

surrounding stromal cells, and infiltrating inflammatory cells promote inflammation and

ASM hypertrophy/hyperplasia (32, 50, 73, 147, 176, 219). ln addition proliferation of

fibroblasts and subsequent ECM deposition may also contribute to airway smooth

muscle wall thickening (176). Components of the ECM can form a reservoir for cytokines

and growth factors; however upregulation of tissue inhibitors of metalloproteinase (TIMP)

can inhibit ECM degradation, and further aggravate this effect. lncreased airway smooth

muscle thickness can increase bronchial hyper-responsiveness and airway smooth

muscle narrowing, with a subsequent increased resistance to airflow (90) from medial

thickening. Recent research has shown increased contractility in human bronchial SMC

from asthmatic subjects (133), suggesting a role of smooth muscle in asthma.



1.2.2 Epithelial-Mesenchymal Troph ic Unit (EMTU)

A recapitulation of an embryonic developmental pathway (222) has been

observed in asthma. Reactivation of communication between mesenchymal cells and

bronchial epithelium has been observed in the pathogenesis of asthma, and has been

termed the "epithelial-mesenchymal trophic unit" (EMTU). This is an emerging theory

that may explain airway remodeling in asthma (79), inasmuch as this remodeling is a

result of either impaired wound healing and/or increased susceptibility to injury.

Holgate has asserted that rapid increases in asthma prevalence over the last

generation are due to environmental factors impinging upon a susceptible genotype,

which lends itself to creation of new cases or exacerbation of a pre-existing condition

(78). This theory involves increased bronchial susceptibility, upregulated T¡12-mediated

inflammation, myofibroblast and smooth muscle phenotypic plasticity and mesenchymal

alterations.

Bronchial epithelium functions as a barrier and may serve as a region of

environmental and physiological interactions. Previous research has shown increased

epithelial shedding and denudation in asthma (153, 154) which may be due, in part, to

increased levels of apoptosis (13). Although epidermal growth factor receptor (EGFR)-

mediated increases in proliferation are not observed in asthma (171), as in other

destructive airway diseases (41), increased expression of p21*ut, a negative regulator of

the cell cycle may be important (172). Maintenance of epithelium through this pathway

may be deleterious as upregulation of inflammatory events may further damage an

already fragile epithelium. lncreased lL-8, which is associated with leukocyte recruitment

(116), has been correlated to EGFR expression in severe asthma (69), and mayserveto

promote neutrophil accumulation in the epithelium.

T¡2-subtype immune functions, involving cytokines lL-4 and lL-13 may be

initiated through the bronchial epithelium (178). These cytokines have several functions,
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including upregulation of transforming growth factor-alpha (TGF-o), a ligand for EGFR

which plays a role in upregulation of mucin gene expression (110), and upregulating

eotaxin release from fibroblasts in asthmatic patients (178), which likely leads to

eosinophil accumulation in the lamina reticularis. The combination of both TH2 cytokines

and epithelial damage can lead to dysfunction of the EMTU and can promote

myofibroblast activation, prototypic inflammatory responses, and remodeling responses

associated with asthma (80).

Transforming growth factor-B OGF-p) has been shown to be the principle

cytokine involved in alterations of the ETMU. lncreased levels of TGF-B, a pluripotent

cytokine that has been shown to play a role in myofibroblast (211) and smooth muscle

cell (SMC) differentiation (24), has also been shown to be liberated from damaged

epithelium (182). lt is feasible that TGF-B secreted from damaged epithelium may

spread to submucosal and mesenchymal cells, and effect change, akin to processes

observed early in development. ln the ETMU, it is the principle cytokine, and will receive

further attention in forthcoming Sections 1.5-1.7.

Finally, functional aberration of mesenchymal cells in asthmatics has also been

shown to contribute to alterations in the ETMU. Fibroblasts from asthmatics have been

shown to proliferate in vitro without exogenous growth factors (22) and smooth muscle

cells (SMC) from asthmatics have been shown to proliferate at twice the rate of cells

from normal subjects (93). This research supports the observations of increased

numbers of myofibroblasts in the lamina reticularis and increased smooth muscle mass

in remodeled asthmatic airways. lt is possible that increased proliferation is due to the

possibility that these cells originally shared a common lineage or that signals derived

from the dysfunctional airway are responsible for the functional convergence observed in

these cell types.
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1.3 Phenotypic Expression by Gultured Canine Airway Myocytes

Mature smooth muscle cells (SMC) are distinguished among myogenic lineages,

as they preserve their capacities for contraction, proliferation, migration, growth factor

and cytokine secretion and synthesis of extracellular matrix (ECM)components (65). The

first studies to illustrate phenotypic plasticity in contractile SMC used primary cultured

myocytes from elastic arteries (21). lnitially, myocytes exhibited an "immature"

phenotype, characterized by many mitochondria and organelles for protein and lipid

synthesis, high rate of proliferation, loss of pharmacological responsiveness to

contractile agonists, such as acetylcholine, and absence of a fully developed contractile

apparatus (21, 150). Loss of the contractile and re-acquisition of a synthetic phenotype,

defined as modulation (21), is a typical feature of immature SMCs derived from many

vascular and visceral organs (120, 1BB, 189, 195). ln culture, primary cultured SMCs

undergo maturation, and revert back to a contractile state, which occurs as cells grow to

confluence with or without the stimulus of serum and other mitogens (62, 63).

Phenotypic maturation of cultured SMCs is defined by increased expression of proteins

associated with myofilament and contractile apparatus, restoration of pharmacological

responsiveness to cholinergic agents, and decreased abundance of synthetic organelles

(21,63,64,74,150)

Pioneering studies of airway smooth muscle have shown that freshly isolated

airway myocytes are associated with high levels of smooth muscle (SM)-type contractile

proteins, such as SM{ype myosin heavy chain (smMHC), SM{ype myosin light chain

kinase (smMLCK), SM-q-actin, h-caldesmon, and calponin (64), but cultured proliferating

tracheal contain much less of these same contractile proteins (64, 165). Proliferating,

subconfluent airway myocytes express higher levels of non-sarcomeric isomeric

isoforms of nonmuscle MHC and /-caldesmon (64), than freshly dispersed airway

myocytes.
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Another study demonstrated that serum deprivation of proliferating, subconfluent

canine airway myocytes caused 30To to lengthen, form bundles, become

supercontractile, multi-nucleated, express high levels of markers of SM phenotype, such

as smMLCK and smMHC (62, 134), increased numbers of muscarinic M3 receptors and

restoration of cholinergic function in this subset of ASMC (150). The remaining cells

were flat, circular, and expressed relatively little smooth muscle type contractile and

regulatory proteins. Although the supercontractile cells comprised 30% of the population,

the proportion of their mass and surface area was larger Lhan 40% of the total-

indicating a disproportionate contribution of these larger cells to that of the entire

population. lf a similar process occurs in vivo, this could provide a link between

increased abundance of contractile apparatus (133) and airway hyperresponsiveness in

asthma (12).

1.4 Transcriptional Regulation of Smooth Muscle-Specífic Genes

1.4.1 lntroduction

Smooth muscle (SM)o-actin, SM-type myosin heavy chain (smMHC) and SM22q

are useful markers of mature airuvay smooth muscle cells (SMC) (65) as expression of

these markers is higher in mature, contractile airway SMC than in immature, synthetic

SMC (64). Underlying the transcriptional regulation of these genes is the conserved DNA

recognition element, a CArG box, with the motif CC(tuT-rich)6GG (212). The CArG box

was first identified as the core sequence of the serum response element (SRE), with the

earlygene, c-fos(212). Although a single SRE/CArG element exists in c-fos, at leasttwo

CArG boxes are (CArG A and B) located in the 5' promoter region and first intron of the

aforementioned SMC-specific marker genes (98, 138, 157,196). Previous research has

shown the requirement of both CArG boxes for SMC marker expression in vivo (125,

135, 138). One binding factor for CArG boxes is the MADS (MCM1 , Agamous, Deficiens,

SRF)transcription factor, serum response factor (SRF) (161), SRF binds CArG boxes as
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a dimer, with dimerization and DNA binding occurring through the MADS domain (192).

What follows is a review of three crs-acting elements, TCE, MCAT and the E-box, in

addition to a myriad of regulatory elements and factors which aid in control of SRF-

CArG-mediated regulation of SM-specific gene transcription.

1.4.2 SRF Cofactors

The c-fos CArG box is adjacent to a binding site for ETS domain transcription

factors or ternary complex factors. These factors form a ternary complex with SRF and

the CArG box to activate c-fos gene transcription (192,213) which may play a role in

smooth muscle (SM)-specific gene expression. Research has shown that the

homeodomain protein Phoxl , and its mouse homologue, Mhox, enhance SRF binding to

c-fos CARG (61) and the promoter distal, CArG B (72), respectively. Other

homeodomain proteins Barx2b (75), Nkx3.1 (18) and high-mobility group protein SSRP'1

(198), were later shown to have a similar function to Mhox. lt has been shown that

Barx2b, Nkx3.1, and the zinc finger protein GATA6 act in concert to activate SM-specific

genes such as caldesmon and SM22, but not c-fos (160). This research has shown

SMC-specific genes regulation independent of growth responsive genes, solely in

vascular SMCs. Another SRF cofactor, myocardin, a novel SAP (SAF-A/B, Acinus,

PIAS) is cardiac and SM-specific (221). Similar to the mechanism of the triumvirate of

Barx2b, Nkx3.1, GATA6, myocardin provides specificity, as SRF may selectively effect

SM-specific or growth-specific promoters (23, 221).

1.4.3 TGF-B1-Gontrol Element (TCE)

The molecular mechanisms by which TGF-P1 induces expression of smooth

muscle-specific genes are not fully understood. However, evidence exists for the

importance of the novelTGF-Bcontrol element (TCE), found in the promoter of a number

of genes, and may act independently (eg. SM-22o) (3) or jointly with CArG elements (eg.
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ACTA2 encoding sm-q-actin) in a celltype specific manner (71, 183). The TCE is

located in several SM-specific promoters (71)and if mutated, inactivates in vivo SM22

expression in transgenic mice (3). Transcription factors involved in regulating the TCE

include the serum response element (SRE) (71)and both positive- and negative-acting

Kruppel-like transcription factors (3, 71, 107) that interact with TCE at the SM22

promoter and control SMC differentiation through the TCE (3).

1.4.4 MCAT Elements

Within the smooth muscle (SM)-o-actin promoter, are 2 MCAT elements (MCAT-

1 and -2). MCAT elements bind transcription enhancer factor-1 (TEF-1) family

transcription factors and may play a role in SM-specific gene transcription (95, 142).

Research has shown that the MCAT-1 region may be recognized by single-stranded

DNA-binding proteins, Puro, PurB and MSYI (103, 104), and thatthese binding proteins

may regulate MCAT-1. ln addition, other evidence suggests that SRF may be regulated

by its interaction with TEF-1, Puro, PurB and MSYl (17). However, these mechanisms

are poorly understood and deserve further scrutiny of MCAT function in vivo and with

other SM-specific genes.

1.4.5 E-Boxes/basic Helix-Loop-Helix lnteractions

E-boxes and are located in several smooth muscle (SM)-specific promoters, sltch

as smMHC (226), SM-q-actin (92), and SM22 (163), and bind to dimers of basic helix-

loop-helix (bHLH) proteins (143). lncreased gene expression of two family members of

the inhibitor of differentiation (lD) family of transcriptional regulators, lD1 and lD3, occurs

in TGF-Fr{reated human fetal lung fibroblasts (20). lD1 acts as a dominant-negative

antagonist of bHLH transcription factors involved in cell differentiation and commitment.

One function of lD'1 is inhibition of skeletal myogenesis by associating with bHLH class A

E proteins (812, 847, E2-2, and HEB), and preventing their formation of active hetero-
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oligomeric complexes with myogenic regulatory factors, such as myoD and myogenin (6,

201).

