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Abstract
Cardiovascular disease is a leading cause of death and a major economic burden in the
developed and developing world. Many heart diseases, including post-myocardial
infarction, include a fibrotic component with remodeling of the extracellular matrix in the
myocardium. Cardiac myofibroblasts are non-myocyte cells derived from relatively
quiescent fibroblasts and are the main mediators of collagen remodeling in disease states.
TGF-β is recognized as an important contributor to adverse cardiac remodeling in heart
disease. In this study we have investigated the role of c-Ski, which is an endogenous
TGF-β inhibitor, in controlling/regulating myofibroblast function and phenotype. We
have developed an adenoviral overexpression system to study these endpoints using
Western blot, immunofluorescence, MTT assay, flow cytometry, procollagen type I
amino terminal peptide secretion and qPCR analysis. We observed that the 95 kDa c-Ski
form is overexpressed upon virus infection with adenovirus encoding c-Ski and this form
of c-Ski is localized to the nucleus. c-Ski expression inhibited cardiac myofibroblast
collagen synthesis and secretion as well as contractility. Phosphorylation and
translocation of Smad2 into the nucleus was not affected in the presence of c-Ski
overexpression. We found that c-Ski overexpression was associated with diminution of
the myofibroblastic phenotype with reduced α-smooth muscle actin and extra domain-A
fibronectin expression (but not non-muscle myosin heavy chain B expression). c-Ski may
reduce cell viability via the induction of apoptosis. Finally, we have elucidated a putative
mechanism for c-Ski-mediated reduction of myofibroblast phenotype through the
upregulation of the homeodomain protein Meox2. Adenoviral overexpression of Meox2
was associated with a significant reduction of α-smooth muscle actin and extra domain-A
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fibronectin expression in a similar manner to that of c-Ski overexpression. Thus we have
identified c-Ski as being an antifibrotic protein as well as a novel mechanism for
modulation of cardiac myofibroblast phenotype, possibly through the induction of Meox2
expression.
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I. Introduction/Statement of the problem
Cardiovascular disease is the most common cause of death in the world 1. In 2007,
cardiovascular disease accounted for one-third of deaths of Americans 2 and nearly 17%
of all deaths were attributed to coronary heart disease (CHD) 2. In Canada, cardiovascular
disease accounts for ~30% of all deaths 3 and, of these, nearly 50% were due to ischemic
heart disease and heart attack. While these numbers represent a decrease in overall deaths
from CHD since 1950 2, they still represent a major economic burden of almost $178
billion in healthcare costs in the United States 2, €169 billion in the countries of the
European Union (2003) 4 and $22 billion in Canada 5. The World Health Organization
estimates that cardiovascular disease accounted for 17.1 million deaths in 2004 with the
majority of death occuring in low and middle income countries 6. Cardiovascular diseases
encompass a broad spectrum of disease etiologies including hypertension, diabetic
cardiomyopathy and myocardial infarction (MI), many involving inappropriate fibrotic
remodeling of the heart. In the case of non-fatal myocardial infarction (MI), patients face
increased risk of developing heart failure within five years of the initial injury 2. After MI,
cardiomyocyte loss is followed within days by the phenoconversion of quiescent
interstitial fibroblasts to hypersynthetic contractile myofibroblasts 7. These
myofibroblasts are responsible for extracellular matrix (ECM) deposition leading to acute
reparative fibrosis. Persistent presence of these cells also leads to extracellular matrix
deposition in the remnant heart leading to overt cardiac fibrosis and congestive heart
failure 7.
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Acutely, myofibroblasts generate extracellular matrix (ECM) for reparative fibrosis
of the injured myocardium 8, 9. This ECM serves to reinforce the infarcted area thereby
preventing cardiac rupture and also promoting the efficient pumping of blood by the
remnant heart by preventing bulging of the scar 10. Chronically, however, persistent
myofibroblast activation and collagen synthesis results in pathologic hypertrophy.
Collagen matrix synthesis spreads to the viable remnant heart contributing to increased
stiffness of the active muscle thereby impairing cardiac beating efficiency 11.
Phenoconversion of cardiac fibroblasts to hypersynthetic myofibroblasts is an
incompletely understood process. There are many factors that induce this
phenoconversion with one of the most important being TGF-β. The recent recognition that
myofibroblasts may play a primary role in disease pathology versus a secondary reactive
role identifies these cells as being important therapeutic targets 12. Despite this
knowledge, the underlying mechanism behind fibroblast to myofibroblast conversion is
unknown.
c-Ski is an evolutionarily conserved, phosphorylatable proto-oncoprotein that is
implicated in the inhibition of TGF-β signalling 13-19. While it is most commonly studied
in cancer biology, transgenic models identify c-Ski as an important protein in both the
nervous and muscular systems 20, 21. Overexpression of c-Ski leads to skeletal muscle
hypertrophy but is associated with muscle degeneration 22, 23. While cardiac expression of
c-Ski has been shown 24, further work on its expression in the major cells of the heart, eg
fibroblasts/myofibroblasts, has not been examined. As TGF-β is an important cytokine in
cardiac wound remodelling and in fibroblast to myofibroblast differentiation 25 and as cSki is able to inhibit TGF-β signalling via multiple mechanisms 26, 27, it is worth studying
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the role of c-Ski in the function and phenotype of cardiac myofibroblasts within the
context of post-MI cardiac remodelling. c-Ski may be an important endogenous inhibitor
of TGF-β1 signalling and may modulate the progression of heart failure due to MI.
This thesis summarizes our studies wherein we examine the role of c-Ski in
myofibroblast function and phenotype and provides a potential mechanism for its mode
of action. We have developed a viral-mediated c-Ski overexpression system to assess the
functional role of c-Ski in first passage cardiac myofibroblasts. Using this system we
have tested the ability of c-Ski to inhibit TGF-β mediated collagen type I synthesis and
secretion in primary cardiac myofibroblasts. Further, we have overexpressed c-Ski in
these cells and assessed the effect on contractility through the use of two dimensional
collagen gel contraction assays. Using Western blot, we have characterized the
phenotypic changes in first passage myofibroblasts resulting from c-Ski overexpression.
By using immunofluorescence, we have tracked the time course change in TGF-β1
induced localization of this protein. We have also assessed the effects of exogenous c-Ski
expression on cell viability. Finally, we begin to piece together a possible mechanism for
the actions of c-Ski through its up regulation of the Meox2 homeobox protein.

II. Literature Review

1. Cardiac fibrosis in cardiovascular disease
Cardiovascular disease encompasses a broad range of etiologies, many of them
resulting in fibrosis of the myocardium. Hypertension, diabetic cardiomyopathy and
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myocardial infarction (MI) and others may all lead to maladaptive collagen deposition 28,
29 30

. Fibrotic remodeling may occur in response to large scale loss of cardiomyocytes as

in the case of MI 31, in diabetes that is independent of body mass index and arterial
pressure 28, 32 and in chronic pressure overload in patients with hypertension 33. While
these disease pathologies are heterogeneous, the fibrotic component serves a similar
function – stiffening of the myocardium causing reduced cardiac efficiency, impedance
of electrical activity leading to arrhythmia, and, ultimately, heart failure resulting in
fatality. Despite differences in the causes of these cardiovascular diseases, the
fundamental mechanisms for collagen synthesis and secretion may overlap.

2. Myocardial infarction and wound healing
Myocardial infarction (MI) due to coronary artery occlusion results in loss of
myocardial tissue. The remnant heart must adapt with increased muscle mass
(hypertrophy) due to chronic overload 34-39. Large MI may induce the ventricular
chamber to remodel with an increase in volume 40 and severe hypertrophy associated with
increased myocyte size and decreased intrinsic cardiac performance 34. Progressive
cardiac dysfunction (prefailure, moderate and severe heart failure) is accompanied by
chronically elevated fibrillar collagen expression in remnant heart and infarct scar
ultimately leading to congestive heart failure, a leading cause of death in North America
41-44

.
The post-MI heart provides a good setting to describe the activation and

participation of cardiac fibroblasts and myofibroblasts in both acute and chronic cardiac
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wound healing. The remodeling heart undergoes four main stages of wound healing.
The first stage comprises the initial 24h following MI and is characterized by myocyte
cell death through apoptosis and necrosis. Cardiomyocyte apoptosis peaks 6-8h
following MI and secondary necrosis ensues as the surrounding cells are unable to
phagocytose the majority of apoptosing cells 45. Necrosis initiates an inflammatory
response that signals the onset of the second stage of wound healing from 12h to 4 days
post-MI 45. The second stage of wound healing - acute inflammation - lasts for ~4 days
and involves clearance of apoptotic cells and secondary necrosis. In this inflammatory
stage, the extracellular matrix is degraded through an increase in matrix
metalloproteinase (MMP) -1,-2, and -9 activity 46 facilitating migration of fibroblasts into
the infarct area. Fibroblasts phenoconvert to myofibroblasts (fibroblasts with smoothmuscle like contractile properties) beginning ~4 days post MI 7 and populate the border
zone and infarct area. These myofibroblasts synthesize and secrete collagens – mainly
type I and type III. In the third stage of wound healing (~3 days - ~4weeks post-MI) new
extracellular matrix (ECM) proteins are synthesized by the myofibroblasts and
neovascularisation occurs resulting in the formation of granulation tissue. Collagen crosslinking occurs in this stage 47 contributing to an increase in tensile strength of the scar. In
the fourth and final stage of wound healing, scar cellularity decreases due to apoptosis 48
however myofibroblasts continue to populate the scar for years afterward 7.
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3. Fibroblasts and myofibroblasts
Cardiac fibroblasts are interstitial cells comprising the majority of cells in the adult
heart 49. These cells are of mesenchymal origin and are the main cell type involved in
maintaining ECM homeostasis. While common to most tissues, fibroblasts display
marked phenotypic and topographic diversity 50. For example, myofibroblast dense
tissues from various organs behave differently when exposed to different agonists 51, 52 ,
suggesting a functional heterogeneity of myofibroblasts 53-55. Wound healing/interstitial
cardiac fibrosis is mediated by phenotypic variants of these cells termed myofibroblasts 42,
56-58

. Cardiac myofibroblasts are highly synthetic phenotypic variants

59

, expressing α-

smooth muscle actin (α-SMA), ED-A fibronectin, non-muscle myosin heavy chain b
(SMemb), vimentin, AT1 receptors, TGF-β receptors, LIFR/gp-130, ACE, and fibrillar
collagens 11, 56, 60-64. While a small population of myofibroblasts exists in the healthy heart
at the valve leaflets, these cells arise mainly in the pathological state. The phenotype is
induced by a variety of factors including TGF-β and in vitro culture at low seeding
densities 25, 65, 66. Myofibroblasts predominate 42 in post-MI infarct scar and in cultured
adult cells; adult myofibroblasts are phenotypically stable 66.
Myofibroblasts that appear at the site of infarction are derived from a range of
sources both proximal and distal to the infarct scar. Local sources include resident
fibroblasts, smooth muscle cells and pericytes 67. Degradation of the ECM occurs early
after MI as matrix metalloproteinases 1, 2 and 9 (MMP1/2/9) are upregulated and begin
to degrade the extensive collagen network in the infarct scar 46, 68. Early degradation of
the matrix aids in fibroblast migration and infiltration into the infarct scar 69, 70.
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Epithelial-to-mesenchymal transition act as a source for myofibroblasts in lung 71 and has
been shown to contribute to the fibroblast population in the heart 72, 73. In addition,
endothelial-mesenchymal transition serves as a source of fibroblasts in pressure
overloaded hearts 74. Bone marrow progenitor cells contribute to myofibroblast
population of the heart following MI 75, 76 and can be enhanced by of hematopoietic stem
cells with granulocyte colony stimulating factor to increase myofibroblast numbers in
post-MI heart 77. The contribution of each source is still uncertain however the many
sources for myofibroblasts in scar tissue may signify the important role these cells play in
reinforcing the scar following MI.

4. Extracellular matrix (ECM)
The myocardial extracellular matrix (ECM - composed mainly of fibrillar
collagens but also proteoglycans, fibronectins, laminin, and others) is an organized
network associated with cardiac function, serving to direct, transmit, and distribute
myocyte-generated contractile force 78. Together the cardiac ECM proteins participate in
active restoration of sarcomeric length, via release of stored potential energy in matrix
proteins thus making the heart a de facto suction pump 79, 80. In addition, the ECM may
regulate cell death, gene expression and parenchymal cell differentiation 81, 82. The
cardiac ECM is composed mainly of collagens type I and III 79, 80, 83, 84. Collagen type I
and type III provides tensile strength and resilience to distension of the heart. Together
these proteins provide structural support, aid in transmission of force and help to maintain
the shape of the heart.