Although not previously implicated in smooth muscle (SM)-specific gene

regulation (105), one study (20) showed that TGF-p1-mediated upregulation of lD1 and

lD3 gene expression was closely followed by upregulation of gene expression of

markers of differentiated smooth muscle cells, such as smooth muscle myosin heavy

chain (smMHC), basic calponin and smoothelin. ln addition, SM markers, such as SM-q-

actin, SM-y-actin, SM22o and smMHC contain E box motifs within transcriptionally

active regions (20, 98, 112, 163). ln vifro evidence of a bHLH protein, upstream

stimulatory factor (USF), is involved in SM-q-actin gene expression (92), adding

evidence to the role of E-box/bHLH in SM-specific gene transcription. ln addition, E-

boxes are also important in smMHC gene expression rn vivo (139). Overall, it is possible

that lD1 may regulate TGF-B1-mediated smooth muscle cell differentiation through

regulation of bHLH transcriptional activators (20).

1.4.6 Conclusions

Regulation of SM-specific gene transcription is multi-faceted, but interactions with

SRF/CArG appear very important. Characterization of the 5' promoters of SM-specific

genes such as SM-q-actin, smMHC and SM22q, and their common regulatory elements

(2 CArG boxes and a TCE), suggest conserved regulatory mechanisms for SM-specific

genes. Recent data on cls-acting elements, TCE, MCAT and E-boxes, have contributed

to knowledge of the regulatory nexus imposed upon SM-specific gene expression. ln the

future, better understanding of these and other factors that interact with SM-specific

genes may provide potential therapeutic targets for asthma.
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1.5 Roles of TGF-B1 in Airway and in Asthma

1.5.1 TGF-B and Lung Fibroblasts

Lung fibroblasts stimulated with TGF-B increase production of extracellular matrix

(ECM) components such as fibronectin (85), collagen (35, 173), elastin (146) and

glycosaminoglycans (44). TGF-B also increases connective tissue growth factor (CTGF)

expression (115, 179) in fibroblasts, which in results in increased protein levels of

collagen I and fibronectin (55). ln addition, TGF-F may also preserve extracellular matrix

through lung fibroblasts by down-regulating MMP-1 (matrix metalloproteinase-1)

expression and up-regulating TIMP-1 (tissue inhibitor of metalloproteinase-1) expression

(a9). High concentrations of TGF-B inhibit lung fibroblast proliferation (241) by increasing

expression of prostaglandin E2 (PGE2) (241) and cyclo-oxygenase-2 (COX-2) (99),

and lower levels of TGF-B were found encourage proliferation (241). TGF-P stimulates

lung fibroblasts to produce reactive oxygen species (209, 210) and also dose-

dependently promotes in vitro lung fibroblast apoptosis induced by HzOz, likely by

increasing intracellular peroxides (234). ln addition, co-administration of fibroblasts with

TGF-P1 and lL-13, significantly increased eotaxin-1 production (225).

1.5.2 TGF-p and Epithelial Cells

TGF-P stimulates epithelial cells to produce the pro-inflammatory mediator, lL-1

(116) and lL-B (54), a cytokine involved in inflammatory cell recruitment. Treatment of

epithelial cells with TGF-P stimulates granulocyte/macrophage colony-stimulating factor

(GM-CSF) and RANTES secretion, both of which are involved in immune cell

chemotaxis (89). TGF-P also stimulates epithelial cells expression of ICAM-1 (216), an

adhesion molecule that likely plays a role in eosinophil activation (27) may have a role in

asthma (224). RANTES has also been shown to induce eosinophil adherence to ICAM-1

(185). ln addition, TGF-P has been shown as a differentiating factor for epithelial cells

(144). TGF-P may also regulate cell proliferation by repairing damaged epithelium by
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upregulating p21*^r mRNA and protein (172) or by inducing p3B MAPK-dependent

apoptosis in epithelial cells.

Compared to normal controls, bronchial biopsies from severe and moderate

asthmatics have yielded high levels of TGF-81 mRNA and protein (162, 218). Other

research has indicated that upregulation of markers for increased TGF-B signaling has

been observed in asthmatic subjects. Expression of phosphorylated Smad2, a protein

whose phosphorylation is required for TGF-B signaling (1), in bronchial biopsy

specimens from asthmatic subjects was higher than those in specimens from normal

subjects, and this expression was correlated with basement membrane thickness in

asthma (184). ln another study, subjects exhibited less Smad7, a negative regulator

TGF-P signaling (158), immunoreactivity in bronchial epithelial cells than normal

subjects. Decreased SmadT expression was also inversely correlated with basement

membrane thickness and ainruay hyperresponsiveness in asthmatic subjects (159).

Basement membrane has been shown to be correlated with airway dysfunction in

asthma (9, 96), and this dysfunction may in part be due to increased TGF-P signaling.

1.5.3 TGF-B and Airway Smooth Muscle

Ain¡øay smooth muscle cells (SMC) release TGF-81 (5, 37), and upon addition of

TGF-8, stimulate produce collagen (37), glycosaminoglycans (8), lL-8, PGE2 and COX-2

(5a). ln addition, TGF-P may also promote (B) or inhibit (175) SMC proliferation. TGF-P

also has a role in role in inhibiting epidermal growth factor (EGF)- and thrombin-induced

proliferation (32), but it may also enhanced EGF-induced phosphatidylinositol-3-kinase

activity (114), suggesting a multifaceted role of TGF-B in SM cell regulation. Treatment

of ASMC with TGF-B1, stimulated proliferation and also increased expression of insulin-

like growth factor binding protein-3 (IGFBP-3) mRNA and protein (33). This study also

showed the requirement of IGFBP-3 expression in TGF-B1-mediated proliferation in

ASMC.
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Smooth muscle cells from asthmatic subjects has been shown to grow at a rate

twice that of SMC from normal subjects (93). lncreased contractility has also been

shown in bronchial SMC from asthmatic patients, as one study showed that asthmatic

bronchial SMC had increased in smMLCK mRNA (133), a regulatory protein involved in

smooth muscle contraction [for a review, see (56)]. Another study has shown that SMC

from asthmatic subjects have enhanced responsiveness of TGF-B-induce connective

tissue growth factor (CTGF) expression (14), which may have implications for airu,øay

remodeling in asthma.

1.5.4 TGF-B and lmmunomodulation

TGF-P plays a varied immunomodulatory role in the airway. TGF-B is a

chemoattractant for several cell types in the airway such as eosinophils (130) neutrophils

(166), monocytes (187), fibroblasts (170), and mast cells (40). TGF-B may also promote

survival of T cells (19), neutrophils (119) and macrophages (28). Anti-inflammatory

effects of TGF-B are inhibition of T and B lymphocyte proliferation (101), reduction

eosinophil survival mediated by lL-3, lL-5 and GM-CSF (130) and it may and negatively

regulate the function of Natural Killer cells (181)and human lymphocytes (100). One

paper has shown over-expressed TGF-B1 mRNA in severe asthmatics and that the main

source of this mRNA was eosinophils (162). Another study showed that increased

neutrophil proliferation and the total number of TGF-B-positive neutrophils was higher in

the asthmatic subjects (29).

1.6 Matrix Metalloproteinases (MMPs) and Asthma

1.6.1 lntroduction

Cellular interactions with the extracellular matrix (ECM) are involved in cell

migration, repair, and morphogenesis [see review in (7)j. Via localized proteolysis of

ECM components and cell surface molecules, matrix metalloproteinases (MMPs) and
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their inhibitors are thought to contribute to the pathogenesis of asthma via their influence

on the function and migration of inflammatory cells as well as matrix deposition and

degradation. The majority of proMMPs are stored bound to different ECM components,

and from this pool may be rapidlyactivated and mobilized upon stimulation (31, 126).

1.6.2 MMP Activation and Regulation

MMP activity is strictly regulated by specific inhibitors (tissue inhibitor of

metalloproteinases [TlMPs]) indicating that a ratio of MMPs/TlMPs is critical in

remodeling and tissue repair. MMP-2 (gelatinase A or type lV collagenase), is produced

by many cell types, including airway myocytes (53) and bronchial epithelial cells (231),

can degrade several ECM components including laminin and fibronectin and likely plays

a role in ECM remodeling. ln humans, mRNAs of MMPs and TIMPS are expressed in

bronchial smooth muscle (174),

1.6.3 MMPs and TGF-Bl Activation

Two mechanisms for MMP-induced regulation of TGF-Fr activity have been

identified; first, decorin, an ECM proteoglycan, has been shown to bind and sequester

TGF-81 (232), in a MMP-2, -3, and -7-sensitive complex (86), and secondly, MMP-2 and

-9 are able to proteolytically activate latent TGF-B (235). These data indicate that MMPs

may play a role asthma pathogenesis through TGF-B activation.

1.6.4 Association of MMPs with Asthma

The most important MMP in asthmatics is likely MMP-9, however, MMP-2 (202),

MMP-3 (124), and MMP-9 (145) have been shown to be upregulated in asthmatics.

Patients with stable asthma have increased MMP-9 in bronchoalveolar lavage (BAL)

(145), sputum (215), and in cultured alveolar macrophages (2'15). Another study showed

that patients with moderate asthma had increased MMP-9 in epithelial cells and

submucosa (81). lncreased levels of MMP-9 have been found in sputum samples
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obtained during asthmatic attacks (123, 202,206), however, treatment of these patients

with corticosteroids was able to reverse the increase in MMP-9. A prospective study

showed that inhaled corticosteroids were able to reduce airway response to

methacholine, and reduce thickness of sub-epithelial collagen ll staining (83). ln

addition, the proportion of epithelial cells and submucosal area which stained positive for

MMP-g decreased compared to similar cells stained before treatment began. These data

suggest that increased MMP-9 levels during asthma exacerbations are due to ainvay

injury while the ability of steroids to decrease MMP-9 staining, suggests a possible

treatment for asthma.

Studies have also shown thaf 24 (223) and 48 (102) hours following segmental

airway challenge with antigen, atopic subjects have elevated levels of MMP-9 in BAL

fluid. ln addition, immunohistochemical staining and a strong correlation between BAL

fluid neutrophils and MMP-9 levels suggested that neutrophils may be a source of MMP-

9 in the airway (102). These data suggest that antigenic challenge may promote acute

lung injury and airway remodeling through elevation of MMP-9 levels in the airway.

Many studies have indicated upregulation of MMPs during acute exacerbations

(123,202,206)or segmental airway challenge (223).ln addition, a recent study, through

genetic linkage analysis, ADAM33 (214) has been associated with bronchial

hyperresponsiveness. lt is possible that MMPs contribute to asthma pathogenesis by

promoting ECM remodeling or by hastening endothelial denudation. One paper has

shown that MMPs can alter cell migration degrading the ECM into chemotactic peptides

and by releasing chemokines from ECM (199). Overall, it is possible that the

contribution MMPs to asthma is significant, and further study is warranted.
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1.7 Transforming Growth Factor-B (TGF-B)

Transforming growth factor beta proteins, (TGF-Br-s) are pleiotropic cytokines

that regulate extracellular matrix production, wound healing, immune functions, ASMC

and fibroblast proliferation and differentiation. They belong to the TGF-B superfamily,

which also includes activins, inhibins, and bone morphogenic proteins (BMPs) (15, 109).

TGF-81 is produced in the airway by many cell types, including smooth muscle (5, 37),

endothelial (34), and epithelial cells (136), fibroblasts (136), and also infiltrated

inflammatory cells such as eosinophils (162), mast cells (59,60)and lymphocytes (137).

The following subsections will describe TGF-B sequence, structure, activation,

and signaling pathway.

1.7.1 TGF-81 Sequence and Structure

The mouse TGF-81 cDNA encodes a 390 amino acid (aa) residue pre-pro-protein

with a 23 aa signal peptide and a 367 aa pro-protein that is proteolytically processed via

a furin-like pro-protein convertase to generate an N-terminal255 aa latency-associated

peptide (LAP) and the C-terminal 112 aa mature TGF-P1 (30, 43). Mature mouse TGF-81

shares 100% amino acid sequence homology to rat (GenBank Accession # AALB7199),

and 99% amino acid sequence homology to human, canine and porcine TGF-fu (42,

111,140). TGF-B is secreted as a latent dimeric complex consisting of mature TGF-B

and its pro-domain, LAP (TGF-P latency associated peptide) (122). Two polypeptide

chains of pro-TGF-B bind via disulfide bond to form a dimer (57), which during secretion,

is cleaved from TGF-B via a furin-like convertase (45), but remain associated with the

TGF-B dimer via non-covalent interactions.

1 .7 .2 T GF -81 Processi ng

TGF-B is covalently bound to one of four latent TGF-B binding proteins (LTBP),

resulting in a large latent TGF-B complex (38, 203, 205). LTBPs are important for folding
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and secretion of TGF-P and localization of these complexes to the ECM (152, 205).

Release of TGF-B from matrix-associated complexes requires liberation of the complex

from ECM and subsequent activation of TGF-p. Release from ECM occurs by cleavage

of LTBP at protease sensitive sites by plasmin, chymase or elastase (203, 204),

resulting in a biologically inactive TGF-8. Disruption of the non-covalent interaction

between LAP and TGF-P can occur by physiochemical means (11,94), MMP-2 and

MMP-9 (235), calpain (2), plasmin (131)and cathepsin G (132). Once free, active TGF-

Ê may bind to TGF-P receptor type ll (TBRll, mass 70-100 kDa), whereby intracellular

TGF-B signaling may commence.

1.7.3 TGF-B1 Signaling

Processed TGF-P ligand exerts its physiological effects by binding to and

activating TBRII and then through TGF-Breceptortype I (TBRI, mass 53 kDa) (48, 127).

TBRII binds free TGF-B (27), but TBRI may only bind TBRII that is associated with TGF-

P (208) which indicates heterodimer complex formation is required for signaling (4, 16,

229).The constitutively active intracellular serine/threonine kinase domain of TBRII (229)

transphorylates the highly conserved intracellular "GS" domain of TBRI. Once

phosphorylated, activated TBRI propagates the signal through interaction with the

intracellular mediators of TGF-B, the Smad proteins. The next section is a summary of

TGF-B signaling, which includes likely targets of antagonists used in this study.
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1.7.4Overview of TGF-B signaling
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1.7.5 Smad Proteins

ln most mammalian systems, TBRI phosphorylates receptor activated Smad 2

(R-Smad2) at the carboxy-terminus "SSXS" motif (229). Phosphorylated R-Smad2 forms

a complex with common-mediator Smad 4 (co-Smad4) which translocates, and

accumulates in the nucleus (237) with the aid of the cytoplasmic protein, importin (230).

Smad complexes can bind DNA, but the low affinity of this reaction necessitates binding

of additional factors for efficient transcription (190). Transcriptional regulation can also

occur through competition between transcriptional co-repressors, such as TGIF (228),

and co-activators such as p300 or CREB binding protein (CBP) (52), as a favorable

balance of co-activators versus co-repressors, will promote gene transcription.

1.7.6 DNA Binding Partners

Once activated, the R-Smad-Smad4 complex must select one of many genes as

a binding target. Although Smads are able to directly bind DNA at the CAGAC

sequence, or Smad binding element (SBE) (190) the low affinity of this interaction

indicates that binding to additional sites of DNA are required for effective gene

activation. Most artificial constructs, such as those used in promoter activation assays,

incorporate multiple SBEs in the upstream promoter region. For example, several SBEs

are located in the promoter region of the gene that encodes for plasminogen activator

inhibitor-1 (PAl-1) (91, 197). To increase interaction affinity, DNA-binding partners and

Smads associate to facilitate efficient complex binding to DNA. The first DNA binding

partner described Xenopus FAST-1 protein, a member of the winged helix family,

mediates activin-dependent activation of the Mix.2 promoter (25). A mammalian

homologue, FAST-2, is required for induction of the goosecoid promoter by TGF-B or

activin signaling (117). Other transcription factors shown to co-operate with Smad 4 to

activate gene transcription include FAST (26,242), NFxB (129), CREB-biding protein

(CBP) (236), c-jun (238), c-fos (238), and ATF-2 (155).
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1.7.7 Methods Used to Attenuate TGF-B Signaling

1.7.7.1Recombinant Human Decorin in Culture Medium

This ECM component is a member of the small leucine-rich proteoglycans

synthesized by cells of a mesenchymal origin [see (BB) for a review]. lncreasing

evidence suggests that decorin plays a vital role in cell adhesion, proliferation and

migration (87). Decorin is an important regulator of matrix assembly primarily because of

its ability to bind collagen type I and to delay fibrillogenesis in vitro (220). ln addition,

decorin binds proteins including thrombospondin, fibronectin, complement C1q, and

TGF-P1 (BB). lts 45 kDa core protein binds only activated, and not the latent form of

TGF-P1 17) and subsequently blocks TGF-B function (232), suggesting a regulatory role

of decorin on TGF-81 activity. Previous research has demonstrated co-localization of

decorin and TGF-81 in bronchial biopsies (177). These complexes, in turn, may serve as

a reservoir for TGF-81, possibly liberated in response to appropriate stimuli.

Recombinant human decorin has been used to block Chinese Hamster Ovary

proliferation, which is regulated by TGF-B1 (232), and adenovirus-mediated over-

expression of decorin has shown utility in reducing subpleural fibroproliferation induced

by bleomycin (191)and blocking fibrosis in human mesangial cells (36). Taken together,

decorin appears to be a useful in vitro tool to block TGF-B1-signaling in a variety of

systems.

1.7.7.2 Over-Expression of Adenovirus-mediated dn-TBRll

Since TBRII is required for TGF-B signaling (229), TGF-B exerts its physiological

effects by binding to and activating TBRII and then TBRI (48,127). TBRII may itself bind

free TGF-B (27), but TBRI may only bind TBRII that is associated with TGF-B (208)

which indicates heterodimer complex formation is required for signaling (4,16, 229). Use

of a mutated TBRll, lacking the intracellular kinase domain has been shown as an

effective method to block TGF-B signaling (233, 240). Over-expression of Adv-dn-TBRll
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blocked TGF-P mediated signaling through prevention of phosphorylation of downstream

effectors, Smad proteins (10). This technique is an effective in vivo or in vitro method of

TGF-B blockade in a variety of cell types (207, 233,239,240).

1.8 Specific Aims

It is clear that airway smooth muscle and inflammatory mediators play a role in

asthma. Transforming growth factor-B1 OGF-81) has been shown to be closely involved

in regulation of inflammatory processes and has also been shown to be an important

regulator of smooth muscle phenotype and function. This thesis is concerned with

addressing the following specific aims:

1. To characterize differential protein expression in conditioned medium of

serum-fed, proliferating and serum-deprived canine airway myocytes by SDS gel

electrophoresis and obtain the identity of this protein by mass spectrometry and amino

acid sequencing.

2. To characÍerize the expression and activation kinetics of the -70 kDa protein,

identified as matrix metalloproteinase-2 (MMP-2), expressed at higher levels during

prolonged serum-deprivation, by immunoblot and gelatin substrate zymography,

respectively.

3. To examine the expression of a growth factor, transforming growth factor-beta1

(TGF-P1), known to activate and be activated by MMP-2, in conditioned medium

obtained from serum-deprived canine airway myocytes by immunoblot,

4. To examine the expression of TGF-Fr by enzyme-linked immunosorbent

assay (ELISA) in serum-deprived canine airway myocytes, and to assess the impact of

TGF-P1 blockade by decorin on TGF-Fr expression.

5. To examine the expression of smooth muscle (SM)-markers, SM type myosin

heavy chain and SM type myosin light chain kinase in serum-deprived canine airway
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myocytes by immunoblot, and to assess the impact of TGF-B1 blockade by decorin on

SM-marker expression.

6. To assess the impact of infection of canine airway myocytes with a construct

expressing the extracellular domain of TGF-B receptor type ll and a deleted, intracellular

kinase signaling domain, on accumulation of SM-marker expression SM type myosin

heavy chain and SM type myosin light chain kinase in serum-deprived canine airway

myocytes by immunoblot.



22

Chapter 2 - METHODS

2.1 ASMC lsolation and Gulture

Canine airway myocytes were isolated according to Halayko et al (64). Tracheae

were excised from anesthetized,6 to 12 month old mongrel dogs and placed into ice-

cold Ca2*-free Krebs solution. Trachealis muscle was dissected, cleaned of serosa,

vasculature, and epithelia at room temperature, and washed (4 x 5 minutes) in Hank's

balanced salt solution (HBSS) containing 100 mg/ml streptomycin and 100 U/ml

penicillin under aseptic conditions. The muscle was minced thoroughly with fine scissors

and resuspended in digestion buffer (HBBS containing 600 U/ml collagenase, B U/ml

type lV elastase, and 1 U/ml type XXVII Nagarse protease). Cells were isolated by serial

digestion (3 stages, 45 minutes each) with vigorous shaking at 30'C. The fractions were

pooled, filtered through 70 ¡rm nylon mesh, and then washed and diluted in culture

medium (DMEM) containing 10% 'fetal bovine serum (FBS) and antibiotics. For each

experiment, cells were seeded at 1.0 x 104 cells cm-2 plated into uncoated 100-mm

plastic culture dishes. Cells were grown in DMEM supplemented with penicillin (100

U/ml), streptomycin (100 pg/ml), gentamycin (50 pg/ml) and 10% FBS in a humidified

95% air-\% COz incubator at 37'C. At confluence, cultures were switched to serum-free

medium (F12) containing selenium (1 nM), insulin (1 nM) and transferrin (65.8 nM) [1%

lTSl and maintained in this arrested state as required, with culture medium changed

every 72 hours. All experiments used cells of passage 2-4.

2.2 lmmunocytochemistry

Glass coverslips (25-mm, round) were treated with acid alcohol (6o/0 HCl, 19o/o

distilled HzO,75o/o ethanol) overnight, washed for 10 minutes with distilled water, and

autoclaved on the "liquid" cycle. These sterile coverslips were air-dried under aseptic

conditions and ultraviolet light, and were sealed in 6-well cultured plates until seeded

with canine airway myocytes (1 x 105 cells/well), At the requisite time points, coverslips
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were removed, cells rinsed in 10 mM PBS free of Caz* and Mg2* (137 mM NaCl, 2.7 mM

KCl, 8.1 mM Na2HPO4, 1.5 mM KHPOa, pH7.2-7.4,0.2 pm filtered) then fixed in 3%

paraformaldehyde-PBS (pH 7.6) for 15 min at 4oC. They were subsequently

permeabilized with 0.1% Triton X-100 in 10 mM PBS free of Caz* and Mg2* for'15

minutes at 4oC and then rinsed with 10 mM PBS free of Ca2* and Mg2'. Coverslips were

incubated in blocking solution (10 mM PBS containing 2% normal mouse serum, 1%

bovine serum albumin and 0.1o/o Tween-2O) for 2 hours at room temperature in a

humidified chamber. After rinsing with 10 mM PBS free of Caz* and Mg2* containing '1%

BSA/0.'1o/o Tween-20 (3 x 3 ml), coverslips were incubated overnight at 4oC with the

primary antibody, mouse anti-smooth muscle MHC (1:25) in wash solution. The negative

control was incubated in wash solution without primary antibody. Coverslips were

incubated for 1-2 hours at 4oC with secondary antibody, Cy3-conjugated anti-mouse lgG

(1:100) in wash solution. Coverslips were washed with PBS (3 x 2 minutes) and double-

distilled water (2 x 2 minutes) and mounted on glass slides with antifade. Prepared

slides were finally stored in the dark at -20" until viewed and photographed using an

Olympus lX70 equipped with epifluorescence optics and Ultraview (version 4.0) image

capture software on a Windows-based PC. lmages were re-sized and cropped using

Adobe Photoshop (version 6.01) on a Windows-based PC.

2.3 Collection of Gonditioned Medium

After incubation of cells for the required period of time, conditioned medium (CM)

was collected from cultures. CM was placed in a sterile Eppendorf tube with 1 mgiml

each leupeptin, aprotinin, and pepstatin and frozen at -80"C and used within one month.

Specific experimental design, regarding collection of CM will be detailed in the

forthcoming section, "Methods" where appropriate.
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2.4Treatment of Cells with Decorin

Recombinant human decorin was purchased from a commercial source in 100 ¡lg

lots and was diluted in 1 ml of 10 mM PBS free of Ca2* and Mg2'. ln experiments that

required decorin, the 100-mm culture dish that contained canine airway myocytes was

rinsed with 10 mM PBS free of Ca2* and Mg'. (2 x 3 ml) and samples were treated with 5

pg/ml in 3 ml of F12 medium containing 1% ITS for 24 hours. At the completion of

treatment, the culture dish rinsed with 10 mM PBS free of Ca2* and Mg'- (2 x 3 ml), and

10 ml of F12 medium containing 1% ITS was added, and cells were further serum-

deprived for the required duration of time.