8

Altered matrix synthesis and deposition participates in the development of heart
failure through the development of cardiac fibrosis 41, 43, 44, 85-87. Elevated fibrillar
collagen expression, types I and III, may be responsible for changing heart function in
heart disease based on its adverse influence on myocardial stiffness 88-91. Pathological
cardiac hypertrophy is associated with interstitial and perivascular fibrosis in remnant
heart or as replacement fibrosis for necrosed muscle 43, 49, 92. In the latter, ongoing
collagen remodeling may contribute to decompensated cardiac function in severe heart
failure 8, 85.
The majority of cells in the mature infarct scar and surviving myocardium are
myofibroblasts 9, 42, 93. Clinical and experimental studies 11, 31, 41, 49, 60, 85, 94-96 demonstrate
fibrosis in left ventricle remote to the infarct site with increased myocardial stiffness and
increased cross-linking of collagen fibrils 31, 88-90, 97. However, regulation of collagen gene
expression in post-MI heart tissues is not well understood.
At 3 weeks post-MI, scar formation is complete 98, yet the scar remains a
metabolically active tissue due to the presence of myofibroblasts 42, 56, 99. Myofibroblasts
may persist in the infarct scar and remain active for months to years after MI 7-9, 42, 85,
contributing to chronic remodelling of the myocardium through increased collagen
content 98, 100, 101.
The scar is an anisotropic tissue with large collagen fibres oriented within 30
degrees of the local circumferential axis 10, thus limited fibrosis in the healing infarct scar
may preserve ventricular function through selective resistance to circumferential
deformation 10 and prevention of scar rupture. Myofibroblasts produce isometric tension
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within granulation tissue in vivo and in cultures 102, 103. This tension is exerted at the level
of focal adhesions (FAs), which connect cells to matrix 65. This mechanical force may be
beneficial for cardiac pump function in post-MI heart by resisting circumferential stretch
while allowing appropriate longitudinal and radial deformation with the noninfarcted
myocardium 10. In addition, myofibroblast contraction is an important means of matrix
manipulation in wound healing 103.
5. Myofibroblast contraction
Myofibroblasts are contractile cells that produce isometric tension within
granulation tissue and in culture 102, 103. Contraction by these cells distorts the ECM
during wound healing 103 as the tensile force opposes retractile forces and promotes scar
contraction in the post-MI heart 104, 105. Cellular tension is transmitted through the ECM
via focal adhesion proteins 65 and enhancement of myofibroblast contraction is achieved
through increased expression of α-SMA 106.
Myofibroblasts display spontaneous calcium oscillations of ~100 seconds (with
quiescent fibroblast calcium oscillations ~220 seconds)107. These cells also express
sodium calcium exchanger proteins and L-type calcium channels 108 and are electrically
coupled to myocytes 109, 110. Intercellular coupling is likely through gap junction proteins
such as connexins 43 and 45 111.
Myofibroblast contraction may be mediated through two main mechanisms. In the
first model, elevated intracellular calcium results in the calcium/calmodulin-mediated
activation of myosin light chain kinase. This kinase phosphorylates myosin light chain
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and the phosphate is continuously removed causing rapid but transient contraction 112.
The second pathway is initiated with small GTPase RhoA activation leading to the
activation of Rho-associated kinase (ROCK). The myosin light chain phosphatase is
inactivated by ROCK through phosphorylation of the myosin-binding site 113. In addition,
ROCK phosphorylates myosin light chain 114 such that the net result is sustained
phosphorylation of myosin light chain and persistent contraction 112.
As cardiac myofibroblasts are neither smooth muscle cells nor skeletal/cardiac
myocytes, they likely use a unique mode of contraction that maybe be dependent on the
cellular environment. While traditionally, Rho-ROCK regulated contraction was
considered the main mechanism for myofibroblast contraction 103, Castella et al recently
proposed a two-stage model of wound contraction with both Rho-ROCK and calcium
mediated mechanisms 107. In this model, the Rho-ROCK pathway maintains isometric
tension on stress fibres. Calcium-induced contraction picks up the “slack” generated by
the Rho-ROCK isometric cellular contraction and neo-matrix formation stabilizes the
contracture. Once stabilized the stress fibres are able to support the new load and the cell
may re-spread thereby allowing multiple cycles of incremental contracture. These
pathways, in combination, may lead to contracture of the wound at a rate of ~1 cm per
month 107. In this fashion, ROCK may mediate stress fibres in the centre of the cell while
MLCK may stimulate stress fibre assembly in the cell’s periphery 112. This hypothesis is
relatively new and more study into the biomechanics of myofibroblast contraction is
required.
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Chronic cardiac wound healing leading to the development of fibrosis and
congestive heart failure is a complex process and involves input from multiple factors 39,
88, 115-117
121

. In this regard, TGF-β1 is a known modulator of fibrillar collagen expression 118-

and elevated TGF-β1 is associated with matrix remodelling in post-MI heart failure 11,

60, 61

. The sources of this TGF-β1 include myocytes 122, platelets, fibroblasts,

macrophages and latent TGF-β1 held in the extracellular matrix which is released through
ECM degradation and mechanical tension 123.

6. Transforming growth factor beta (TGF-β) signaling
TGF-β1 mediates cell growth and differentiation, tissue wound repair and
extracellular matrix production 124-126, including regulation of fibrillar collagens 57, 119-121,
127

. TGF-β is found as three separate isoforms (TGF-β1, -β2, and -β3) in mammals,

differing in combination of subunits allowing for distinct affinities for different receptors
128

. All three isoforms are highly conserved and present in mammals 129. Two additional

isoforms have been identified – TGF-β4 in chicken and TGF-β5 in frog 130, 131.
TGF-β1, -β2, and -β3 are secreted as latent precursor molecules containing a
latency associated peptide (LAP) region that is bound to a latent TGF-β-binding protein
(LTBP)132. The LTBP may be removed by proteases (e.g. MMPs, plasmin, thrombin,
transglutaminase, or endoglycosylases), by physical interactions of the LAP with other
protein (e.g. thrombospondin-1)133, 134 or through shear-induced mechanical release 135.
TGF-β1 mRNA is the dominant form of TGF-β in the body and is expressed in numerous
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cell types including endothelial, hematopoietic and connective tissue cells 136. TGF-β1
null mice exhibit a hyperinflammatory response affecting multiple organs, especially
heart and lung 137. TGF-β2 mRNA expression is relegated mostly to epithelial and
neuronal cells and TGF-β2 null mice are perinatal lethal displaying multiple
developmental defects in heart, lung, limbs, spine, and urogenital system 138, 139. TGF-β3
mRNA is expressed mainly by mesenchymal cells and mice lacking this isoform display
cleft palate and delayed pulmonary development 140. Cutaneous wound studies have
shown that TGF-β1 and -β2 may act synergistically during wound repair and scar
formation, while TGF-β3 inhibits scar formation 141. TGF-β1 and TGF-β3 are more
powerful growth inhibitors than TGF-β2 129, 142 and induce differential responses in
vascular cells 143. Thus TGF-β isoforms have both distinct and overlapping functions that
are likely dependent on cell type and environment.
TGF-β1 is expressed in both the normal and hypertrophied myocardium 43, 44, 60,
125, 144, 145

. Abnormal TGF-β1 ligand expression is linked to cardiac fibrosis 146, and TGF-

β receptor mutations are associated with abnormal vasculature matrix 147. Canonical
TGF-β1 signalling is mediated by Smads and their transcriptional partners including
coactivators and corepressors 148-156. The relative simplicity of the Smad signaling
pathway contradicts the complex cellular responses mediated by TGF-β. Non-Smad
pathways may be activated on TGF-β binding to TGF-β receptors. Through
phosphorylation of tyrosine residues on TGF-β type I receptors, TGF-β can recruit and
phosphorylate the ShcA protein promoting the formation of ShcA/Grb2/Sos complex 157.
This complex ultimately activates ERK signalling which is important in epithelial to
mesenchymal transition 157-159. TGF-β can trigger ubiquitination of TRAF6 to initiate
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recruitment of TGF-β-activated kinase 1 (TAK1). This complex activates JNK and p38
pathways through the activation of MKK4 and MKK3/6 respectively 160-164 and is linked
to TGF-β mediated apoptosis 165 and epithelial to mesenchymal transition 160. RhoA may
be induced by TGF-β in a Smad-independent manner to mediate epithelial to
mesenchymal transition 166. TGF-β induced activation of PI3K signal transduction occurs
through non-Smad pathways as well 167 to effect changes in fibroblast proliferation and
morphological transformation 167. However, these, and other non-Smad TGF-β pathways,
are beyond the scope of this thesis, thus we will focus on the Smad pathway.
TGF-β1 signaling in fibroblasts of healthy hearts is the sum of different
stimulatory (R-Smads) and inhibitory proteins e.g. Smad7 and Ski 19, 61, 156, 168. TGF-β1
ligand signalling from cell-surface receptors to the nucleus is transduced by Smads and
their DNA-binding partners (Figure 1) 148-156, 168-170. TGF-β1 receptor type I and II (TβRI
and TβRII respectively) are Ser/Thr kinase class proteins, and signal through receptorregulated Smads (R-Smad2 or -3) by specific recognition and phosphorylation steps 171,
172

. TGF-β1 binds to TβRII which induces autophosphorylation of serine and threonine

residues. Bound TGF-β1 is then recognized by TβRI and a heteromeric complex is
formed resulting in the phosphorylation of TβRI 173. Two FYVE-domain containing
proteins, Smad anchor for receptor activation (SARA) protein and Hgs, function in
cooperation to hold R-Smads in proximity to receptors for rapid activation, i.e.
phosphorylation 174, 175. R-Smads are phosphorylated at a conserved carboxy-terminal
SSXS motif and then dissociate from the receptor/SARA/Hgs complex 176.
Phosphorylated R-Smads form a dimeric complex with common Smad4 (Co-Smad4) and

14

translocate to the nucleus 172, 177 where the Smad complex binds to nuclear DNA and is
able to recruit either coactivators (e.g. p300) or corepressors (e.g. Ski) 19, 26, 149, 151, 156, 169,
178-183

.
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Figure 1. Canonical TGF-β signaling pathway. Binding of TGF-β to TGF-β receptor
type II triggers a signalling cascade whereby R-Smads are “activated” by
phosphorylation. Phosphorylated R-Smads (P-Smad) may bind with Co-Smad4 in the
cytosol and translocate into the nucleus. P-Smad/Co-Smad4 complex binding to DNA
activates I-Smad7 transcription. I-Smad7 is then shuttled into the cytosol where it may
inhibit R-Smad phosphorylation at the TGF-β receptor type I. Dissociation of the PSmad/Co-Smad4 complex is mediated by Ectodermin/TIF1γ which ubiquitinates CoSmad4. Ubiquitinated Co-Smad4 is recycled by shuttling into the cytoplasm where it may
be de-ubiquitinated by FAM/Usp9x. P-Smads may be dephosphorylated in the nucleus by
PPM1A so that they too may also be recycled.

Smad4 is recycled through reversible ubiquitination in the nucleus that causes dissociation
of Smads from phospho-Smads 184. Smad4 is shuttled into the cytoplasm where it is deuiquitinated for further binding to activated Smads 184. R-Smad function relies on the
quantity of R-Smad in the nucleus, and this activation is extensively regulated 156. RSmad activation has been linked to activation of collagen genes 185, 186. Genes that are
transcriptionally responsive to Smads contain Smad-binding elements (SBE) in their
promoter regions 187. Endogenous inhibitors of R-Smads include inhibitory Smad7 (ISmad7) and nuclear Smad corepressors (e.g., Ski and SnoN) and they either competitively
inhibit TβRI-mediated phosphorylation of R-Smads or stabilize inactive Smad complexes
on DNA 26, 27, 179, 188-192. I-Smad7 serves as a negative feedback mechanism in this system
by binding and facilitating the degradation of TβRI, thereby turning off the receptor
kinase and inhibiting R-Smad activation 188, 193. I-Smad7 recruits Smad ubiquination
regulatory factor 2 (Smurf2), an E3 ubiquitin ligase, to target TβRI for degradation 194.
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7. c-Ski
7.1 Discovery/history
A study of chicken embryo cells infected with a Sloan Kettering avian
retroviruses identified viral and cellular forms of Ski (v-Ski and c-Ski respectively 13, the
viral form being truncated compared to the cellular homologue 195. c-Ski is evolutionarily
conserved among mouse, Xenopus and humans 13-16.