2.5 Bicinchoninic (BCA) Protein Assay

Total protein concentration of canine tracheal smooth muscle samples was

determined by the bicinchoninic acid method (BCA) (194). This assay was performed

according to manufacturer's instructions for a 96-well flat-bottomed, culture plate.

"Reagent 4", (BCA solution which contains BCA, sodium carbonate, sodium tartrate and

sodium bicarbonate in 0.1 N NaOH; pH 11.25) was added in a 1:40 ratio to "Regent B"

(4%lwlvl copper fll sulfate pentahydrate solution)to yield "Solution C". The supernatant

of protein lysates or bovine serum albumin standards (ranging from 0.2-1.0 mg/ml) were

added to "Solution C" in a 1:19 ratio for a 200 ¡rl final volume, and the purple-blue

complex was allowed to develop for 20 minutes at 37"C. The plate was read on a

PowerWave* microplate reader employing KC4, version 2.5 software on a Windows-

based PC (both by Bio-Tek lnstruments, lnc.).

2.6 Western Blot Analysis

TGF-P1, TPRll, MMP-2, smMLCK, smMHC, sm-cr-actin proteins were detected

using Western blot analysis by the method used by Hao and co-workers (70). After a

predetermined course of treatment and subsequent serum deprivation, cultured canine



25

tracheal myocytes were washed twice with 10 mM PBS free of Caz* and Mgz*, then

treated with 150 ¡,ll cold lysis buffer [50 mM Tris-HCl (pH 7.4) containing '1% NP-40,

025% sodium deoxycholate, 150 pl NaCl, 1mM EDTA, 1mM Na3VOa,'lmM NaF, and 1x

protease inhibitor cocktaill then were scraped into a prechilled 1.5 ml Eppendorf tube.

Samples were sonicated using the probe on a Sonic Dismembrator Model 100 (Fisher

Scientific) for 2x 6 seconds at 0.75 watt (RMS) per 100 pl of sample, then centrifuged

for 10000 x g at 4oC for'15 minutes to remove cell debris. The supernatant was

transferred into another prechilled 1.5 ml Eppendorf tube and stored at -70'C for up to 2

months until used. Total protein concentration of canine tracheal smooth muscle

samples was determined using the BCA method (194) as mentioned above in Section

2.5. Cell lysates were prepared with 5x loading buffer (final concentrations: 0.'1 M Tris

[pH 6.8], 55% glycerol,2o/o SDS, 0.01% B-mercaptoethanol added the day of the

experiment,0.002o/o [w/v] bromophenol blue). This mixture was boiled for 5 minutes and

allowed to cool on ice for 15 minutes before loading onto the gel. Prestained broad

weight molecular markers and protein (25 pg/lane) was separated by B-10Yo (w/v) SDS-

PAGE using the Mini-Protean@ lll Electrophoresis Cell (Bio-Rad), with 0.'1% (w/v) SDS

in electrode buffer (25 mM Tris, 192 mM glycine), at 175 V for 65 minutes at room

temperature. Separated proteins were transferred with the Trans-Blot@ Cell (Bio-Rad),

onto 0.2 pm nitrocellulose membrane, using electrode buffer containing 0.1% (w/v) SDS

and 20o/o methanol for 100 minutes at 90V at 4'. The membranes were blocked for 3 hr

at room temperature in Tris-buffered saline (150 mM NaCl)with 0.lYoTween-2O (TBS-T)

containing 5% skim milk. After washing with TBS-T (1 x 10 minutes), membranes were

probed with primary antibodies in TBS-T containing '1% skim milk, overnight at 4"C.

Primary antibodies, all available commercially, were as follows: 1. mouse monoclonal

antibody against myosin light chain kinase (1:1000, clone K36), c¿-smooth muscle actin

(1:1000, clone 144), and myosin heavy chain (1:1000, clone HSM-V)2. polyclonal anti-



26

mouse MMP-2 (1:1000) 3. rabbit polyclonal against TGF-P1 antibody (1:500) 4. goat

polyclonal antibody against TPRII (1:1000). After washing (3 x 15 minutes), membrane

was incubated with HRP (horseradish peroxidase)-labeled secondary antibodies for t h

at room temperature. Secondary antibodies used were HRP-labeled anti-mouse, goat,

or rabbit lgG diluted 1:5000 in TBS-T containing 1% skim milk. Blots were incubated in a

luminol-containing enhanced chemiluminescence (ECL) solution for 45 seconds, the

excess liquid was briefly blotted and the blot was exposed to Hyperfilm ECL film for 30

seconds to 2 minutes, developed in an x-ray developer and proteins were visualized as

dark bands. Blots were scanned with an Epson 1540SU scanner and acquired images

were re-sized and cropped using Adobe Photoshop (version 6.01) on a Windows-based

PC. The Total Lab program (version 2.0'1)was used to semi-quantify protein content of

desired bands, normalized to total protein loaded onto the gel, which permitted intra-

sample comparison.

2.7 Preparation of Western blot for Double Mass Spectrometric Analysis of

Phosphopeptides

2.7.1 Sample Collection and Western Blotting

To examine differential expression of proteins, 500 ¡'ll conditioned media from

serum-fed, proliferating, canine airway myocytes that were 70% confluent were collected

48 hours after their last feeding and cells that were serum-deprived for 7 days, was

collected from four groups each. The medium was dialyzed in PBS for 24 hours at 4oC,

to concentrate the medium 10:1, and protein (25 ¡rg/lane) was separated by 10% (w/v)

SDS-PAGE using the Mini-Protean@ Ill Electrophoresis Cell (Bio-Rad), with 0.1% (w/v)

SDS in electrode buffer(25 mM Tris, 192 mM glycine), at175 Vfor65 minutes at room

temperature.
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2.7.2 Silver Staining

The gel was then stained with Silver Staining Kit (Protein) according to the

method of Heukeshoven and Dernick (76). The gel was fixed (30 minutes) in fixing

solution (40% ethanol, 10o/o acetic acid), and then placed in sensitizing solution (0.125%

glutaraldehyde, 0.2o/o sodium thiosulfate, 6.8% sodium acetate, 30% ethanol) for 30

minutes, and then washed in distilled water (3 x 5 minutes). The gel was incubated in

silver solution (0.25o/o silver nitrate, 0.015% formaldehyde) for 20 minutes), and then

washed in distilled water (2 x 1 minutes). After incubation in developing solution (2.5%

sodium carbonate, 0.0074o/o formaldehyde) for 4 minutes, gel was incubated in stop

solution (1.46% EDTA-Na2) for 10 minutes, and then washed with distilled water (3 x 5

minutes).

2.7.3 Gel Preparatíon for Mass Spectrometry

A -70 kDa band was excised and subjected to reduction,

carboxyamidomethylation, and digestion with trypsin according to the following

established protocol (58, 97). The excised bands were cut into 1 mm long pieces and

placed into a siliconized, Eppendorf tube. ln addition, pieces from a protein-free region

were excised as controls. Gel pieces were washed with >10 volumes of ultrapure water

(-200 pl) for 10 minutes with intermittent vortexing. Gel pieces were destained (2 x 15

minutes) with intermittent vortexing (low setting) with 200 ¡rl of freshly prepared '1:1

solution of 100 mM sodium thiosulfate [Na2S2O3] and 30 mM potassium ferricyanide

[KsFeg(CN)6] and supernatants were discarded. The reaction was stopped and silver

ions were washed out (2 x 5 minutes) with intermittent vortexing (low setting) with 250 ¡rl

of ultrapure water. Gel pieces were equilibrated for 10 minutes with intermittent vortexing

in 200 pl 25 mM (NH4)HCO3 then dehydrated twice for 10 minutes vortexing with 200 ¡ll

25 mM (NH4)HCO3/50% acetonitrile [ACN], and supernatants were discarded. Gel

particles were dried for 10 minutes in a vacuum centrifuge.
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2.7.3.1 Reduction and Alkylation

Vacuum dried particles were rehydrated in 30 ¡ll of freshly prepared 100 mM

dithiolthreitol (in 25 mM (NH4)HCO3) and then proteins were reduced for 30 minutes at

56"C. After cooling the tube to room temperature, any residual liquid (supernatant) was

pipetted off and 15 ptl of freshly prepared 55 mM iodoacetamide (in 25 mM (NH4)HCO3)

was added. This alkylation step proceeded for 30 minutes at room temperature in the

dark. To stop this reaction, 200 pl 25mM (NH4)HCO3 for 20 minutes was mixed into each

tube with intermittent vortexing. Gel particles were dehydrated twice for 10 minutes with

200 ¡tl 25mM (NH4)HCO3/50% ACN and supernatants were discarded. Finally, gel

particles were dried for 10 minutes in a vacuum centrifuge. Thereafter, vacuum dried

particles were rehydrated for 15 minutes at room temperature in 25 pltrypsin [20 ng/gl in

25 mM (NH4)HCO3, pH 8-8.51. A minimum amount 25 mM (NH4)HCO3 was overlaid to

keep gel particles immersed throughout the digestion duration of 16-24 hours at 37"C.

The digestion solution was transferred to a new, siliconized, Eppendorf tube. Digested

peptides were extracted in one volume (35 pl) ultrapure water/O.1% trifluoroacetic acid

(TFA) by vortexing 20 minutes (high setting) at room temperature. The solution was

transferred to a new, siliconized, Eppendorf tube, and two additional extractions with 45

¡tl of 5%TFA/7O%ACN by vortexing 20 minutes (high setting) were performed. Finally,

vacuum dried particles were dried for 60 minutes in a vacuum centrifuge.

2.7.4 Mass Spectrometric Analysis

Tryptic peptides were analyzed by microcapillary reverse-phase high-

performance liquid chromatography nano-electrospray tandem mass spectrometry at

Harvard Microchemistry and Proteomics Analysis Facility (Cambridge, MA) (1aB). To

identify potential matches with the sequencing results, homology searches were done

with the aid of the Blast-P algorithm (http:/iwww.ncbi.nlm.nih.gov/blast).
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2.8 Gelatin Substrate Zymography

To evaluate the effect of serum deprivation on expression and activity of MMP-2,

conditioned medium (CM) was analyzed by gelatin zymography. Gelatinase activity was

assessed in CM collected from 3, 6, and 9 day serum-deprived airway myocytes were

determined using SDS-PAGE gelatin zymography as previously described by Munshi et

al (156). Proteins (25 pgilane) were separated by B% (w/v) SDS polyacrylamide gel co-

polymerized with 0.1% porcine gelatin and samples were electrophoresed without

reduction or boiling, using 5x Laemmli sample buffer (118). SDS was removed by

washing (3 x 10 minutes) in TBS containing'150 nM NaCl and 2.5o/oTriton Tx-100. Gels

were incubated overnight in MMP activation buffer [10 mM Tris HCI (pH 7.5) containing

1.25% Triton X-100, 5 mM CaCl2, 1 uM ZnCl2l prior to staining with 0.25% (w/v)

Coomassie blue in fixing solution (50% ethanol, 10% acetic acid) for 30 minutes.

Cleared zones of gelatinolytic activity were observed upon destaining (3 x t hour) with

destain solution (50% methanol, So/o acetic acid). The zymograph was scanned with an

Epson 1540SU scanner and the acquired images were re-sized and cropped using

Adobe Photoshop (version 6.01) on a Windows-based PC.

2.9 TGF-pl EL|SA

DuoSet@ TGF-81 ELISA kitwas used to determine TGF-P1 in neutral culture medium

(representing active TGF-81) or culture medium that were acidified and subsequently

neutralized (representing total TGF-81) according to the manufacturer's instructions.

TGF-91 is secreted biologically inactive due to a noncovalent association of the latency

associated peptide (LAP) with 25-kDa portion of latent TcF-81 (LTGF-P1) (151). To

convert LTGF-P1 to a biologically active TGF-B1, the LAP must be removed by

acidification of the culture medium, as this assaydetects only active TGF-81(39).