7.2 Alternative forms of c-Ski
Variants of c-Ski protein have been observed in early studies performed in
chicken 195, 196, however more recent work rarely recognizes multiple forms. Original
work identifying c-Ski described two c-Ski RNA transcripts of 8 and 5.7 kb 13. Sutrave
and Hughes described three types of c-Ski cDNA – one “full length” version comprised
of 7 exons and two shorter versions lacking either exon2 or exon6. Sequence
comparisons suggested that these variants were derived from alternatively spliced
mRNAs 195. Corroborating evidence of two alternatively spliced c-Ski – full length and
lacking exon2 – were found by Grimes et al. in 1993 196. Further analysis failed to detect
the c-Ski variant lacking exon6, however supporting evidence suggested that this version
is a relatively rare c-Ski mRNA and not an artifact 195. A subsequent study indicated that
exon7 was actually two separate exons thus defining c-Ski as having a minimum of 8
exons in the chicken genome 197. Human and Xenopus c-Ski have not been found to
contain exon2 15, 16. Studies also describe 100 kDa and 66 kDa variants of c-Ski, with the
larger protein being localized exclusively to the nucleus and the 66 kDa version detected
in both cytosol and nuclei of a human leukemia cell line 198. Early antibody preparations

18

recognized (full length) c-Ski at 90 kDa and (lacking exon2) 60 kDa and further
described phosphorylation in the large version vs weak phosphorylation in the lower
version. 90kDa c-Ski was found to be more stable, with a half life nearly 3X that of
shorter c-Ski and both versions were noted to be localized to the nucleus 17.

7.3 In vivo studies
Studies have shown that c-Ski is ubiquitously expressed in all tissues of the
developing mouse 199 including both cardiac and skeletal muscle tissues in adults and
neonates 24. c-Ski may play a role in early response to tissue injury as c-Ski mRNA was
shown to be increased in regenerating tissues (early) in cells including myogenic cells 200
Transgenic models of examining the roles of c-Ski in whole animals have shown
that c-Ski overexpression leads to morphological transformation, anchorage independent
growth and muscle differentiation in avian cells 13, 201. Overexpression of c-Ski is
associated with hypertrophy of type IIb muscle fibres 23 however evidence suggests that
the increased muscle size is accompanied by muscle degeneration 22. Supporting this
observation, c-Ski overexpressing mice contain less contractile material in muscle fibres,
poor alignment of Z-discs (with normal amounts and distribution of desmin) and
abnormal mitochondria 202.
Ectopic expression in Xenopus embryos provides evidence that c-Ski is important
in neural cell fate determination and body patterning 203, 204. Supporting these
observations, mouse models of c-Ski knockout are perinatal lethal, causing neural tube
defects (associated with excessive apoptosis in cranial neuroepithelium) as well as cranial
mesenchyme defects and reduction in skeletal muscle mass 21. Thus these data suggest
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that c-Ski is anti-apoptotic during development 21. Interestingly, embryonic fibroblasts
from c-Ski heterozygous knockout mice exhibit an increase proliferative potential and
increased susceptibility to tumorigenesis 205. Taken together these studies indicate that
different concentrations of c-Ski protein may induce differential effects.

7.4 In vitro studies
While c-Ski was originally described as a nuclear protein 206, recent work describes a
cytosolic role for c-Ski 27, 170, 183. c-Ski will dimerize/-trimerize with itself or the related
Ski-related novel protein (SnoN) via a C-terminal dimerization domain 207. c-Ski is a
phospho-protein 17, 18 and may be phosphorylated by cell division control protein 2 (cdc2)
208

. Evidence shows that phosphorylated c-Ski is more stable and is protected against

proteasomal degradation 208, 209.
The nuclear function of c-Ski requires two distinct regions – the N-proximal amino acids
157-270 and C-terminal amino acids 595-728 for DNA binding activity 198. c-Ski may
bind specific DNA motifs to mediate transcriptional repression with its associated
proteins 210-215. Transcriptional repressor activity of c-Ski protein is accomplished
through an N-terminal repressor domain 216. In addition, c-Ski recruits other repressor
proteins to form a transcriptional repression complex with N-CoR/SMRT (via an Nterminal cysteine-rich region) and mSin3A (through a C-terminal helical region) 212. cSki also associates with histone deacetylase 1 (HDAC1) to repress gene activation 19.
Kokura et al. suggest that c-Ski is also necessary for MeCP2-mediated transcriptional
repression 214. In contrast, Ski is able to function as a co-activator for nuclear factor 1
(NF1) activated genes through binding with NF1 217.
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Regulation of c-Ski expression remains poorly understood. High concentrations
of TGF-β ligand may trigger rapid degradation of c-Ski, while low TGF-β concentrations
may increase c-Ski expression 218-220. Conversely, c-Ski may regulate the biphasic effects
of TGF-β on cell proliferation, i.e. c-Ski may enhance proliferation induced by low
concentrations of TGF-β and augment the antiproliferative effects of high concentrations
of TGF-β 218.
During the cell cycle c-Ski levels are reduced following mitosis (M-phase) and
increase during the DNA synthesis phase (S-phase) 221. This cell cycle regulation of c-Ski
may occur through cdc34 – a ubiquitin-conjugating enzyme – causing c-Ski degradation
221

. Similarly, ubiquitination of c-Ski by the E3-ubiquitin ligase Arkadia may enhance

TGF-β signaling through c-Ski degradation 222, 223. This process of c-Ski regulation may
be cell type dependent 220.

7.5 Effects of c-Ski on proliferation/cell viability
Involvement of c-Ski on cell viability, apoptosis and autophagy is likely cell-type
and concentration dependent. Apoptosis of granulosa cells has been associated with
elevated c-Ski expression 224 while c-Ski was able to reduce Smad3 induced apoptosis in
response to radiation injury in skin 225. In skin fibroblasts, c-Ski overexpression is linked
to cell proliferation and reduced collagen type I expression 218, 226. Further work needs to
be done to ascertain the complex effects of c-Ski on cell viability.

21

7.6 c-Ski and TGF-β
c-Ski interacts with Smad2/3/4 and has been identified as an inhibitor of TGF-β
signalling 19 169, however, the exact mechanism is yet to be fully understood. Evidence
suggests that the TGF-β repressor activity of c-Ski is dependent on the ability of c-Ski to
bind Smad4 via an interaction loop preventing functional Smad complexes from forming
169, 227

. c-Ski mediated inhibition of TGF-β may be dependent on cell type and

environment.
Suzuki et al. describe a disrupting bridge hypothesis involving “Smad complex
trapping” by c-Ski on DNA, preventing transcriptional activation of target genes (Figure
2A) 26. c-Ski also competes with the transcriptional co-activator p300 during TGF-β
activation 19. In this fashion c-Ski serves as a transcription repressor at the nuclear level.
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Figure 2. Possible mechanisms for c-Ski mediated inhibition of TGF-β. Panel A,
Nuclear Smad “trapping” of c-Ski through binding to activated P-Smad/Co-Smad4
complex and recruitment of nuclear corepressors (mSin3A and N-CoR) and histone
deacetylase to prevent target gene transcription. Panel B, c-Ski inhibits nuclear
translocation of activated P-Smad/Co-Smad4 complex by preventing dissociation of
complex from TGF-β receptor type I. Panel C, Cytosolic c-Ski/C184M complex binding
to activated P-Smad/Co-Smad4 prevents nuclear translocation.
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However, inhibition of TGF-β signaling persists in cells expressing c-Ski with a
mutation of the nuclear localization signal 209. c-Ski localization in the cytoplasm has
been associated with TGF-β inhibition resulting from the inhibition of Smad2
phosphorylation and interaction at the TGF-β receptor type I to prevent nuclear
translocation of R-Smad/Smad4 complexes (Figure 2B) 27, 209. The novel C184M protein
may aid this function as evidence shows that cytoplasmic co-localization of c-Ski and
C184M inhibits nuclear translocation of Smad2 (Figure 2C) 170.
Although the precise mechanisms for the control of Ski expression/localization
are unclear, its pluripotency implicates its participation in both physiologic and
pathophysiologic processes especially with respect to TGF-β linked diseases

8. Meox proteins
8.1 Introduction to homeodomain proteins
Homeobox genes code for transcription factors that effect a range of cellular activities
and are important for development, growth and differentiation 228. These genes contain a
homeodomain region consisting of a highly conserved 60 amino acid sequence that forms
a DNA binding domain 229. Homeobox genes have been shown to be involved in body
patterning of the fruit fly, Drosophila melanogaster 230, 231 as well as a variety of disease
states such as reduced expression in colorectal cancer (Cdx2) and Alzheimer’s (Meox2)
232, 233

.
There are many subfamilies of homeodomain proteins including the Hox gene

family, the Paired-related homeobox (Prx) genes, the Hematopoietically expressed
homeobox (Hhex) gene, Prospero-related homeobox (Prox) gene, and the Mesenchyme
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homeobox (Meox) genes. Of these, adult Meox2 expression is restricted mainly to
cardiovascular tissues, including heart, arterial smooth muscle cells, lung, and renal
mesangial cells (check review).
The mesenchyme homeobox (Meox) proteins are a family of two homeodomain
proteins that share 95% amino acid identity within their homeodomain region. Meox1
and Meox2 are expressed in the mesoderm and mesenchyme during embryonic
development in mice 234 and their concerted action is believed to be important for somite
development 235. Yet, despite the similarity in homeodomain composition, Meox1 and
Meox2 have both overlapping and distinct functions.

8.2 Meox1
Meox1 is evolutionarily conserved 236 and is expressed various tissues including
colon, prostate, uterus and vascular smooth muscle cells (VSMC) 237. It is important for
the specification of the cardiac muscle lineage 236, 238 and is important in axial skeleton
development 235. Meox1 overexpression leads to anchorage independent growth and
tumor formation 237. Meox1 is a downstream target of another homeobox protein, Hoxa2,
during development 239.

8.3 Meox2
Meox2 (also termed Mox2 or growth arrest specific homeobox gene - Gax) is
expressed during the development of all muscle lineages as well as brain and other tissues
240

. Adult Meox2 expression is limited to cardiac tissue, vascular smooth muscle cells,

lung and kidney tissues 241 and has been shown to be significantly downregulated in
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cultured VSMCs exposed to serum 241. This downregulation is also observed in vivo
following balloon angioplasty injury, i.e. endothelial denudation, in rats 242. Homozygous
Meox2 knockout mice display a reduction in skeletal muscle mass 243 and a loss of
Meox2 expression in brain endothelial cells has been shown to induce apoptosis 232.
Exogenous Meox2 expression in cardiomyocytes, VSMC and endothelial cells
leads to inhibition of cell proliferation 244-246. Evidence from other studies suggest that
Meox2 may induce VSMC withdrawal from the cell cycle at the G0/G1 stage likely
through upregulation of p21 to inhibit cyclin dependent kinase 2 (Cdk2) 245. However,
Meox2 may act to both inhibit cell growth and induce apoptosis through independent
mechanisms 247. While exogenous Meox2 inhibits cell proliferation through upregulation
of p21 245, apoptosis may be regulated by Meox2 via p21-independent mechanisms, i.e.
Bax/Bcl-2 pathways in mitogen activated cells 247. Interestingly, quiescent cells were not
affected in this manner 247. Meox2 expression may also inhibit mitogen-stimulated
migration of VSMC through regulation of integrin expression 248. The ability of Meox2
to regulate both migration and proliferation of VSMC has also been linked to inhibition
of angiogenesis through inhibition of the NF-κB proangiogenic signalling pathway 249.