30

2.9.1 Experimental Procedure

Conditioned medium were collected from two groups: one that was serum-

deprived for 1, 3, 4, 6 and B days and the other was serum-deprived for the same

duration of time. However, the second group was pre{reated with decorin (5 pg/ml) for

the first 24 hours of serum-deprivation, serum-free medium was replaced, and then

cultures resumed serum-deprivation for a duration equivalent to matched pairs of group

one-a total of 1,3,4,6 and B days. Each group selected represented the total amount

of TGF-Fr produced in the cells from the beginning of serum-deprivation to the

conclusion of serum-deprivation. Samples were collected in duplicate (2 ml total), and

divided into matched pairs-half (2x 500 ¡rl) were untreated and half (2 x 500 pl) of the

samples were treated to yield a neutral pH containing biologically active TGF-81, as

mentioned above in Section 2.9.

2.9.2 ELISA Procedure

According to the instructions provided with the kit, to detect total TGF-P1 in each

sample, one aliquot of culture medium was acidified by 100 ¡ll 1 N HCI for 10 min,

neutralized with 100 ¡tl 1.2 N NaOH/0.S M HEPES, and used in the assay. To account

for the additional volume of acid and NaOH/HEPES, the measured concentration of

TGF-81 was divided by 1.4 times, to normalize sample volumes. One hundred ¡ll of

mouse anti-TGF-p1 capture antibody (diluted to 2 pg/ml with PBS containing 137 mM

NaCl,2.7 mM KCl,8.1 mM Na2HPOa, 1.5 mM KHPO4, pH7.2-7.4,0.2 ¡lm filtered) was

coated onto a 96-wellmicroplate overnight at room temperature. After washing (3 x 200

pl) with wash buffer (0.05% Tween-20 in PBS, pH 7.2-7.4), samples were blocked with

200 ¡rl blocking buffer (5% Tween-21, 5o/o sucrose in PBS with 0.05% NaN3) for a

minimum of t hour at room temperature. Samples were washed again (3 x 200 ¡rl) with

wash buffer, 100 ¡rl of sample or the standard-recombinant human TGF-P1 (50 ng/pl

diluted in reagent diluent containing 1.4% delipidized bovine serum, 0.05% Tween-20 in



31

PBS [pH 7.2-7.4],0.02 ¡lm filtered), was added and therein incubated for2 hours atroom

temperature. The plate was washed (3 x 200 ¡.rl) with wash buffer, and then incubated

with 100 pl biotinylated chicken anti-human TGF-81 detection antibody (diluted to 300

ng/ml in reagent diluent) for 2 hours at room temperature. The plate was washed (3 x

200 Ul) with wash buffer, and then incubated with 100 pl streptavidin-horseradish

peroxidase (HRP, diluted 1:2000 with reagent diluent) in each well for 20 minutes at

room temperature out of direct light. The plate was washed (3 x 200 pl) with wash buffer,

and then incubated with 100 ¡tl substrate solution in each well, for 20 minutes at room

temperature out of direct light. The substrate solution consisted of a 1:1 mixture of Color

Reagent A (H2O2) and Color Reagent B (tetramethylbenzidine), both provided in the kit.

To halt the colorimetric reaction, 50 ¡.rl of stop solution (2 N H2SO4) was added to each

well, and the plate was gently tapped to ensure thorough mixing. The optical density of

the colored complex was read using a PowerWave* microplate reader employing KC4

software (version 2.5) on a Windows-based PC (both by Bio-Tek lnstruments, lnc.), set

at 562 nm, from which the concomitantly measured value of 450 nm was subtracted to

yield a corrected optical density. TGF-P1 concentrations in the samples were calculated

by a four-parameter/coefficient logistic regression equation with the KC4 program.

2.10 TBRI and TBRllAffinity Cross-linking

To determine whether canine airway myocytes contain both TBRI and TBRII and

if decorin could block the association of TGF-P1 ligand with these receptors, affinity

cross-linking of TBRI and TBRII was performed according to the method of Piek et al

(169). The three groups of canine airway myocytes used in this study are as follows:

group one was serum-deprived for 7 days, group two was pretreated with decorin (5

pg/ml) for 24 hours in serum-free medium, medium was changed and cells were grown

for an additional 6 days. To examine competitive binding between the iodinated ligand in
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the presence of excess cold ligand, cells were serum-deprived for 7 days, and cells were

treated with 2-fold excess cold TGF-B1 (10 ngiml)during the nextstep.

All groups of cells were incubated for 3.5 hr on ice in 100 mM HEPES binding

buffer [HBB, containing '120 mM NaCl, 5 mM KCl, 1.2 mM MgSO+, and 1o/o bovine serum

albumin (BSA)l in the presence of 1251-TGF-B1 (5 ng/ml). For competition binding (group

3), 2-fold excess of unlabeled ligand was also added. After labeling, cells were washed

three times in binding buffer free of BSA and cross-linked with 4 ml 0.27 mM

disuccinimidyl suberate (DSS) in the same buffer for'15 minutes on ice. The reaction

was quenched with detachment buffer containing 10 mM Tris-HCl (pH 7.6), 1 mM EDTA

and 0.3 M phenylmethylsulfonyl fluoride (PMSF). Cells were scraped off the plates in

detachment buffer and were lysed after centrifugation (1000 x g for 15 minutes) in

solubilization buffer (125 mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM PMSF,

1.5% trasylol, and 1% Triton X-100) for 40 min on ice. Solubilized cell extracts (25

pg/lane) were mixed with SDS sample buffer (80 mM Tris-HCl [pH B.B],0.01%

bromophenol blue, 24% glycerol,4o/o SDS, 100 mM dithiolthreitol) boiled for 5 minutes

and separated by 10% (wlv) SDS-PAGE with the Mini-Protean@ lll Electrophoresis Cell

(Bio-Rad). The gel was washedinTo/o acetic acid and 40o/o melhanol (3 x 10 minutes),

stained with 0.025% (wiv) Coomassie blue for then destained (3 x t hour) with destain

(50% methanol, 5% acetic acid). The gel was dried on 3 mm Whatman filter paper at

80oC for t hr in a vacuum dryer (Bio-Rad), and then exposed to film for 2 weeks before

developing. Blots were developed in an x-ray developer and proteins were visualized as

dark bands. Blots were scanned with an Epson 1540SU scanner and acquired images

were re-sized and cropped using Adobe Photoshop (version 6.01)on a Windows-based

PC.
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2.11 lnfection with Adenovirus Containing Mutated TGF-B Receptor Type ll

Cells were infected with an adenoviral vector over-expressing a mutated

human type ll TGF-B receptor truncated of its kinase domain (Adv-dn-TBRll). This

construct, kindly provided by Dr. P. Cattini (Winnipeg, Manitoba, Canada), blocks TGF-

B1 signaling because deletion of the cytoplasmic serine/threonine domain prevents

signal propagation by intracellular mediators (10). Culture medium was removed and

cells were rinsed (2x3 ml) with 10 mM PBS and sub-confluenl(-70%) canine airway

myocyte cultures were infected with Adv-dn-TBRll or control adenovirus (Adv-TBRll-

BGal, which expressed bacterial B-galactosidase) at a multiplicity of infection (m.o.i. or

viral particles per cell) = 10. lnfection was accomplished by adding 100 ¡.rl of virus diluted

in phosphate-buffered saline and 900 pl serum-free medium to the cultures for 24 hours

while incubated at 37'C in 5% CO2. After 24 hours, infected cultures were rinsed with 10

mM PBS (2 x 3 ml), then serum-free medium was replaced and cultures grew for a

predetermined duration of time.

2.12 X-Gal Staining of Fixed Cells

Cultured canine airway myocytes were infected with control adenovirus (Adv-

TBRII-BGal, which expressed bacterial B-galactosidase) at a multiplicity of infection

(m.o.i.) ='10, which means 10 viral particles per canine airway myocytel in serum-free

medium for 24 hours while incubated at 37"C in 5% COz. To examine transfection

efficiency of the adenovirus construct, infected cultures were stained with X-gal (186). At

the completion of serum-deprivation, cell culture plates were rinsed with '10 mM PBS

free of Ca2* and Mg'. (3 x 3 ml) and fixed for 30 min at 37'C with 1 ml/well of 1.25%

glutaraldehyde in PBS. The cells were then washed and incubated with 1 ml of 0.1%

BSA in PBS for 20 min at room temperature. The cells were rinsed again with PBS and

incubated for 30 min at 37"C with 0.5 ml/well of 5-bromo-4-chloro-3-indolyl-B-D-

galactoside (X-gal) reaction buffer (0.1 M sodium phosphate buffer [pH 7.3], 2 mM
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MgCl2 and 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, O.O2o/o NP-40

and 0.01% sodium deoxycholate). The buffer was then replaced with an X-gal-containing

buffer (1 mg/ml) prepared from an X-gal stock solution (50 mg/ml in dimethyl sulfoxide)

that was freshly diluted in reaction buffer. lncubation at 37'C yielded a blue color in 4-6

hours, and further staining was halted when cells were rinsed with PBS containing

Ca2*lMgz'. The representative phase-contrast image was selected from four randomly

chosen fields, taken from each of four different dishes of cells. Arithmetic averages of

the number of cells stained blue (X-gal positive) in which a nucleus could also be

counted, divided by the total number of all cells in which a nucleus could also be

counted, in the field averaged above 90% which indicates that mammalian infection by

adenovirus is efficient. Phase-contrast images were captures from an Olympus lX70 on

to a removable, secure-digital (SD) memory card and transferred onto a PC wherein

images were cropped and re-sized using Adobe Photoshop (version 6.01) on a

Windows-based PC.

2.13 Materials and Reagents

Collagenase, DMEM, F12, FBS, and antibiotics were obtained from lnvitrogen

(Burlington, Ontario, Canada). Type lV elastase, type XXVII Nagarse protease, porcine

gelatin, polyclonal anti-mouse MMP-2 antibody, and monoclonal antibodies against

mouse SmMLCK (clone K36), o-smooth muscle actin (clone 144), and smMHC (clone

HSM-V), X-gal (5-bromo-4-chloro-3-indolyl B-D-galactoside), 1x protease inhibitor

cocktail, and streptavidin-HRP-conjugated antibodies were obtained from Sigma

Chemical (St. Louis, MO). ECL, silver staining kit (protein), Hyperfilm ECL film, broad

range molecular weight markers and 1'5TGF-8., were obtained from Amersham

(Piscataway, NJ). Cy3-conjugated anti-mouse lgG was obtained from Jackson

lmmunoResearch (West Grove, PA). Monoclonal anti-rabbit TGF-81 antibody was

obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Recombinant human TGF-



35

81, DuoSet@ TGF-P1 ELISA kit,1.4% delipidized bovine serum, and polyclonal anti-rabbit

TBRII antibody were purchased from R&D Systems (Minneapolis, MN). Decorin was

purchased from EMP Genetech (Denzlingen, Germany). All other reagents were

analytical grade or better and obtained commercially.

2.1 4 Statistical Analysis

Data were expressed as means t SE. A fixed constants, 1-way analysis of

variance (ANOVA) was used to analyze the differences of mean values at different time

points. Duncan's new multiple-range test was used as a complementary analysis to the

ANOVA so as to determine which values were responsible for differences indicated by

ANOVA. To compare differences in protein expression, statistical significance was

determined by Student's t{est using the SPSSTM program on a Windows-based PC

(version 11.0), with P < 0.05 considered significant. Experiments used two cell lines with

between two and four replicates for each cell line.
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Ghapter 3 - RESULTS

3.1 Serum-Deprived, Ganine Airway Show 2 populations of Cells

Freshly isolated airway myocytes are associated with high levels of smooth

muscle type contractile proteins, such as smooth muscle type myosin heavy chain

(smMHC), smooth muscle myosin light chain kinase (smMLCK), and smooth muscle s-

actin (64), but cultured proliferating tracheal contain much less of these same contractile

proteins (64, 165). Proliferating ainruay myocytes express higher levels of non-

sarcomeric isomeric isoforms of nonmuscle MHC and /-caldesmon (64), than freshly

dispersed airway myocytes. With prolonged serum-deprivation, however, cultured ainvay

myocytes express high levels of contractile proteins, as smMHC and smMLCK (134). To

confirm these previous findings, cultured, canine airway myocytes were serum starved

for 15 days and subsequently stained for smooth muscle MHC with Cy3-conjugated

secondary antibody (magnification x200). Confluent, cultured canine tracheal SMC

which have been serum deprived for an extended period of time elicit a heterogeneous

population (64). One group of cells appears as small, flat and bright; these comprised

about 70% of the cells that were present before serum deprivation. The other group

showed an elongated spindle shape and was aligned in parallel bundles. This

experiment confirms that we can consistently elicit a heterogeneous population of canine

airway myocytes with prolonged serum-deprivation. Using this model, the next

experiment examine the constituents of conditioned medium of serum-deprived canine

airway myocytes.
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3.2 lncreased Expression of a -70 kDa Band in Conditioned Medium From Serum-

Deprived But Not Serum-Fed Airway Myocytes

The molecular mechanism(s) responsible for the 2 disparate phenotypes evident

when cultured, canine ainruay myocytes are subjected to prolonged (over 7 days) serum-

deprivation, is (are) poorly understood. To investigate whether serum starvation

differentially activated any proteins in the extracellular milieu, conditioned medium (CM)

from proliferating and 7 day serum deprived canine tracheal SMC were collected in

quadruplicate. The medium was dialyzed in PBS for 24 hours at 4"C and proteins were

separated using SDS-PAGE, and the resultant blot was silver-stained. Figure 1 shows

increased abundance of protein in the -70 kDa mass range when canine airway

myocytes were deprived of serum for 7 days. To identify this protein, this band was

excised and subjected to reduction, carboxyamidomethylation, and tryptic digestion and

mass spectrometric analysis. To identify potential matches with our sequencing results,

homology searches were done with the aid of the Blast-P algorithm

(www.ncbi.nlm.nih.gov/blast). This fragment, Ala-Val-Phe-Phe-Ala-Gly-Asn-Glu-Tyr-Trp,

identified this protein as Bos Taurus (cow) MMP-2 (GenBank accession # 27807447).