8.4 Meox2 and TGF-β
In the canonical pathway, TGF-β ligand signals through the Smad proteins to
effect gene change and Meox2 has recently been linked to this pathway 250-252. TGF-β was
shown to increase the expression of Meox2 in HaCaT cell cultures and exogenous Meox2
overexpression in these studies enhanced TGF-β inhibition of cell proliferation 252.
However, although this study showed that Meox2 may enhance TGF-β-mediated effects,
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it may also act as a TGF-β antagonist, i.e. Meox2 blocked TGF-β1 induced epithelial to
mesenchymal transition (EMT) 252. Myofibroblasts may arise from both EMT and
endothelial to mesenchymal transition (EndMT) 74, 253. Increased expression of Meox2 in
vivo was associated with reduced inflammation and vascular remodeling by adventitial
cells and these data were also linked to reduced Smad/TGF-β1 levels describing a direct
influence of Meox2 overexpression on the expression of these proteins 250, 251. A recent
study provides evidence that Meox2 expression may be negatively regulated via Zeb2
(also known as Smad interacting protein or SIP1)254. Zeb2 is a nuclear factor that is
induced by TGF-β stimulation 255 and may act as a transcriptional repressor to enhance
EMT through a reduced expression of intercellular junctional proteins 255, 256. In addition,
Zeb2 has been shown to repress Meox2 expression and this repression may be relieved
through microRNA-221 targeting of Zeb2 254. Further regulatory mechanisms of Meox2
expression have yet to be elucidated. In summary, while Meox2 has been studied largely
in VSMC and endothelial cells and is able to exert effects on a range of cellular process,
the role/regulation of this protein in cardiac myofibroblasts is unknown.
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III. Rationale and hypothesis
A critical feature of cardiac wound healing following myocardial infarction is the
appearance of myofibroblasts at the site of injury. These phenoconverted cells are
responsible for the deposition of extracellular matrix, e.g. fibrillar collagens, which serve
to reinforce the infarct in the acute phase of MI but ultimately tip the balance towards
decomponsated heart failure through excessive matrix deposition with additional time.
Abnormal matrix and excessive collagen may impair coordinated electrical conduction,
lead to myocardial stiffening, and therefore to diastolic dysfunction. In addition,
myofibroblasts exert tractional force on the injured areas leading to scar contracture.
TGF-β1 is an important inducer of collagen deposition and phenotypic conversion of
fibroblasts into myofibroblasts post-MI. TGF-β signalling is regulated through a cascade
of activators, e.g. R-Smads, and inhibitors, e.g. I-Smad7 and c-Ski, however the exact
role of each of these proteins are not yet completely understood. The general premise of
this investigation is that an imbalance between TGF-β activators and inhibitors in the
infarct scar results in abnormal wound healing leading to heart failure. The aim of this
thesis is to gain further the knowledge of the role of endogenous TGF-β inhibitors in
cardiac myofibroblasts during myocardial remodelling following MI, including collagen
deposition and phenotypic conversion.
Background: Enzymatic activation and mechanical release of latent TGF-β1 in the
extracellular matrix following MI ends in receptor binding and activation of canonical RSmad signalling. TGF-β1 stimulation of these cells induces de novo expression of αSMA, ED-A fibronectin, SMemb (among other markers) and fibrillar collagens thus
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marking phenoconversion of fibroblasts into myofibroblasts. In these cells, the normal
balance between TGF-β1 activation and inhibition is ultimately disrupted in favour of
collagen production however the mechanisms causing phenoconversion and imbalance
toward Smad activation are unclear. A potential strategy for treatment of post-MI wound
healing may be found in the modulation of the phenotype of these cells through use of
endogenous inhibitors, e.g. c-Ski, to reduce chronic collagen deposition that leads to
decompensated heart failure.
Research question: What is the role of c-Ski in the infarct scar – i.e. how does this
protein affect myofibroblast function and phenotype and by what mechanisms does it
exert these effects?
Hypothesis: c-Ski inhibits myofibroblast function(s) and causes a reversion to the nonsecretory fibroblastic phenotype.
Objectives: 1) Investigate the effect of c-Ski on myofibroblast functions, e.g. collagen
synthesis, secretion and contraction
2) Elucidate the mechanism of TGF-β inhibition by c-Ski in cardiac
myofibroblasts
3) Characterize the effects of c-Ski overexpression on cardiac myofibroblast
phenotype.
4) Identify a mechanism for c-Ski mediated modulation of myofibroblast
phenotype.
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Approach: 1) Develop viral gene delivery system to overexpress c-Ski in cultured cardiac
myofibroblasts and characterize both endogenous and exogenous c-Ski expression and
localization using immunoblotting and immunofluorescence. In c-Ski overexpressing
cells, collagen type I expression will be monitored using immunofluorescence.
Quantitative assessment of mature type I collagen will be performed by measuring the
cleaved amino terminal globular heads of collagen type I with a procollagen type I amino
terminal peptide enzyme immunoassay. A two-dimensional collagen gel deformation
assay will measure the effect of c-Ski overexpression on myofibroblast contractility in the
presence and absence of TGF-β1.

2) Immunofluorescence and immunoblotting of

nuclear and cytosolic protein fractions will be used to investigate the effect of c-Ski on PSmad2 localization following TGF-β stimulation. Immunoprecipitation of c-Ski from
myofibroblasts will be performed to ascertain the ability of this protein to bind to
activated P-Smad2. 3) The effects of c-Ski overexpression on myofibroblast phenotype
will be assessed using Western blotting of well known myofibroblast phenotype markers
α-SMA, ED-A fibronectin, and SMemb. 4) A recently discovered link between fibroblast
to myofibroblast differentiation and reduced Meox1 and Meox2 mRNA expression
provides a potential mechanism for c-Ski mode of action. Investigation of the association
of these proteins will be performed by assessing the influence of c-Ski overexpression on
Meox1 and Meox2 mRNA expression in both the presence and absence of TGF-β1 using
quantitative real-time PCR. The relevant links will be tested against myofibroblast
phenotype using adenoviral overexpression. Immunoblotting for the phenotypic markers
outlined in approach 3 will serve as endpoints in these experiments. Known modifiers of
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Meox expression will be examined as a potential mechanism for c-Ski influence on Meox
mRNA expression.
Significance: This study addresses the modulation of TGF-β1 signalling pathway to
influence myofibroblast mediated contraction and collagen synthesis as well as
myofibroblast phenotype. A more complete understanding of the mechanisms underlying
the phenoconversion of fibroblasts into myofibroblasts will allow for the therapeutic
manipulation of these cells to treat heart failure in patients who have suffered MI. As
these cells are also implicated in the pathogenesis of other cardiovascular diseases, e.g.
hypertension and diabetic cardiomyopathy, this investigation will have broader
implication in describing the underlying mechanisms contributing to these diseases. This
study will ultimately identify the c-Ski protein as a potential target for development of
novel therapeutic treatments of heart failure.

IV. Materials and Methods
1. Isolation of primary fibroblasts/myofibroblasts
Fibroblasts: Rats (150-200g) were injected with Ketamine/Xylazine cocktail to
anesthetise them. On loss of reflex activity, heparin was injected into either the tail vein
or the femoral vein. Next the chest cavity was cut open and the heart excised. The heart
was then placed into a 100mm dish with 20ml DMEM-F12. Excess material was
trimmed away and the heart was hung from the aorta on a cannula and secured using silk
suture thread. DMEM-F12 was perfused through the heart for 5 minutes followed by a 5
minute perfusion with SMEM, a calcium-free medium, to stop the heart from beating.
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Next a 0.1% collagenase type II(298 U/mg)/SMEM solution was run through the heart
for 20 minutes. Afterwards, the heart was removed from the cannula into a 100 mm dish
containing a 0.05% collagenase type II (298 U/mg)/SMEM solution and the dish was
taken to the biological safety hood where tweezers were used to tear the heart into small
segments. The dissociated heart was then placed in a 37oC tissue culture incubator for 15
min to complete the digestion and liberate as many fibroblasts as possible. Digestion was
halted by adding 10 ml of 10% DMEM-F12 to the plate, then transferring the entire
solution to a 50ml tube where the remaining large segments of myocardium were allowed
to settle out for 1 – 2 min. Leaving the relatively large pieces of tissue undisturbed, the
supernanant was transferred to a new 50 ml tube which was then spun down at 2000rpm
for 7 min. For retroviral infection of P0 cells, the supernatant was aspirated off, the pellet
resuspended in 9 ml of 10% DMEM-F12, and 1 ml added to each of 9 wells of a 24 well
dish. For all other experiments, the cell pellet was resuspended in 40ml of
10%DMEMF12 + 100 U/ml penicillin + 100 µg/ml streptomycin + 1.2g/L sodium
bicarbonate + 1 µM acorbic acid and plated in 4 X T-75 flasks (Corning). After 2 h, cells
were washed twice with 1X PBS and then 1ml of fresh media was added per well. These
cells were considered P0 fibroblasts. Media was changed again the next morning without
washing this time. Following 72 hours of incubation, cells were passaged into P1
myofibroblasts.

33

2. Retroviral construction and infection
Subcloning of c-ski into pMxie retroviral vector - Ski into pCDNA3.1NHA
Ski/pCMVtag2B was obtained from Dr. Shunsuke Ishii (Japan). c-Ski gene was
cut from 10 µg of vector DNA using NcoI in NEB4 buffer, and BSA for a total volume of
99.05 µl – this was incubated 3 h at 37oC. Next, 33 uM dNTP and Klenow fragment
enzyme were added and reaction was incubated at 25oC for 15 min followed by an
incubation at 75oC for 20 min to inactivate all of the enzymes. DNA reaction products
were purified using Qiaquick PCR purification columns and DNA was eluted with
nuclease-free water (Ambion, # 9937) and absorbance checked on a Milton Roy
spectrophotometer 1001 plus. Samples were then stored at 4oC until next step. 10 µg of
pcDNA3.1-N-HA (Dr. Michael Czubryt, ICS, Winnipeg) was cut using BamHI in Buffer
B (Roche) and BSA in a total volume of 98.99 µl and incubated at 37oC for 3 h. Next,
1µl of Mung Bean nuclease was added and the reaction was incubated at 30oC for 30
min. SDS was then added (0.01% of reaction volume) to inactivate the enzyme. DNA
was purified using Qiaquick PCR purification columns and the absorbance checked as
described above. Next, Antarctic Phosphatase (NEB) and Antarctic phosphatase buffer
was added as per NEB protocol and the reaction was incubated at 37oC for 15 min. The
enzyme was heat inactivated at 65oC for 15 min, and then the reaction mixture was stored
at 4oC until the next step.
Linearized Ski/pCMV (9.52 µg) from above was cut with XbaI in NEB2 buffer
with BSA in a total volume of 95 µL. The reaction was incubated at 37oC for 3 h, and
then the enzymes were heat inactivated at 65oC for 20 min.
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Linearized pcNDA3.1-N-HA (5.22 µg) from above was cut with XbaI in NEB2
buffer with BSA at 37oC for 3 h. Next, Antarctic phosphatase buffer and enzyme were
added as per NEB instructions. The reaction was incubated at 37oC for 15 min, followed
by heat inactivation at 65oC for 20 min.
DNA loading buffer was added to the samples, which were run on a 0.8%
medium agarose gel with ethidium bromide at 120V for 1 h 20 min. Appropriate bands
were exised from the gel using scalpel blades over a BLAK RAY Lamp (Model UVL-21,
Upland – borrowed from the laboratory of Dr. Larry V. Hryshko, ICS, Winnipeg). DNA
extraction from gel was performed using GenElute gel extraction kit (Sigma) and
absorbance was checked to determine DNA concentration.
The ligation was performed using NEB Quick Ligation Kit (#M2200S) with a 3:1
molar ratio of insert to vector and a total of 121.43 ng DNA per reaction. Each reaction
was incubated (Vector alone and vector plus insert) at 25oC for 15 min then transformed
using Max efficiency cells (Invitrogen #18258-012) following Max efficiency protocol in
1.5 ml Eppendorff tubes. After 1 h incubation period, cells were spun down at 14000
rpm (~16000 X g) in the microcentrifuge for 10 sec. All but ~ 100 µl of SOC media was
aspirated and the cells were resuspended in the SOC media remaining in the tube. Then
the ~100 µl of the cell suspension was plated on ampicillin (50 µg/ml) agar plates and
spread using a glass “hockey stick”. Next, without flaming, the “hockey stick” was
spread on a second ampicillin agar plate. Plates were incubated at 37oC overnight in a
Precision Gravity Convection Oven (Dr. Elissavet Kardami’s Lab, ICS). The next day,
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colonies were counted and it was determined whether double the number of colonies
were present on the Vector plus insert plate versus the Vector alone.
Eight colonies from the ligation plate were selected and grown overnight in
Ampicillin LB broth for minipreps application. DNA was then cut using NheI and XbaI
in NEB2 buffer with BSA in a total volume of 10 µl (a vector only sample was cut for the
purpose of comparison) and incubated at 37oC for 1 h. Samples were run on a small 0.8
% agarose gel at 90V for 1 h and a picture of the DNA was taken using a Polaroid camera
with 667 film. Six of the eight samples taken initially showed the insert. The cleanest
looking samples and some linearized vector were used to confirm the result using the
PCR technique.
PCR was performed using LA-Taq (TAKARA) using 25 ng template with GCI
and GCII buffers. Primers used were:
L-SKIJ (Forward) Primer1: 5’-TAATGGATCCTGGAGGCGGCGGCAGGC-3’
R-SKI (Reverse) Primer2: 5’-TAAAGATATCCTACGGCTCCAGCTCCGC-3’
We then set the PCR machine to run 25 cycles on (Robocycler 40 - Stratagene):
1 X 2 min @ 98oC
14 X 30 sec @ 98oC, 2 min 30 sec @ 72oC
15 X 20sec @ 98oC, 2 min 15 sec @ 70oC
We then programmed the cycler to store samples at 6oC when the
reactions were complete.
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After this round of PCR was complete, a 5 µl sample was run on a small 0.8% agarose
gel at 90V for 1 h. Next, a linearized fragment was cut with XbaI and then purified as
above. A band size of ~2200 bp showed up on ligation samples but not vector only thus
confirming insertion of Ski into pcDNA3.1-N-HA.
Insertion of HA-Ski into pMxie vector
pcDNA3.1-HA-Ski was amplified for DNA stocks using a Qiagen Maxiprep kit.
In order to add appropriate restriction sites on either side of the HA tagged ski gene for
further cloning of DNA, PCR was performed on pcDNA3.1-N-HA-Ski. Primers used
were:
HASkiupstream1: 5’-GCATTACTCGAGCCATGTACCCATACGATGTTCCAG-3’
HASKIdownstream1:5’GACTTAGGATCCGAATGTTCCAGCAAGCAGAGGACC-3’
PCR was accomplished using Platinum Pfx using 25 ng of template, 5 µl of 10X
amplification buffer, 6 µl 2.5mM dNTP mix, 1 µl 50mM MgSO4, 1.5 µl of 10µM primer
mix, 1µl DNA polymerase, 15 µl of 10X Enhancer solution (final Enhancer concentration
of 3X), and nuclease free water to 50 µl. 1-2 drops of mineral oil was placed over each
sample to prevent evaporation. The hot start method was used as follows:
-

94oC for 1 minute

-

add DNA polymerase

-

25 X 94oC for 30 seconds then 2 min 45 sec at 65oC

-

1X 94oC for 30 sec then 65oC for 4 min
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-

store at 6oC

Next, samples were transferred to new 500 µl eppendorf tubes by taking 47 of the 50µl
from each tube. Contamination by mineral oil was prevented by using gel loading tips
and injecting air and dispensing the air once through the oil layer. Then sample was
removed without disturbing oil layer and transferred to a new tube.
A 5 µl sample was run on a small 0.8% agarose gel to confirm successful PCR
amplification of the HA-Ski gene. Samples were then purified with Qiaquick PCR
purification columns, eluted in nuclease free water and then stored at -20oC until ready to
use.
For the ligation, 10 µg of pMxie vector was cut using BamHI and XhoI, using
Roche buffer B and BSA in a total volume of 100 µl. Reactions were incubated at 37oC
for 6 h then heat inactivated at 70oC for 15 minutes. Next, 1/10 of reaction volume of
Antarctic phosphatase buffer was added to the reaction along with a volume of Antarctic
phosphatase enzyme equal to the amount of DNA present in micrograms eg, 10 µg DNA
add 10 µl enzyme. The reaction was incubated at 37oC for 15 min, followed by heat
inactivation at 65oC for 20 min. Next, samples were purified using the Qiaquick PCR
purification columns.
HA-Ski PCR product (1.5 µg) was cut using BamHI and XhoI as was done with
the pMxie vector again cutting for 6 h at 37oC and inactivating at 70oC for 15 min. DNA
was purified using Qiaquick PCR purification columns.
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Ligation of vector (pMxie) and insert (HA-Ski) was performed using Rapid DNA
ligation kit from Roche with a molar ratio of 3:1 insert to vector. Reaction was incubated
at room temperature for 30 min then used 1 – 2 µl of the reaction to transform into
subcloning efficiency DH5α cells as described above. Cut vector was used as a negative
control for the ligase reaction and a sample of vector without ligase was tested as well.
Cells were plated on ampicillin agar plates and incubated at 37oC overnight. The next
morning colonies on each plate were counted and compared. Four colonies were picked
and inoculated into ampicillin containing LB broth for plasmid minipreps.
Once DNA was isolated, test cuts were performed using BamHI and XhoI in
Roche buffer B with BSA and a final volume of 10 µl to excise and identify the inserted
HA-Ski gene. Two of the successful clones were then used for further minipreps and
required amounts of DNA for sequencing were purified using Qiaquick PCR purification
columns. DNA was sent out for DNA sequencing to (Cortec Kingston, ON) using the
following primers as the starting point:
pMxieupstream#1: 5’-GCAGCTTGGATACACGCC-3’
pMxiedownstream#1: 5’-CATATAGACAAACGCACACCG-3’
Cortec then designed subsequent primers until the HA-Ski insert was fully sequenced.
Sequence data was analysed using the Bioedit software. DNA from clones in which there
were no errors was selected for Maxiprep using HiSpeed plasmid Maxi Kit (Qiagen) cell
culture. Eco-phoenix (J. Wigle) cells were used for retrovirus production. Cells were
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cultured at 37oC in 10% FBS/DMEM + 100 U/ml penicillin + 100 µg/ml streptomycin +
2 mM L-glutamine + 3.7 g/L sodium bicarbonate.
NIH-3T3 cells were used for retrovirus titration and were cultured at 37oC in 10 %
FBS/DMEM + 100 U/ml penicillin + 100 µg/ml streptomycin + 1.5g/L sodium
bicarbonate.

3. Adenovirus construction and infection
pcDNA3.1-N-HA-Ski and pShuttle2 were cut with NheI and XbaI in buffer NEB2
for 3 h. The pShuttle2 restriction digest was heat inactivated at 65oC for 20 min before
the removal of the 5’ phosphate using Antarctic phosphatase (37oC for 20 min then heat
inactivation for 20 min at 65oC). The pShuttle2/Antarctic phosphatase mixture was
purified using Qiaquick PCR purification columns to remove the <100 bp nucleotide
sequences. The digested pcDNA3.1-N-HA-Ski plasmid was run on a 0.8% agarose gel
with SYBR Safe detection reagent and the appropriate ~ 2530 bp band was excised over
a UV box and purified using Millipore gel purification columns. Ligations were
performed using a Roche Rapid DNA ligation kit with a 5:1 molar ratio of insert to
vector. The ligation product was transformed into Bioline alpha-select chemically
competent cells (bronze efficiency) and positive colonies were selected for miniprep
DNA isolations. Restriction digests using NheI/XbaI were performed to test for the
presence of the appropriate sized insert. A successful clone was amplified in large scale
and purified using a Qiagen Hispeed maxiprep. pAdeno-X Expression System 1
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(Clontech) was used for generation of pAdenox-HA-Ski adenovirus according to
manufacturer’s directions. Titers were determined using a rapid titer kit from Clontech.

4. Protein isolation
Adult primary cardiac fibroblast P0 cells were passaged and plated on either
60mm or 100mm plates as P1 cells and left to grow until 60-70% confluency was
reached. When using retrovirus (Rv-pMixie or Rv-pMixie-HA-Ski), cells were infected
as P0 fibroblasts 24 h - 48 h after isolation and then passaged into P1 cells for
experiments. Infection with adenovirus (Ad-LacZ or Ad-HA-Ski) occurred as P1 cells
were plated for experiments. Once the desired confluency was reached, cells were starved
using DMEM-F12 for 24 h. Stimulation with TGF-β1 (10ng/ml) was then performed and
TGF-β1 containing medium was refreshed every 24 h as required. Once the stipulated
stimulation time was completed, cells were removed from the incubator and washed
twice with 1 X PBS. Cells were left in the second wash and placed on ice until ready to
scrape. RIPA lysis buffer pH = 7.6 containing 150 mM NaCl, 1.0% nonidet P-40 (NP40), 0.5% deoxcholate, 0.1% sodium dodecyl sufate (SDS), 50 mM Tris, phosphatase
inhibitors (10 mM NaF, 1 mM Na3VO4, and 1 mM EGTA), and protease inhibitors (4 μM
leupeptin, 1 μM pepstatin A, and 0.3 μM aprotinin) was used to lyse the cells by adding
120 µl of lysis buffer per 100 mm plate and scraping using a rubber cell scraper. Cells
were collected and placed into 1.5 ml eppendorf tubes and left on ice for 1 h. Next cells
were sonicated for 5-10 sec three times and then centrifuged at 14000 rpm in a
microcentrifuge for 15 min at 4oC. After centrifugation, supernatant was transferred to

41

new 1.5 ml eppendorf tubes being careful not to disturb the pellet. Samples were then
stored at -20oC until protein assay was carried out.

5. Protein assay
Protein was thawed and put on ice after removing from -20oC freezer. Dilutions
of 1/5 were prepared using RIPA buffer, allowing for 10 µl of protein per well of a 96
well dish. Standards of 0, 0.2, 0.4, 0.8, 1.0, 2.0 µg/µl were prepared diluting Albumin
standard (Pierce) in RIPA buffer. Standards and protein dilution were loaded into wells
in triplicate using 10 µl of standard/sample per well. Next a solution of 50:1
Bicinchoninic acid to Copper (II) sulfate was prepared and 200 µl added per well. 96well plate was incubated for 30 minutes at 37oC before reading on a plate reader..

6. Western blot analysis
Protein lysates used for running SDS-polyacrylamide gel electrophoresis were
prepared by combining aliquots of lysates with Laemmli buffer (125 mM Tris-HCl
(pH6.8), 5 % glycerol, 2.5 %SDS, 5 % 2-mercaptoethanol, and 0.125 % bromophenol
blue) and boiling for 5 minutes. Equal amounts of protein (10-20 µg) were loaded on a
6% SDS-polyacrylamide gel along with Benchmark prestained ladder for identification of
protein size. Proteins were separated at 175V for ~1 h and then transferred onto a 0.45
μM polyvinylidene difluoride (PVDF) membrane at 100V (40 mA) for 1.5 h.
Membranes were blocked overnight in tris-buffered saline with 0.2% Tween 20 (TBS-T)
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containing 5% skim milk at 4oC with shaking. Membranes were then washed 4 X 10
minutes with TBS-T. Primary antibodies were diluted in TBS-T with 5% skim milk and
incubated for 1.5 h at room temperature or overnight at 4oC followed by 4 X 10 minute
washes in TBS-T. Secondary antibodies (horseradish peroxidase (HRP)-labeled antimouse IgG or HRP-labeled anti-rabbit IgG) were diluted in TBS-T with 1 % skim milk
and incubated at room temperature for 1.5 h. ECL+ Plus was used to visualize proteins
and was developed on Kodak film. Protein loading was confirmed by using
immunoblotting against β-tubulin or through Ponceau S staining solution (0.1 % Ponceau
S in 5 % acetic acid).