The identity of MMP-2 was confirmed using specific antibodies and immunoblot. This

study shows MMP-2 in canine airway myocytes, confirming previous research indicating

MMP expression in airway myocytes (53). Other studies have indicated upregulation of

MMPs during acute exacerbations (123,202,206) or segmental airuuay challenge (223).

We next wished to examine the temporal pattern of MMP-2 expression and activation

with prolonged serum-deprivation.



3B

3.3 MMP-2 Protein Expression and Activity Increase with Prolonged Serum

Deprivation

To examine the kinetics of MMP-2 expression and activation in serum-deprived,

canine airway myocytes, conditioned medium (CM) was collected and subjected to

Western blot analysis and gelatin substrate zymography. For both methods, CM were

independently sampled from two separate cell lines, in triplicate, from durations of 3, 6,

and 9 days of serum-deprivation and the gel was performed thrice. For Western blot

analysis, proteins (25 pg/lane) were separated by 10% (w/v) SDS-PAGE, transferred

onto nitrocellulose, probed with anti-MMP-2 antibody ('1:1000). Figure 3A shows that

serum-deprivation increased MMP-2 protein accumulation, beginning at day 3 and

increasing at days 6 and 9. ln addition, Figure 38 shows that MMP-2 activation was

analyzed in serum-starved canine tracheal myocytes by zymography, using gelatin as a

substrate. Similar to the temporal pattern of protein accumulation, a -70 ka band of

metalloenzyme proteolytic activity, corresponding to MMP-2, increased in activity with

increased duration of serum starvation, beginning at day 3 and continuing through days

6 and 9. These data indicate that MMP-2 becomes more prevalent during serum-

deprivation. ln asthma, not only are MMPs upregulated during acute exacerbations (123,

202, 206) or segmental airway challenge (223), but increased activation of transforming

growth factor-beta1 [GF-81) signalling is also observed in asthmatics (182, 184). ln

addition, previous research has shown a role of MMPs in activation of TGF-B1 (86, 235).

We next wished to determine if serum-deprivation could lead to increased protein

expression of TGF-B1, corresponding to increased levels of MMP.

3.4 Decorin Pre-treatment Partially Blocks lncreased TGF-81 Protein Accumulation
in Conditioned Medium with Prolonged Serum-Deprivation

To examine if serum-deprivation leads to increased accumulation of TGF-81

protein, conditioned medium (CM) was collected from serum-deprived canine airway
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myocytes. CM was collected (500 ¡rl) in triplicate, from cultured, canine ainruay that were

either serum-fed, 70o/o confluent, and 48 hours since their last feeding, or cells that were

serum deprived for 3, 6, 9 or 12 days, and analyzed by three separate experiments. The

medium was dialyzed in PBS for 24 hours at 4"C, to concentrate the medium 10:1, and

proteins (25 pg/lane) were separated by 10% (w/v) SDS-PAGE, probed with anti-TGF-B1

antibody (1:500) via Western blot. Figure 4A shows a representative Western blot with

high levels of TGF-P1 protein when cells are proliferating. However, at the onset of

serum-deprivation, TGF-81 protein is at a low level at day 3, and there is a gradual

accumulation of TGF-BI protein with prolonged serum starvation (days 6, 9 and 12).

To examine the effect of decorin on TGF-B1 protein expression, conditioned

medium (CM)was collected from independent dishes of cells serum-deprived for 1,3,4,

6 or B days. An ELISA was also employed, owing to the increased sensitivity of this

method versus immunoblotting (39) to detect TGF-81. The treatment group was pre-

treated with decorin (5 pg/ml) for the first 24 hours in serum-free medium, serum-free

medium was replaced and cells were serum-deprived for the same total amount of time

as the first group. Samples were collected in duplicate (2 ml total), and divided into

matched pairs-half (2 x 500 pl) were untreated and half (2 x 500 ¡rl) of the samples

were treated to yield a neutral pH containing biologically active TGF-P1, as mentioned

above in Section 2.9. Results are expressed a mean t SE from 4 independent

experiments. Untreated CM (active TGF-P1, open bar), and acidified CM, representing

total TGF-B1 (active and latent, filled bar) were measured to quantify TGF-P1 protein

expression. Figure 48 shows an ELISA that detected a significant increase of both active

and total TGF-P1 protein in CM peaked at day 6 of serum deprivation. ln addition, Figure

4C shows that decorin pre-treatment (5 ¡rg/ml) 'for 24 hours was able to prevent the

serum deprivation induced increase in active and total TGF-81 protein at day 6. These

results show that serum-deprived, canine airway myocytes secrete latent-TGF-B1 in
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culture. Peak levels of total and active TGF-P1 protein were observed when cells were

serum deprived for 6 days. ln addition, decorin pre{reatment was able to partially block

accumulation of total and active TGF-81 protein when cells were serum deprived for 6

days. This study indicates that canine airway myocytes secrete TGF-81 protein and that

levels increase with prolonged serum-deprivation, ln addition, pre-treatment with decorin

can block the serum-deprivation-induced increase in TGF-9r protein. There is a

discrepancy between the levels of TGF-FI protein detected with Western blot and ELISA

at longer than 7 days of serum-deprivation, which may be due to different sensitivities of

these methods for TGF-81 protein. The next experiment is to examine the presence of

receptors required forTGF-Bsignaling-TBR| and TBRII and to assess the specificity of

decorin in blocking TGF-P signaling. The next experiment was designed to examine the

specificity of decorin in blocking the TGF-B1- TGF-9 receptors (types I and ll)

association.

3.5 TPRII & I Receptor Cross-linking of Decorin Pre-treated, Serum-Deprived Gells

To determine if canine airway myocytes contain both TBRI and TBRII and if

decorin could block the association of TGF-P1 ligand with these receptors, affinity cross-

linking of TBRI and TBRII was performed. The three groups of canine airway myocytes

used in this study are as follows: group one was serum-deprived for 7 days, group two

was pretreated with decorin (5 pgiml) 'for 24 hours in serum-free medium, medium was

changed and cells were grown for an additional 6 days. To examine competitive binding

between the radioactive, iodinated ligand in the presence of excess cold ligand, cells

were serum-deprived for 7 days, and cells were treated with 24old excess cold TGF-Fr

(10 ngiml).

Canine airway myocytes that were serum-deprived for 7 days show bands

corresponding to protein of appropriate sizes for TBRI (53 kDa) and both the major (75

kDa) and minor (110 kDa) isoforms (66) of TPR|l. This confirms the presence of TBRI



41

and TBRII in canine airway myocytes and suggests that this cell type expresses the

membrane-bound receptor complement required for TGF-81 signaling. Figure 5 (lane 2)

shows that decorin (5 ¡rg/ml pre-treatment for 24 hr, and 6 additional days of serum-

deprivation) partially blocked the appearance of the bands for TBRI and TBR|l.

Competition studies showed that cell serum-deprived for seven-days, and then treated

with 2-fold excess cold rGF-81 (10 ng/ml) were able to fully compete with t2sl-TGF-8l,

showing the specificity in binding.

These data show that canine airway myocytes possess TBRI and ll, suggesting

that these cells have the requisite receptors for TGF-B-signaling. ln addition, decorin was

able to partially block the association of TGF-B1 with these receptors, suggesting that

decorin is a good method to block TGF-B-signaling. The next experiment was designed

to extend to significance of these previous finding and to examine the role of TGF-pr-

signaling in accumulation of markers of smooth muscle phenotype.

3.6 Western Blot of TBRII Protein Accumulation in Serum-Deprived Airway
Myocytes Pre-treated with Decorin

To examine the effect of TGF-81 and serum-deprivation on expression of TPR|l,

Western blots were performed to examine TBRII protein accumulation. Control canine

airway myocytes were serum-deprived for 1, 3, or 7 days (controls) and the treatment

group received decorin (5 pgiml)forthe fust24 hours, serum-free medium was replaced

and then cells were serum-deprived for the same total amount of time as the control

group. Proteins (25 ¡tg/lane) were fractionated by SDS-PAGE, transferred onto

nitrocellulose and were probed with anti-TBRll antibody (1:1000) via Western blot.

Experiments used two cell lines with three replications each and gels were performed in

triplicate. Protein levels were calculated by comparing TBRII levels obtained from serum-

deprived cells versus TBRII protein obtained from decorin pre-treated cells, and shown

as the average of three experiments. Figure 6 shows that densitometry results and
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ANOVA (P < 0.05) did not detect a significant effect of serum-deprivation or decorin pre-

treatment on TBRII protein expression. This experiment indicates that neither serum-

deprivation nor pre{reatment with decorin has a significant effect on protein

accumulation of TBR|l. Coupled with the data from the cross-linking experiments, this

data suggests that TGF-B-signal blockade by decorin likely occurs by disrupting the

TGF-P1-TBRII-TBRI association that is normally required for TGF-B-signaling and that

this effect is not compounded by altering levels of TBRII protein levels.

3.7 western Blot of smMHc and smMLGK Protein Accumulation in Airway
Myocytes Pretreated with Decorin

Previous work showed that smooth muscle (SM)-specific markers, SM{ype

myosin heavy chain (smMHC) and SM type-myosin light chain kinase (smMLCK) are

specific markers of airway myocyte phenotype and that these markers accumulate in

aintray myocytes with prolonged serum deprivation (64). To examine if TGF-B1 is

involved in the serum-deprivation induced increase in smMHC and smMLCK, canine

airway myocytes were serum-deprived for 1, 3, or 7 days (controls). The treatment group

was treated with decorin (5 Ug/ml) for the first 24 hours, serum-free medium was

replaced and cells were serum-deprived for the same total amount of time as the first

group. Proteins (25 pg/lane) were fractionated by SDS-PAGE, transferred onto

nitrocellulose and were probed with antibodies against smMLCK or smMHC (both at

1:1000) via Western blot. Experiments used two cell lines with three replications each

and gels were performed in triplicate. Marker protein (smMLCK or smMHC) levels were

relatively calculated by the ratio of protein obtained from serum-deprived cells divided by

the amount of protein obtained from cells treated with decorin (5 pg/ml) during the first

24 hours of serum-deprivation, serum-free medium was changed, and then cells were

serum-deprived for 6 additional days. Decorin significantly blocked smMHC (Figure 7A)

and SmMLCK (Figure 78) accumulation, beginning at day 7 and 3 respectively. The
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disparity of the timing in the onset of decorin's effect could be explained by the fact that

smMHC (164) and smMLCK (168) are regulated by different mechanisms, and may be

also due to a dissimilar influence of TGF-Br in their regulation. The next experiment will

examine the plausibility of TGF-8.¡-signal blockade achieved by adenoviral-mediated

over-expression of a TBRI|-expressing-construct that lacks the crucial kinase signaling

domain.