7. Immunofluorescence
Adult primary cardiac fibroblasts entering their exponential growth phase (~20%
confluent) were either mock infected, pMxie infected or pMxie-HA-Ski infected (MOI
150). Following 12-24 hours of infection, media was replaced with fresh 10%
FBS/DMEM-F12 and left to grow to ~ 90 % confluency. Cells were then passaged from
P0 into P1’s and plated in a 6 well dish with coverslips. Counting was usually not
required as cells were infected in a 24 well dish and passaged thereby limiting cellular
proliferation. Cells were left to grow at 37oC in 10 % FBS/DMEM-F12 until 60-70%
confluent. Cells were then starved by washing 2X with 1X PBS and 0 % FBS/DMEMF12 media was then added. After 24 h of starvation, cells were either left unstimulated or
stimulated with TGF-β1 (10 ng/ml) (R&D, Minneapolis, MN, USA). Upon stimulation
of cultures for more than 24 h, fresh media + TGF-β1 was added every 24 h. Once the
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stimulation period was completed, culture media was aspirated and cells were washed
once quickly, then 3X 7 min with cold 1X PBS. Cells were then fixed with 4 %
paraformaldehyde for 10 minutes at room temperature. Cells were washed again as
described above. 0.1% Triton-X100 was then added to permeabilize the cells and was
incubated for 15 min at room temperature. Cells were again washed once quickly, then 3
X 7 min with cold 1X PBS. After aspiration of the last wash, primary antibody was
added. Antibody for Sp1.D8 (type I procollagen – Hybridoma Bank) was used at 1/1000,
Smad2 (Cell Signaling) used at 1/20, PSmad2 (Upstate) was used at 1/20, Ski (Upstate)
was used at 1/200 and Alexa Fluor 488 conjugated anti-EGFP (Molecular Probes) was
used at 1:700. Cells were incubated with primary antibody overnight at 4oC. The next
day, cells were washed as above and secondary antibody applied – Alexa Fluor 568 or
594 (Molecular Probes) at a dilution of 1:700. Secondary antibody was left on cells for
90 min and the cells were then washed as above. After the last wash, cells were left in
PBS until ready to be mounted on slides. The coverslip was removed from the well and
was gently aspirated until dry. A drop of Slowfade Gold with DAPI was put on the slide
and the coverslip mounted cell side down. Coverslips were then sealed with clear nail
polish and stored at 4oC until ready to view. Pictures were taken with a 12.3 megapixel
Nikon D90 digital camera on a Nikon Eclipse E600 fluorescent microscope.

8. MTT assay
First passage (P1) rat cardiac myofibroblasts were infected with Ad-LacZ, AdHA-Ski or left uninfected and then plated at 5000 cells/well in 96-well plates. Each
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treatment was performed in triplicate. Cells were allowed to grow/adhere for 24 hours in
the presence of 10% FBS before changing the media to 0.2 µl of serum free media. After
24 hours of starvation, the media was again replaced with fresh serum free media or
serum free media with 10 ng/ml of TGF-β1 (R & D Systems, Minneapolis, MN, USA).
After various time points, 20 µl of MTT solution (5 mg/ml of MTT in PBS, sterile
filtered with 0.45 µm filter) was added to each well and incubated at 37oC for a further 3
hours. The media/MTT mixture was then removed by pipetting and replaced with 200 µl
of dimethyl sulfoxide (DMSO) and then the plates were allowed to sit for 5 min. Each
well was then mixed by pipetting and absorbances were measured at 570 nm to calculate
cell viability.

9. Measurement of apoptosis by flow cytometry
Apoptosis was measured using the Nicoletti method 257, 258. Briefly, infected cells
grown in 12-well plates (pre-starved in FBS free medium for 24 h) were treated with
TGF-β1 (10 ng/ml) for 48 h. After scraping, the cells were harvested by centrifugation at
1500 x g for 5 min, washed once with PBS, and then resuspended in a hypotonic
propidium iodide (PI) lysis buffer (1% sodium citrate, 0.1% Triton X-100, 0.5 mg/ml
RNase A, 40 μg/ml propidium iodide). Cell nuclei were then incubated for 30 minutes at
30°C and subsequently analyzed by flow cytometry. Nuclei to the left of the G1 peak
(sub G1) containing hypodiploid DNA were considered to be apoptotic.
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10. Procollagen type I Amino terminal peptide enzyme immunoassay (P1NP EIA)
P1 cardiac myofibroblasts were seeded on 100mm2 cell culture dishes and either
remained uninfected or were infected with LacZ adenovirus (Ad-LacZ) (100 multiplicity
of infection (MOI)) or Ad-HA-Ski (100 MOI) adenoviruses and then allowed to grow
overnight to ~75% confluency. Cells were then serum starved for 24 h by washing twice
with PBS and adding starvation media (serum free DMEM-F12 with 100 U/ml penicillin,
100 µg/ml streptomycin, and 1 µM ascorbic acid). Next, cells were either treated with
TGF-β1 (10 ng/ml) for 24 h or left untreated. Once the treatment period was complete,
media was removed to a 15 ml tube and cells from that plate were scraped and added to
the tube with the media. Next, tubes were subjected to 5 rapid freeze thaws in liquid
nitrogen/37oC water bath. 5µl of this media/cell solution was used for the procollagen
type I amino terminal peptide enzyme immunoassay (P1NP EIA) following kit
instructions.
11. RNA isolation
First passage cardiac myofibroblasts in 100 mm2 dishes were harvested for RNA
using GenElute Mammalian Total RNA miniprep kit (Sigma) according to
manufacturer’s instructions. RNA was diluted in 10 mM Tris (pH 7.5) and the
absorbance at 260 nm (A260) used to determine RNA concentrations. RNA purity was
assessed using the ratio of absorbance at 260 nm to absorbance at 280 nm (A260/A280).
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12. qPCR
Isolated RNA was DNase I treated for 30 minutes at 37oC. Stop solution was
added and then tubes were incubated at 65oC for a further 10 minutes. Primer sets for
Meox1 and Meox2 are found in Table 1.
Table 1. Primer sequences for quantitative real-time PCR

rat Meox2 primers:
ratMEOX2forward
5'-ttagcgggctctgctcaaac-3'
ratMEOX2reverse
5'-ttcacgaaggtcccaaagtc-3'
(Amplicon size = 114 bp)
rat Meox1 primers:
ratMEOX1forward
5'-tcgcccaccataactacctg-3'
ratMEOX1reverse
5'-ccttcacacgcttccacttc-3'
(Amplicon size = 123 bp)
GAPDH primers:
GAPDH forward
GAPDH reverse

5’-tgcaccaccaactgcttagc-3’
5’-ggcatggactgtggtcatgag-3’
(Amplicon size = 86 bp)

PCR master mix was prepared containing 2.5 µl RNA (used 250ng/reaction for Meox2),
12.5 µl Sybr Green, 1 µl primer mix (10 µM –each forward and reverse) and 8.5 µl
DEPC treated water yielding a 25 µl total volume per reaction. Samples were run in
triplicate including a no template control and a no reaction with template control eg, no
reverse transcriptase enzyme was added in this case. After sealing the plate with optical
tape, samples were run on a BioRad iQ5 light cycler using the following PCR
thermocycler program:
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cycle 1: (Reverse Transcriptase) step - 1 X @ 50.0°C for 10 min
cycle 2: (Amplification steps)
cycle 3

- 1 X @ 95.0°C for 5 min
40 X @ 95.0°C for 10 sec, 65.0°C for 30 sec

cycle 4: (Melt curve)

- 1 X @ 95.0°C for 1 min

cycle 5:

1 X @ 55.0°C for 1 min

cycle 6:

81 X @ 55.0°C - 95°C for 10 sec - increasing by

0.5°C every cycle
Data was analyzed using the BioRad iQ5 software.

13. 2D collagen gel contraction
Collagen gels were made by combining 7 ml of cold collagen solution (Stem Cell
Technologies) with 2 ml 5X concentrated DMEM-F12 and adusting the pH to ~7.4.
Total volume was brought to 10 ml with sterile double distilled water. 600 µl of the
mixture was added to each well of a 24-well dish and allowed to solidify a minimum of 3
h to overnight at 37o C in a 5 % CO2 incubator. P1 cardiac myofibroblasts were seeded
onto solidified collagen gels at 1 X 105 cells per well and either left uninfected or infected
with Ad-LacZ (100 MOI) or Ad-HA-Ski (100 MOI) at the time of plating. Cells were
allowed to grow and adhere for ~24 h and then were serum-starved for 24 h. Prior to
addition of TGF-β1 (10ng/ml) to the appropriate wells, gels were released from the walls
of the dish using a scalpel blade or circular cutting tool. Once gels were released around
the edges, cytokine was added, and pictures taken (t = 0). Pictures were then taken 24 h
following the initial treatment and analyzed using IDL Measure gel software to determine
gel surface area at each time point.
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14. Immunoprecipitation
P1 cardiac myofibroblasts were plated and infected with Ad-HA-c-Ski (100 MOI)
or Ad-LacZ (100 MOI) control virus. Following 24 h of incubation, cells were washed
twice with PBS and then lysed with 500 µl of mild RIPA lysis buffer (150mM NaCl, 1%
NP-40, 50mM Tris, pH8) containing protease inhibitor cocktail (Sigma) and phosphatase
inhibitors (10 mM NaF, 1 mM sodium orthovanadate, and 20 mM β-glycorophosphate).
Cell lysates were used for immunoprecipiation using Dynabeads Protein G (Invitrogen)
following the manufacturer’s protocol using gentle elution to remove protein complexes
bound to beads.

15. Reagents/antibodies
c-Ski antibody (Upstate/Millipore), HA antibody (Rockland Immunochemicals),
phospho-Smad2 ser456/467 antibody (Upstate/Millipore), α-smooth muscle actin (αSMA) (Sigma), non-muscle myosin heavy chain b (SMemb) (Abcam), eukaryotic
elongation factor 2 (eEF2) (Cell Signaling), β-tubulin (Abcam), ED-A fibronectin
(Chemicon) procollagen type I antibody (sp1.D8) (Hybridoma Bank), antibodies for
Lamin A and Hsc70 (Abcam), TGF-β1 cytokine (cell signaling), Zeb2 (Sigma), Collagen
gel solution (Stem cell technologies/Advance Biomatrix Purcol), procollagen type I
amino terminal peptide enzyme immunoassay (PINP EIA) from Immuno-Diagnostic
Systems.
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16. Statistics
Data are expressed as mean ± SEM. Data were entered and processed using the
SigmaStat statistics program. Groups were compared using one-way ANOVA with
Student-Newman-Keuls post hoc test for multiple group comparisons. P < 0.05 was
considered to be significant unless otherwise indicated in the legend.
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V. Results
1. Characterization of viruses: c-Ski has mainly been studied in the context of
transformed cell lines. Studies performed in primary cells have been lacking or absent,
and the latter is true with respect to studying c-Ski expression in the heart. As
myofibroblasts are central to post-MI wound healing and cardiac fibrosis and as these
processes are closely associated with TGF-β/Smad signaling 43, 259, we investigated the
expression of c-Ski in first passage (P1) cardiac myofibroblasts. HeLa nuclear extract
was used as a standard for c-Ski expression. We consistently observed an abundant 105
kDa c-Ski band regardless of treatment (serum starved, 10% FBS or 10 ng/ml TGF-β1
treatment) (Figure 3A) along with two less abundant bands at 95 and 115 kDa, which
were revealed with longer exposure times (data not shown). To assess the effectiveness of
our adenoviral overexpression system, we infected P1 cardiac myofibroblasts with
various MOI’s of adenoviral hemagglutinin-tagged c-Ski (Ad-HA-Ski). Adenoviral
overexpression of c-Ski resulted in an increase in the intensity of the 95 kDa band in a
dose dependent manner compared to uninfected and adenoviral LacZ (Ad-LacZ) infected
cells (Figure 3B). Localization of overexpressed c-Ski was determined through
immunofluorescent analysis. Using a HA-antibody we were able to detect exogenous cSki localization in a distinct nuclear localization compared to uninfected and Ad-LacZ
infected controls. Nuclei were DAPI stained and the actin cytoskeleton was stained with
phalloidin to delineate the outline of the cell (Figure 4).

Ad-HA-Ski

control + 10% FBS

HeLa nucler extract

control + TGF-β1

control

A.

control + 10% FBS
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115 kDa
105 kDa
95 kDa

150 MOI

100 MOI

Ad-LacZ

control

50 MOI

Ad-HA-Ski

B.