3.8 Airway Myocytes lnfected with Adv-TBRll-BGal and Stained with X-Gal

To examine if canine airway myocytes, when serum-deprived for 24 hours, were

visually a homogeneous population, images of cells were taken with a phase-contrast

microscope and images were selected from four randomly chosen fields, taken from

each of four different dishes of cells. Figure BA shows that twenty four hours of serum-

deprivation does not yield disparate populations of cells, such as the long, bundling

group and the flat, and round group observed after 15 days of serum deprivation, as

seen above in Figure 1. The representative phase-contrast image shows a relatively

homogeneous populations of cells, presumably these cells have yet to undergo

phenotypic alteration observed with prolonged serum deprivation.

Since canine airway myocytes appear to be homogeneous after 24 hours of

serum-deprivation, the next experiment sought to determine the efficiency of adenoviral

infection of Adv-TBRll-BGal. This construct, like the kinase-deficient mutant, Adv-dn-

TPRll, expresses the functional extracellular domain of TBRll, but the intracellular

domain has been replaced, and instead expresses bacterial B-galactosidase. This is a

useful method to analyze infection efficiency with Adv-TBRll-BGal, as cells which have

been infected with Adv-TBRll-BGal and stained with X-gal will liberate a blue color,

providing an easy method to assess positive gene transfer in the target cells. Canine

airway myocytes which had been infected with Adv-TBRll-BGal (m.o.i. 10) for 24 hours,

serum-free medium was replaced and cells were further serum-deprived for 6 additional
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days. At the conclusion of serum-deprivation, cells were incubated with X-gal (1mg/ml)

for 4 hours at 37'C until the blue color, indicative of successful gene transfer of B-

galactosidase, was apparent. Figure BB is a representative phase-contrast image that

was selected from four randomly chosen fields, taken from each of four different dishes

of cells. lnfection efficiency was calculated by the average of the number of cells stained

blue (X-gal positive) divided by the total number of all cells. The presence of a nucleus

was required in all cells. This experiment showed that canine airway myocytes could be

infected with Adv-TBRll-BGal with an average efficiency of 90%. The next experiment

sought to determine the impact of adenoviral infection on accumulation of TPR|l.

3.9 Western Blot of TBRII Protein Accumulation in Airway Myocytes lnfected with
Either Adv-dn-TBRll or Adv-TBRll-BGal

To characterize the effect of adenoviral infection of TBRII mutants, Adv-dn-TBRll

and Adv-TBRll-BGal, on accumulation of the extracellular domain of TBR|l, Western blot

was employed. Canine airway myocytes were infected with kinase-deficient mutant, Adv-

dn-TBRll or control adenovirus (Adv-TBRll-BGal, which expressed bacterial P-

galactosidase) at a multiplicity of infection (m.o.i.) = 10, for 24 hours while incubated at

37'C in 5% COz. After 24 hours, serum-free medium was replaced and cultures grew for

6 additional days. Proteins (25 ¡rgilane) were fractionated by SDS-PAGE, transferred

onto nitrocellulose and were probed with anti-TBRll antibody (1:1000) via Western blot.

Experiments used two cell lines with three replications each and gels were performed in

triplicate. Protein levels were calculated by the ratio of protein obtained from cells treated

with either Adv-dn-TBRll or Adv-TBRll-BGal, and was shown as an average of three

experiments. The representative blot shows a Western blot of TBRII protein expression

of cells infected with either Adv-dn-TBRll or Adv-TBRll-BGal. Figure g shows that

densitometry and subsequent paired Student's t-test (P < 0.05) did not detect a

significant different between of Adv-dn-TpRll and Adv-TBRll-BGal overexpression on
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TBRII protein expression. This experiment shows that similar to decorin treatment,

adenovirally-mediated over-expression of mutated TBR|l, Adv-dn-TBRll or Adv-TBRll-

BGal, was unable to alter the expression of the extracellular domain of TBR|l, which is

the epitope detected by the antibody used in the Western blot. This data suggests that

the effect of adenoviral over-expression of a mutated TBRII did not alter expression of

the extracellular domain, but likely has an effect on intracellular mediators of TGF-P,,

signalling. The next experiment sought to determine the effect of adenovirally-mediated

overexpression of a mutated TBRII on accumulation of SM-specific marker proteins.

3.10 Western Blot of smMHG, smMLCK, and sm-o-Actin Accumulation in Airway
Myocytes Infected with Either Adv-dn-TBRll or Adv-TBRll-BGal

To characterize the effect of adenoviral infection of TBRII mutants, Adv-dn-TBRll

and Adv-TBRll-BGal, on accumulation of smMHC, smMLCK, and sm-q-actin, Western

blot was employed. Canine airway myocytes were infected with kinase-deficient mutant,

Adv-dn-TBRll or control adenovirus (Adv-TBRll-BGal, which expressed bacterial B-

galactosidase) at a multiplicity of infection (m.o.i.) = 10, for 24 hours while incubated at

37'C in 5% COz. After 24 hours, serum-free medium was replaced and cultures grew for

6 additional days. Proteins (25 pg/lane) were fractionated by SDS-PAGE, transferred

onto nitrocellulose and were probed with antibodies against smMHC, smMLCK, and sm-

q-actin (all at 1:1000) via Western blot. Experiments used two cell lines with three

replications each and gels were performed in triplicate. These blots show that infection

with Adv-dn-TPRll blocks accumulation of smooth muscle markers, smMHC, smMLCK,

but does not alter accumulation of sm-o-actin protein. This data suggests that blockade

of TGF-pr signaling has a negative impact on accumulation of SM-marker protein

accumulation in serum-deprived canine airway myocytes.
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FIGURES

Serum-Deprived, Canine Airway Myocytes Show 2 Populations of Cells

Fiqure 1:
lndirect immunofluorescent staining, using a Cy3-conjugated secondary antibody, of
smooth muscle MHC (1:100) in canine airu,uay myocytes that were serum starved for 15
days (magnification x200). Confluent cultured canine tracheal SMC which have been
serum deprived for 15 days are a heterogeneous population. One group (A) of cells
appears as small, flat and bright; these comprised about 70% o'n the cells that were
present before serum deprivation. The other group (B) showed an elongated spindle
shape with its cells aligned in parallel bundles.



lncreased Expression of a -70 kDa Band in Conditioned
Deprived But Not Serum-Fed Airway Myocytes
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Medium From Serum-

100 kDa
70 kDa

Fiqure 2:
Conditioned medium (CM) from confluent, serum-fed, 48 hours since their last feeding
(lane 1) and cells deprived of serum for 7 days (lane 2) were dialyzed, proteins (25
pg/lane) were fractionated via SDS-PAGE, and silver-stained. A more intense -70 kDa
band in CM obtained from cells deprived of serum for 7 days, than CM from proliferating
canine airway myocytes. This figure shows two samples which are representative of a 6
samples, each fractionated in two separate experiments.
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MMP-2 Protein Expression and Activity lncrease with Prolonged serum
Deprivation
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Fiqure 3:
A. Conditioned medium (CM)from airway myocytes serum-deprived for 3, 6, and 9 days.
Proteins were separated by SDS-PAGE, transferred onto nitrocellulose, probed with
anti-MMP-2 antibody (1:1000) via Western blot. This representative blot shows that
accumulation of MMP-2, began at day 3 of serum-deprivation, and increased with
duration of serum-deprivation. B. Conditioned medium (CM)from serum-deprived airway
myocytes were collected from airway myocytes serum-deprived for 3, 6, and g days,
dialyzed and subjected to gelatin substrate zymography (performed in triplicate). This
representative zymogram shows a -70 kDa band of metalloenzyme proteolytic activity,
corresponding to MMP-2, showed increased activity beginning at day 3 of serum-
deprivation, and increased with duration of serum-deprivation.
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TGF-P1 Protein Accumulation lncreases with Prolonged Serum-Deprivation
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Figure 4:
A. Conditioned medium (CM) was collected from canine airway myocytes that were
either proliferating, T0o/o confluent, and 48 hours since their last feeding (lane 1) or
serum deprived for3 (lane 2),6 (lane 3),9 days (lane4), or 12 days (lane 5) analyzed in
three separate experiments. The medium was dialyzed and proteins (25 pg/lane) were
separated by 10o/o (w/v) SDS-PAGE, probed with anti-TGF-F.' antibody (1:500) via
Western blot, The representative blot shows that proliferating cells have high levels of
TGF-81 protein. However, at the onset of serum-deprivation, TGF-81 protein is at a low
level, but there is a gradual accumulation of TGF-B1 protein with prolonged serum
starvation (days 6,9, and 12)). B. TGF-81 Duoset ELISA kit detected a gradual increase
of TGF-Fr protein in CM peaking at day 6 of serum deprivation C. Decorin pre-treatment
(5 Ug/ml) for 24 hours attenuates the serum deprivation induced increase in total TGF-81
protein at day 6. Untreated CM (active TGF-81, open bar), and acidified CM,
representing total TGF-81 (active and latent, filled bar) were measured to quantify TGF-
B1 protein expression. Results are expressed a mean + SE from the average of 4
independent experiments. " P < 0.05 for the quantity of total and active TGF-P1 present
in CM of SMC that were serum deprived for 6 days versus cells serum deprived for 1, 3
or 4 days and versus decorin treated day 6. (ANOVA).
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TPRII & I Receptor Cross-linking of Decorin-Pretreated, Serum-Deprived Cells

116 kDa

B0 kDaTFRil -

TpRr - - 49 kDa

Decorin (5 ¡rg/ml)
Cold TGF-ß1 (10 ng/ml)

Firc-5:
Canine airway myocytes serum-deprived were cross-linked with 0.27 mM DSS, and then
incubated with 12sl-TGF-9r (5 ng/ml). Cell lysates (25 pg/lane) were fractioned by 10%
(w/v) SDS-PAGE followed by autoradiography. Cells that were serum-deprived for 7
days (Lane 1) show bands at appropriate sizes, confirming the presence of TBRI and
TBRII in canine tracheal SMC. Lane 2 shows cells pretreated for 24 hr with decorin (5

Ug/ml) and serum-starved for 6 additional days before cross-linking. Lane 3 shows that
2-fold excess cold TGF-81 (10 ng/ml) was able to block binding of 1251-TGF-Fr to TFRI
and TBRll, indicative of binding specificity.
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western Blot of rßRll Protein Accumulation in serum-Deprived Airway
Myocytes Pre-treated with Decorin

Time (days) 3 737

TpRil -

Decorin (5 ¡rg/ml) +

Fiqure 6:
Canine airway myocytes were serum-deprived for 1, 3, or 7 days and another group was
treated with decorin (5 ¡rg/ml) for the first 24 hours, serum-free medium was replaced
and cells were serum-deprived for the same total amount of time as the first group.
Proteins (25 ¡tg/lane) were fractionated by SDS-PAGE, transferred onto nitrocellulose
and were probed with anti-TBRll antibody (1:1000). A representative blot is shown for
the experiments which used two cell lines with three replications each and gels
performed in triplicate. lmmunoblotted lysates from SMC either serum-deprived alone or
pretreated with decorin (5 ¡rg/ml) for 24 hours show invariant TBRII protein expression
regardless of serum deprivation or presence or absence of decorin. Densitometry results
(open bars = decorin pre{reated and filled bars = serum-deprived were normalized to
"1") are expressed as a mean t SE from 3 independent experiments. ANOVA (P < 0.05)
did not detect a significant effect of serum-deprivation or the presence of decorin on
TBRII protein expression versus total protein in each lane.
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Western Blot of smMHC and smMLGK Protein Accumulation in Airway
Myocytes Pre-treated with Decorin
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Fiqure 7:
Canine ainvay myocytes were serum-deprived for 1, 3, or 7 days and/or treated with
decorin (5 Ugiml) for the fust 24 hours, serum-free medium was replaced and cells were
serum-deprived for the same total time as the first group. Proteins (25 pg/lane) were
fractionated by SDS-PAGE and probed with anti-smMlCK or anti-smMHC antibodies
(both at 1:1000) via Western blot. Experiments used two cell lines with three replications
each and gels were performed in triplicate. Representative blots of smMLCK (A) or
smMHC (B) were relatively quantified by the ratio of protein obtained from serum-
deprived cells divided by the amount of protein obtained from cells treated with decorin
(5 pg/ml) during the first 24 hours of serum-deprivation. Densitometry results (below
each blot) are expressed as a mean t SE from 3 independent experiments. * P < 0.05
for the quantity of protein from airway myocytes that were serum deprived for 7 days
(smMLCK) and for 3 or 7 days (smMHC) versus airway myocytes that were serum
deprived for 1 day, respectively (paired Student's t{est).
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Airway Myocytes lnfected with Adv-TBRll-BGal and Stained with X-Gal

Fiqure 8:
A. Confluent cultured canine airway myocytes which have been serum-deprived for 24
hours exhibit a homogeneous population of cells. This is a representative phase-contrast
image of unstained cells was selected from four randomly chosen fields, taken from
each of four different dishes of cells which had been serum-deprived for 24 hours
(magnification x100). B. This is a representative phase-contrast image of canine airway
myocytes which had been infected with Adv-TBRll-BGal (m.o.i. 10) for 24 hours, serum-
free medium was replaced and cells were further serum-deprived for 6 additional days
(magnification x100). At the conclusion of serum-deprivation, cells were incubated with
X-gal (1mg/ml) for 4 hours at 37'C until the blue color, indicative of successful gene
transfer of B-galactosidase, was apparent. The representative phase-contrast image was
selected from four randomly chosen fields, taken from each of four different dishes of
cells. Arithmetic averages of the number of cells stained blue (X-gal positive) in which a
nucleus could also be counted, divided by the total number of all cells in which a nucleus
could also be counted, in the field averaged above 90% which indicates that mammalian
infection by adenovirus is efficient.