115 kDa
105 kDa
95 kDa

eEF2
(load control)

Figure 3. Characterization of c-Ski in uninfected and Ad-HA-Ski infected P1
myofibroblasts. Panel A, Cardiac myofibroblasts express 115, 105 and 95 kDa forms of
c-Ski. Expression of endogenous c-Ski was performed using Western blot analysis of
normal P1 cardiac myofibroblasts under serum-starved, 10% FBS or TGF-β1 stimulated
conditions. Ad-HA-Ski overexpression lane was done with MOI of 100 vp/cell. HeLa
nuclear extract (Upstate) was used as a control for c-Ski expression. Panel B, Ad-HA-Ski
overexpresses 95 kDa c-Ski. P1 cardiac myofibroblasts were left uninfected or infected
with Ad-LacZ (100 MOI) or at various MOI’s with Ad-HA-Ski for 24 hours. Total c-Ski
expression was examined using Western blot using eEF2 as a loading control. Images are
representative of n = 3 different experiments.
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nuclei

HA

phalloidin

Control

Ad-LacZ

Ad-HA-Ski

Figure 4. Exogenously expressed c-Ski is nuclear. P1 cardiac myofibroblasts were left
uninfected or infected with Ad-LacZ (100 MOI) or Ad-HA-Ski (MOI 100) for 24 hours.
Cells were fixed and immunostained using hemagglutinin (HA) antibody and DAPI
nuclear stain. Phalloidin stain was used to delineate cell outline. Images are
representative of 3 different experiments.
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2. Effect of c-Ski overexpression on collagen synthesis/secrection: Previous studies
have shown that c-Ski is able to inhibit TGF-β signalling 26, 27. As this cytokine is
profibrotic and implicated in cardiac fibrosis following MI 25, 146 and induces
myofibroblast contraction of collagen gel matrices when cells are plated in two
dimensions 260, we assessed the ability of c-Ski overexpressing cells to modulate these
TGF-β induced effects. As the retroviral plasmid contains an eGFP reporter gene, we
were able to detect retroviral infection in RV-pMxie and RV-HA-Ski infected cells.
Monomeric procollagen expression within cells was monitored by immunostaining with
procollagen type I antibody (sp1.D8). We observed a reduction of procollagen type I
staining in retroviral-HA-Ski infected cells compared to uninfected and eGFP-only (RvpMxie) infected cells (Figure 5). To quantify the changes in myofibroblast collagen type I
secretion, we used a procollagen type I amino terminal peptide enzyme immune assay to
measure the cleaved globular end produced on mature extracellular collagen formation.
Collagen type I secretion by Ad-HA-Ski infected cells was significantly reduced in TGFβ1 stimulated (10 ng/ml for 24 hours) and unstimulated cells compared to Ad-LacZ and
uninfected controls (Figure 6).

3. Effect of c-Ski overexpression on myofibroblast contraction: Myofibroblast
contractility was measured using a two-dimensional collagen gel deformation assay. We
observed an inhibition of myofibroblast gel contraction under both basal conditions and
TGF-β1 (10 ng/ml for 24 hours) stimulated conditions compared to uninfected and AdLacZ infected controls (Figure 7). In combination with the c-Ski overexpression
characterization data, these data suggest an important role for the 95 kDa form of c-Ski in
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the modulation of cardiac myofibroblast function, i.e. in the physical remodelling of the
extracellular matrix.

nuclei

eGFP

sp1.D8

Mock
+ TGF-β1

Rv-pMxie
+ TGF-β1

Rv-HA-Ski
+ TGF-β1

Figure 5. Overexpression of c-Ski inhibits collagen type I synthesis. Retrovirusinfected cells and uninfected (mock) control cells were stimulated with TGF-β1 (10
ng/ml, 30 minutes) to induce expression of procollagen type I, fixed and
immunostained with procollagen type I antibody (sp1.D8) with eGFP as a reporter for
infection. Nuclei were stained with DAPI. Images are representative of n = 3 different
experiments.
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1.8

Fold change collagen type I
vs control

1.6
1.4

†

1.2
1

*

0.8
0.6
0.4
0.2
0

control

Ad-HA-Ski

Ad-LacZ
+TGF-β1

+ TGF-β1

Figure 6. Overexpression of c-Ski inhibits collagen type I secretion. Uninfected
(control) or Ad-LacZ/Ad-HA-Ski infected cells were serum starved for 24 hours and then
treated with TGF-β1 (10ng/ml) for 24 hours or left unstimulated. Cleaved amino globular
heads of procollagen type I molecules were assayed using PINP EIA on the media/cell
solution. Data was normalized to control within each group. Data are n=6, * P < 0.001
vs control; † P< 0.01 vs control +TGF-β1.
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Ad-LacZ

Ad-HA-Ski

control
+TGF-β1

Ad-LacZ
+TGF-β1

Ad-HA-Ski
+TGF-β1
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24h
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% change in collagen gel surface area
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control
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Ad-HA-Skicontrol+TGF-β
LacZ+TGF-β
Ad-HA-Ski+TGF-β
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Figure 7. Ad-HA-Ski overexpression inhibits basal contractility and TGF-β1
induced contractility of P1 cardiac myofibroblasts. Two-dimensional semi-floating
gel contraction was carried out on uninfected (control) and Ad-LacZ (100 MOI) or AdHA-Ski (100 MOI) infected cells. Cells were serum starved for 24 hours then gels were
released from the walls of the well and left unstimulated or treated with TGF-β1 (10
ng/ml, 24 hours). Panel A: Pictures of gels were taken at time 0 and 24 hours following
stimulation and changes in surface area measured using IDL based computer software.
Panel B: Histographical representation of n=4 is shown. * P < 0.001 vs control; † P<
0.001 vs control +TGF-β1.
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4. Effect of TGF-β1 stimulation on c-Ski localization: Stimulation of cells with TGF-β
has been shown to induce degradation of c-Ski 223. To ascertain the impact of TGF-β1 (10
ng/ml) stimulation on c-Ski localization in primary cardiac myofibroblasts, we used
immunofluorescent staining to monitor c-Ski expression and localization. We found that
c-Ski staining at early time points (≤12 hours) was mainly diffuse throughout the cell,
however at 24 and 48 hours of TGF-β1 (10 ng/ml) stimulation, c-Ski was mainly
localized to the nucleus (Figure 8).

t=6h

t=12h

t=24h

t=48h

nuclei

c-Ski

t=0

Figure 8. TGF-β1 stimulates nuclear translocation of c-Ski in P1 cardiac
myofibroblasts. P1 cardiac myofibroblasts at ~75% confluency were serum-starved for
24 h before treatment with TGF-β1 (10 ng/ml) for various times. Immunofluorescent
staining of c-Ski in serum-starved cells (DAPI nuclear stain) at selected time points under
oil immersion (400 X). Pictures are representative of n = 4 individual experiments.
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5. Mechanism for c-Ski mediated inhibition of collagen type I synthesis/secretion:
TGF-β signals through the canonical Smad signal transduction pathway 148, 149, 154.
Several potential mechanisms for c-Ski-mediated inhibition of TGF-β have been
described using numerous cell lines including both nuclear and cytosolic mechanisms 26,
27

. To elucidate the actions of c-Ski in cardiac myofibroblasts, we examined the effects of

c-Ski overexpression on the nuclear translocation of phospho-Smad2 (P-Smad2) using
immunostaining and nuclear/cytosolic fractionation. Following TGF-β1 (10 ng/ml)
stimulation for 30 minutes, P-Smad2 translocated to the nucleus in all groups including
uninfected, Ad-LacZ and Ad-HA-Ski infected cells. This result was demonstrated with
immunofluorescence showing strong nuclear P-Smad2 staining in all cells (Figure 9A).
We confirmed this result using nuclear/cytoplasmic fractionation showing robust PSmad2 expression in the nuclear fractions of TGF-β1 (10 ng/ml for 30 minutes)
stimulated cells (Figure 9 B and C). A trend towards reduced P-Smad2 expression in
nuclei of Ad-HA-Ski infected cells compared to uninfected and LacZ expressing cells
was noted but found to be not significant and there was no increase in P-Smad2 levels in
the cytoplasm of Ad-HA-Ski infected cells. To further identify the mechanism of c-Ski
mediated inhibition of TGF-β1, we examined the potential interaction of c-Ski and PSmad2 in primary cardiac myofibroblasts. The association of these two proteins was
assayed using co-immunoprecipitation. Following co-immunoprecipitation with c-Ski
antibody, we observed significant levels of P-Smad2 in the uninfected and Ad-HA-Ski
infected cell extracts (Figure 10). These data, taken together with the above experimental
observations, provide evidence that nuclear 95 kDa c-Ski may function to inhibit TGF-β1
through binding with P-Smad2. These data suggest a nuclear mechanism for c-Ski
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mediated inhibition of TGF-β1 through P-Smad2 binding. Inhibition may occur through
P-Smad2 sequestering in the nucleus - either bound to DNA or through prevention of
DNA binding. While our study does not definitively distinguish between these
mechanisms, when taken with published data from other labs, our results support Suzuki
et al.’s “disrupting bridge” hypothesis of c-Ski binding with phospho-Smads on DNA
and preventing target gene activation.
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Figure 9. Overexpression of c-Ski does not inhibit nuclear translocation of P-Smad2.
Panel A, Rv-HA-Ski infected P1 cardiac myofibroblasts (MOI 150) were treated with
TGF-β1 (10 ng/ml, 30 minutes) to stimulate phosphorylation and nuclear translocation of
Smad2. Cells were immunostained for P-Smad2. The reporter gene eGFP was used to
identify infected c-Ski overexpressing cells. P-Smad2 antibody was used to assess
localization of “activated” Smad2 and nuclei were stained with DAPI. Images are
representative of 3 independent experiments.
Panel B, Representative Western blots of nuclear and cytoplasmic fractions of
uninfected, Ad-LacZ and Ad-HA-Ski infected cells that were unstimulated and
stimulated for 30 min with TGF-β1 (10 ng/ml) to induce Smad2 phosphorylation and
nuclear translocation. LaminA and Hsc70 were used as nuclear and cytoplasmic loading
controls, respectively.
Panel C, Histographical representation of data in (B). Data are n = 4 separate
experiments.
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Figure 10. c-Ski forms a complex with P-Smad2 in vitro. Immunoprecipitation was
performed on P1 cardiac myofibroblasts that were either uninfected or Ad-HA-Ski
infected (50 MOI). Immunoprecipitation was performed using c-Ski antibody or IgG
antibody as a control. Western blot was probed for P-Smad2 protein. Image is
representative of n=6.
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6. Effects of c-Ski on myofibroblastic phenotype: Cardiac fibroblasts phenoconversion
into myofibroblasts results from a range of factors including TGF-β1 stimulation 261, 262
and low density plating on rigid substrate 263. Smad transduction of TGF-β signal is
associated with this fibroblast to myofibroblast differentiation 25, 261, 264. As we have
shown above c-Ski is a potent inhibitor of TGF-β mediated effects including collagen
type I synthesis/secretion and collagen gel contraction – two important characteristics of
the myofibroblast phenotype. Thus we examined the effect of c-Ski overexpression on
the phenotype of primary cardiac myofibroblasts through expression of recognized
myofibroblast markers: α-SMA (Figure 11), ED-A fibronectin (Figure 12) and SMemb
(Figure 13). Overexpression of 95 kDa c-Ski at various MOI’s resulted in a marked
reduction in α-SMA and ED-A fibronectin expression in Ad-HA-Ski infected cells
relative to uninfected and Ad-LacZ infected cells. Changes in SMemb expression were
not significant suggesting that 95 kDa c-Ski may diminish the myofibroblastic phenotype
without fully reversing it.

7. Effects of c-Ski on myofibroblast cell viability: c-Ski has been shown to play a role
in apoptosis 224 and is also associated with the regulation of cell proliferation 218, 226. The
roles of c-Ski are cell type dependant and the effects of c-Ski expression on viability of
cardiac myofibroblasts are unknown. To examine the effects of c-Ski overexpression on
the viability of P1 cardiac myofibroblasts we used MTT assays (Figure 14). Cells were
exposed to serum-free medium or TGF-β1 (10 ng/ml) for 48 hours. We observed a
significant reduction in cell numbers in Ad-HA-Ski infected cells compared to uninfected
and Ad-LacZ infected cells at seeding desities of 5000 cells per well. However, this
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effect was partially lost at lower seeding densities (Figure 14). Flow cytometric analysis
using propidium iodide staining revealed that reduction in cell viability was likely due to
significant levels of apoptosis in c-Ski overexpressing cells relative to Ad-LacZ infected
and uninfected control groups (Figure 15 A and B).
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Figure 11. α-SMA expression decreases in 95 kDa c-Ski overexpressing cells. P1
cardiac myofibroblasts were infected with either Ad-LacZ (100 MOI) or Ad-HA-Ski (50,
100, 150 MOI) for 24 h. Uninfected cells served as a control. Panel A: Total αSMA
expression was examined using Westerns using β-tubulin antibody as a loading control.
Panel B: Histographical representation of data obtained in (A). Image shown is
representative of n=3. † P < 0.05 vs controls; *P < 0.01 vs control values.
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Figure 12. ED-A fibronectin is decreased in 95 kDa c-Ski overexpressing cells. P1
cardiac myofibroblasts were infected with either Ad-LacZ (100 MOI) or Ad-HA-Ski (50,
100, 150 MOI) for 24 h. Uninfected cells served as a control. Panel A, Total ED-A
fibronectin expression was examined using Westerns using β-tubulin antibody as a
loading control. Panel B, Histographical representation of data obtained in (A). Image
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shown is representative of n = 4 independent experiments. *P < 0.01 vs control values; †
P < 0.01 vs 50 MOI and 150 MOI.
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Figure 13. SMemb is not significantly altered with Ad-HA-Ski infection. P1 cardiac
myofibroblasts were infected with either Ad-LacZ (100 MOI) or Ad-HA-Ski (100 MOI)
for 48 h. Uninfected cells served as a control. Panel A, Total SMemb expression was
examined using Western blot analysis using β-tubulin expression as a loading control.
Panel B, Histographical representation of data obtained in (A). Image shown is
representative of n = 3 independent experiments.