B



Western Blot of TFRII Protein Accumulation
Either Adv-dn-TBRll or Adv-TBRll-FGal

54

in Airway Myocytes lnfected with

21

TFRII - r -75kDa

Fiqure 9:
Canine ainrøay myocytes were infected with Adv-dn-TBRll (lane 1) or Adv-TBRll-BGal
(lane 2) (both at m.o.i. 10) for 24 hours, culture medium was replaced cells were serum-
deprived for 6 additional days. Proteins (25 pg/lane) were fractionated by SDS-PAGE,
transferred onto nitrocellulose and were probed with anti-TBRll antibody (1:1000) via
Western blot. Experiments used two cell lines with three replications each and gels were
performed in triplicate. Western blot shows that treatment of cells with Adv-TBRll or Adv-
TBRII-BGal for 24 hours, followed by serum-deprivation for an additional 6 days, did not
significantly alter TBRII protein accumulation (paired Student's t-test, P < 0.05).
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Western Blot of smMHC, smMLGK, and sm-q-Actin Accumulation in Airway
Myocytes lnfected with Either Adv-dn-TBRll or Adv-TBRll-BGal

Adv-dnTpRll +

SMMHC rffi; * 210 kDa

SMIVILCK - 130 kDa

sm-ü,-act¡n vw çs - 42,5 kDa

Fiqure 10:
lmmunoblotted cell lysates of canine airway myocytes infected with Adv-dn-TBRll ("+") or
Adv-TBRll-Fcal ("-") (both at m.o.i. 10)for24 hours, culture medium was replaced and
cells were serum deprived for 6 additional days. Proteins (25 ¡.rg/lane) were fractionated
by SDS-PAGE, transferred onto nitrocellulose and were probed with antibodies against
smMHC, smMLCK, and sm-o-actin (all al 1:1000) via Western blot. Experiments used
two cell lines with three replications each and gels were performed in triplicate. SMC
infected with Adv-dn-TBRll decreased accumulation of smMHC and smMLCK versus
SMC infected with Adv-TBRll-BGal. However, infection with Adv-dn-TBRll did not alter
sm-q-actin accumulation versus infection with Adv-TBRll-BGal.
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Chapter 4 - SUMMARY AND DISCUSSION

The goal of this thesis was elucidation of a mechanism responsible for the

conversion of canine airuray myocytes into a supercontractile phenotype. These data

may be a paradigm of ainvay phenotype in smooth muscle cells and provide a model to

study airway hyperresponsiveness in asthma. Serum-deprived canine airway myocytes

are a model of smooth muscle cell phenotype which can exhibit the emergence of two

disparate phenotypes from an initially biochemically, visually and functionally,

homogenous population of cells (64). One subset of cells became small, flat, round and

the other became longer, larger and formed bundles, and re-acquired contractile function

but the mechanism of this phenotypic alteration was unknown.

The first experiment detected increased expression of a -70 kDa band was

observed in the conditioned medium (CM) of serum-deprived canine airway myocytes

than in CM from serum-fed, proliferating cells. Subsequent mass spectrometry and

amino acid sequencing identified this protein as matrix metalloproteinase-2 (MMP-2), a

proteinase involved in matrix remodeling. Western blot and gelatin substrate

zymography was able to show that increased protein expression and proteolytic activity

was observed with increased duration of serum-deprivation, beginning at day 3 and

progressively increased with 6 and 9 days of serum-deprivation. Previous research has

shown that in asthma, not only are MMPs upregulated during acute exacerbations (123,

202,206) or segmental airway challenge (223), but increased activation of transforming

growth factor-81 (TGF-81) signalling is also observed in asthmatics (182, 184). Coupled

with previous research that MMPs have been shown to directly (235) and indirectly (86)

activate TGF-P1 and vice-versa (67), it was possible that serum-deprivation-induced

TGF-F1 protein accumulation could mimic the kinetics observed with MMP expression

and activation. Subsequent experiments detected increase TGF-81 protein accumulation

with prolonged serum-deprivation by Western blot and ELISA. However, there exists a
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discrepancy between TGF-81 expression data obtained from Western blot and ELISA.

Western blot detected progressively increasing TGF-81 levels in CM with increased

duration of serum-deprivation, but ELISA was able to detect high levels throughout

serum-deprivation, with only a small increase detected at day 6 of serum-deprivation. lt lt

is not clear why the results from these two methods were not the same. Nonetheless, it

is clear that TGF-81 protein accumulates with serum-deprivation in canine airway

myocytes. To examine the specificity of decorin in blocking TGF-81, cell lysates were

cross-linked, incubated w¡th 1251-TGF-B1 and proteins were fractionated by SDS-PAGE.

ln untreated airway myocytes, 1tsl-TGF-8., bound to both receptors TBRI and TBRll, but

this binding was partially blocked with decorin pre-treatment. The use of decorin to

disrupt TGF-P1-TGF-B receptor-mediated effects in canine ainvay myocytes would

appear to be feasible, as judged by the aforementioned experiments. To ensure that the

effect of decorin was not due to TBRII down regulation, cell lysates were immunoblotted

at days 1, 3, and 7 of serum deprivation, with or without decorin pre-treatment. The

results indicate that the levels of TBRII remained constant regardless of duration of

serum deprivation or the presence of decorin. Another approach we took to modify TGF-

B1 effects was with adenoviral-mediated, over-expression of a mutated TPR|l, either a

control vector, Adv-TBRll-BGal, which expressed B-galactosidase, or a kinase-deficient

mutant, Adv-dn-TBRll, which lacked the crucial intracellular kinase signaling domain on

TBRII protein accumulation. Similar to results obtained with decorin pre-treatment neither

adenoviral construct was able to significantly alter TBRII protein accumulation. Khalil

and co-workers (106) showed that although TBRI levels decreased, TBRII expression

was seen 7 days after bleomycin administration to type I alveolar epithelial cells,

suggesting that alterations in TGF-P signaling can be independent of TBRII expression.

To assess infection efficiency of adenoviral infection in canine airway myocytes,

adenoviral-mediated over-expression of TBRII construct which codes for B-galactosidase
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(Adv-TBRll-BGal), was used as an infection control. Subsequent staining with X-gal

showed that infection efficiency for canine airway myocytes was approximately 90%,

using Adv-TBRll-BGal. One benefit of adenoviral-mediated gene transfer over the use of

a specific blocking antibody for the extracellular domain TPRll, is the ability to quantify

efficacy of infection using X-gal. However, one drawback of adenovirus infection is that it

is possible that the cell could respond to this treatment with upregulation of inflammatory

mediators, which may alter expression of proteins involved in desired pathways.

Based on control studies using decorin pre{reatment and adenoviral-mediated

over-expression of a mutated TPRll, the next goal was to assess the impact of altered

TGF-81 signaling in accumulation of SM-specific marker proteins (smMLCK and

smMLCK). Two methods were used to block TGF-B1; one was decorin pre{reatment and

the other was adenoviral-mediated over-expression of a kinase-deficient mutant, Adv-

dn-TBRll, which lacked the crucial intracellular kinase signaling domain on TBRII protein

accumulation. Decorin pre-treatment paritally blocked smMHC and smMLCK

accumulation, beginning at day 7 and 3 respectively. The disparity in timing of the onset

of decorin's effect could be explained by the fact that smMHC (164) and smMLCK (168)

are regulated differently, and perhaps due to a dissimilar influence of TGF-B1 in their

regulation.

However, a more dramatic reduction in the accumulation of SM-specific marker

proteins (smMHC and SmMLCK) was observed in cells infected with Adv-dn-TBRll was

significantly reduced versus whole cell lysates obtained from cells infected with the

control vector, Adv-TBRll-BGal. lt is likely that the changes observed in SM-specific

marker protein expression (smMHC and smMLCK) are due to alterations in intracellular

TGF-B signaling mediators such as Smad proteins or co-activators/-repressor

expression. These results suggest that Adv-dn-TBRll more completely blocks SM-

specific marker proteins than decorin, and that Adv-dn-TBRll is a useful tool to
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understand the role of TGF-B signaling in acquisition of a supercontractile phenotype by

serum-deprived canine ainvay myocytes.

This thesis encompassed numerous experiments to investigate a mechanism

involved in conversion of serum-deprived canine airway myocytes into a new,

supercontractile phenotype. First, increased expression of a -70 kDa protein in

conditioned medium (CM) in serum-deprived cells, led to the identification of MMP-2.

Second, the temporal pattern of expression and activation of both MMP-2 and TGF-81

appeared similar, suggesting that TGF-B1was likely involved in this process. Third, TGF-

B, was strongly implicated in development of this supercontractile phenotype; as

blockade of TGF-B-signaling was able partially block the serum-deprivation induced

accumulation of SM-specific marker proteins in canine airway myocytes.



60

Chapter 5 - SIGNIFICANCE AND FUTURE DIRECTIONS

Data presented in this thesis indícate that TGF-B signaling is may be partly

responsible for the conversion of cultured, canine airway myocytes into a

supercontractile phenotype during prolonged serum-deprivation. First, MMP-2 and TGF-

B expression and activation increased with extended serum-deprivation. Second,

blockade of TGF-B either decorin or over-expression of a TGF-B receptor type ll lacking

the intracellular serine-threonine kinase domain was associated with a decreased

accumulation of smooth muscle-specific proteins. The importance of these studies is

three-fold. First, this work implicates TGF-B as partly responsible for conversion of

cultured, canine airuray myocytes into a supercontractile phenotype with prolonged

serum-deprivation. Second, this work shows that cultured, canine airway myocytes can

be efficiently infected with adenoviral vectors, with an average success rate of g0%.

Third, this is one of the first studies to show that canine airway myocytes secrete TGF-P1

and that TGF-81 may play a role in development of a supercontractile phenotype in vitro.

Applicability of the study to asthma would be realized upon discovery of a similar long,

supercontractile airway myocyte in humans. ln addition, this project provides rationale

for developing an in vivo role of TGF-B1 in airway hyperresponsiveness in the

pathogenesis of asthma.

Future work could expand this project in three different ways. First, elucidation of

the alterations in intracellular mediators of TGF-Fr when subjected to serum-deprivation

is required to more completely çharacterize the signaling pathway. This project would

entail measurement of Smad proteins (Smads 2, 4,7), and analysis of the expression of

co-activators (such as p300 or CREB binding protein [CBPI) or co-repressors (such as c-

Ski or Sno-N) in cultured canine ainvay myocytes. Second, another project could

analyze the involvement of TGF-P1 signaling in development of the supercontractile

phenotype, by sorting the cells using flow cytometry using parameters such as smMLCK,
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TBRII and TGF-81 protein expression, in addition to gross cellular morphology. This

would be the first study to examine a possible relationship of TGF-B signaling and

smooth muscle-specific marker expression in live cells. Third, it would be useful to

examine airway mechanics in a mouse which selectively expresses a kinase-deficient

TPRIl, which may have a negative impact on airway responsiveness and otherfunctional

parameters.
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