67

A.

1000
cells/well

B.

5000
cells/well
*

*
#

#

*

#
#

* # *#

Figure 14. c-Ski overexpression reduces rat ventricular myofibroblast viability.
Panels A and B, Cells were seeded at (A) 1000 cells/well or (B) 5000 cells/well in 96well plates and left uninfected (wild type – Wt) or infected with Ad-LacZ (100 MOI)
(LacZ) or Ad-HA-Ski (100 MOI) (SKI) and allowed to grow and adhere overnight. Cell
were then serum starved for 24 hours before treatment with TGF-β1 (10 ng/ml) for a
further 48 hours. Serum free conditions for 48 hours served as a control. Cell viability
was assessed by MTT-assays. Results are expressed as percentage of corresponding
control and represent the means ± SE of 9 independent experiments in three different sets
of rat ventricular cells. [Panel A, * = P < 0.01 vs Wt control; # = P < 0.05 vs Wt + TGFβ1; Panel B, * = P < 0.01 vs Wt control; # = P < 0.001 vs Wt + TGF-β1].
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A.

Propidium Iodide (PI) Fluorescence Intensity
Figure 15: c-Ski overexpression induces apoptosis in first passage cardiac
myofibroblasts. Panel A, DNA histograms of rat ventricular cells (Nicoletti method)
from FACS analysis of uninfected (wild type – WT), Ad-LacZ (100MOI) (LacZ), and
Ad-HA-Ski (100MOI) (SKI) infected P1 cardiac myofibroblasts. M2 (statistical marker)
has been placed to mark sub-diploid DNA that is low on control histograms. The diploid
(G1), and tetraploid (G2) DNA is visible in a form of two peaks in the far-right part of the
histograms. G1 and G2 peaks are still preserved and sub-diploid peak corresponding to
apoptotic cells was also clearly visible to the left from both peaks that represent normal
cells. Panel B, Histographical representation of FACS data. n = 3 separate experiments.
[* = P < 0.01 vs WT; # = P < 0.01 vs WT + TGF-β1].
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8. c-Ski effects on Meox1 and Meox2 mRNA expression: Primary (P0) fibroblast to
myofibroblast (P1 and P2) phenoconversion is associated with increased levels of α-SMA
265

, ED-A fibronectin 266 and SMemb 101 as well as a dramatic reduction in Meox1 and

Meox2 mRNA expression (unpublished data). As shown above, c-Ski overexpression
was able to diminish the myofibroblastic phenotype. As higher Meox1 and Meox2 levels
are associated with the relatively quiescent fibroblast phenotype, we examined the effect
of c-Ski overexpression on Meox1 and Meox2 mRNA expression. Using qPCR we
observed an induction of Meox2 mRNA expression in Ad-Ski infected P1 cardiac
myofibroblasts compared to uninfected and Ad-LacZ infected controls (Figure 16). A
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trend of reduced Meox1 mRNA expression in c-Ski overexpressing cells was observed
but not found to be significant. These data indicate that c-Ski may be involved in
regulating the expression of the Meox2 homeobox protein but not a closely related
protein, Meox1.
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Figure 16. Overexpression of c-Ski upregulates Meox2 mRNA expression. P1 cardiac
myofibroblasts were either infected with Ad-LacZ (100 MOI), Ad-HA-Ski (100 MOI) or
left uninfected. Cells were starved for 24 hours before treatment with TGF-β1 (10 ng/ml
for 24 h). Total RNA was isolated and two-step qPCR performed with Meox1 and Meox2
primers. GAPDH primers were used to control for loading. * = P < 0.005 vs control. Data
are n = 4 independent experiments. qPCR and analysis performed by J. Douville.
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9. Effects of Meox2 protein overexpression on myofibroblast phenotype
The data shown above in this section led us to suggest a possible mechanism for c-Ski
modulation of myofibroblastic phenotype through Meox2 induction. To test the
hypothesis that Meox2 may influence the phenotype of our cells, we overexpressed
FLAG-tagged Meox2 (Ad-FLAG-Meox2) in cardiac myofibroblasts and examined
phenotypic markers through Western blot. Similar to c-Ski, Meox2 overexpression was
able to significantly reduce both α-SMA and ED-A fibronectin protein expression but not
alter SMemb levels (Figure 17). These effects on phenotype are similar to those or c-Ski
overexpression. Thus, we feel that a putative link exists between these two proteins and
represents a putative novel pathway for the modulation of the myofibroblastic phenotype.

A.

α-SMA

ED-A fibronectin

SMemb
β-tubulin

Figure 17. Meox2 overexpression causes diminution of myofibroblast phenotype.
Panel A, P1 cardiac myofibroblasts were infected with Ad-LacZ (100 MOI) or Ad-
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FLAG-Meox2 (200 MOI). Uninfected cells were cultured as an additional control. Cells
were allowed to grow in the presence of virus for 48 h before harvesting for Western blot
analysis. Myofibroblast phenotype was assessed using α-SMA, ED-A fibronectin and
SMemb antibodies with β-tubulin expression used as a loading control. Images are
representative of n = 4 independent experiments.
Panel B, Histographical representation of Western blots in (A). α-SMA, * = P < 0.01 vs
control; ED-A fibronectin, † = P < 0.05 vs control; SMemb data was not significant. Data
obtained from n = 4 independent experiments.
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10. Mechanism for c-Ski mediated increase in Meox2 expression
A variety of mechanisms may be responsible for c-Ski induction of Meox2 mRNA
expression, including direct binding of c-Ski to the Meox2 promoter and indirectly
modulating Meox2 repressor proteins. To examine the possibility of indirect activation,
we investigated the expression of Zeb2, a recently identified inhibitor of Meox2 254.
Using Western blot analysis,we observed robust Zeb2 protein expression in uninfected
and Ad-LacZ infected myofibroblasts. However, individual overexpression of c-Ski and
Meox2 induced a significant reduction in Zeb2 levels in P1 cells (Figure 18). These
results indicate an indirect mechanism for c-Ski mediated increases in Meox2 mRNA
expression. To date this is the first time c-Ski has been linked to Zeb2 protein expression
and provides a novel mechanism for c-Ski mediated diminution of myofibroblast
phenotype.
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Figure 18. Overexpression of c-Ski or Meox2 reduces Zeb2 protein expression. P1
cardiac myofibroblasts were infected with Ad-LacZ (100 MOI), Ad-HA-Ski (50 MOI),
Ad-FLAG-Meox2 (200 MOI). Uninfected cells were cultured as an additional control.
Cells were allowed to grow in the presence of virus for 48 h before harvesting for
Western blot analysis. Panel A, Total Zeb2 expression was examined using Western blot
using β-tubulin antibody as a loading control. Panel B, Histographical representation of
data obtained in (A). Image shown is representative of n=3 independent experiments. *P
< 0.01 vs control values.
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VI. Discussion
In this thesis, we have summarized our work that for the first time identifies a role for cSki protein in controlling the phenotype of primary cardiac myofibroblasts. Previous
work in our lab has demonstrated a dramatic increase in cytosolic levels of c-Ski in postMI infarct scar cardiac myofibroblasts beginning at 48 hours through 4 weeks post-MI
(Figure 19) 267. These data identified c-Ski as a potential target for study of cardiac
remodeling following myocardial infarction. We have observed the three distinct forms
of c-Ski expressed in cardiac myofibroblasts corresponding to 95, 105, and 115 kDa
Western bands and we were able to overexpress the 95 kDa version with our adenoviral
overexpression system. It has been suggested by others that alternate forms of c-Ski arise
from differential phosphorylation of the 95 kDa form 17, 18. We found that the main
isoform in myofibroblast infected with adenoviral-c-Ski was the 95 kDa form. On the
other hand, degradation of c-Ski occurs through a ubiquitin-mediated pathway via
interaction with Arkadia 222. Thus it is possible that the attachment of ubiquitin groups to
the c-Ski protein may also account for one or more of the detected c-Ski forms. In
addition the Ski-related novel protein (SnoN) has been shown to have many parallel
functions with c-Ski 182, 268 and possesses small ubiquitin-like modifier-1 (SUMO-1)
binding sites 269. As SnoN and c-Ski are both structurally and functionally related it is
possible that c-Ski sumoylation is partly responsible for one or more of the additional cSki bands detected by Western blotting. Whether sumoylation of Ski has any effect on
Ski function is unclear. However Wrighton and coworkers found that sumoylation of
SnoN does not affect its TGF-β inhibitory potential 269. Although we are not increasing
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the levels of the most common form of cellular c-Ski, the fundamental functional
differences between 95 and 105 kDa c-Ski may be minimal. Nonetheless this suggestion
is purely speculative and requires further study. The 105 kDa form appears as the most
prominent form of c-Ski in normal preparations in our hands and we assume that the Ski
protein at this band may be modified with one or more of these post-translational
changes. Adenoviral overexpression of c-Ski induced overexpression of (apparently)
unmodified c-Ski and this protein significantly altered the function and phenotype of
primary cardiac myofibroblasts. That there was no detectable increase in 105 kDa c-Ski
may signify that the enzyme(s) responsible for post-translational modification of c-Ski
are rate limiting factors and the addition of exogenous c-Ski therefore created a cellular
excess of c-Ski available for modification without the mechanisms to do so. An alternate
hypothesis to post-translational modification of c-Ski is that we may be observing
alternative splicing 195, 196. Early studies with c-Ski identified three alternative splice
variants 195. Differences in sub-nuclear localizations were evident between the different
forms 195, however the implications of this finding have not been explored. Experiments
with truncated versions of the full length c-Ski cDNA showed equal effectiveness at
inducing morphological transformation of chicken embryo fibroblasts and induction of
muscle in cells from quail embryo 270. While the functions of each different form of c-Ski
remain unclear, we have identified numerous effects of 95 kDa c-Ski on cardiac
myofibroblast phenotype and function.
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Figure 19. c-Ski expression in post-MI rat heart. Schematic representation of 105 kDa
c-Ski expression in cytosolic fraction of cells in post-MI rat heart: infarct scar
(myofibroblasts) and remnant heart.

It is well known that cardiac myofibroblasts deposit extracellular matrix proteins
(namely fibrillar collagens) following MI and that the overexpression and net
accumulation of these proteins in both the damaged myocardium and in the extracellular
space of the noninfarcted myocardium results in overt cardiac fibrosis and heart failure 41,
43, 44, 85-87

. Furthermore, induction of collagen secretion is in large part due to chronically

elevated TGF-β 146. One of the main findings of the current work was that adenoviral
overexpression of 95 kDa c-Ski was linked to the inhibition of collagen synthesis and
secretion in primary cardiac myofibroblasts. This effect was observed in both
unstimulated and TGF-β1 stimulated cells. Thus we have identified c-Ski as a potential
therapeutic target for treatment of a variety of etiologies of heart disease associated with
cardiac fibrosis. As specific antifibrotic therapies for cardiac fibrosis are currently lacking
within the armament of clinical therapy, the ability of c-Ski to directly modulate collagen
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synthesis and secretion by myofibroblasts is clincally relevant. We suggest that c-Ski
targeted treatment post-MI, as well as inclusion in the arsenal of therapies for
hypertension and diabetes (and other etiologies) may represent a potential method to
delay/prevent cardiac fibrosis and heart failure in these disease states.
Scar contracture is mediated by cardiac myofibroblasts 271. Myofibroblast contraction
may be regulated through a range of mechanisms including Ca2+ signalling 112,
Rho/ROCK signalling and α-SMA expression 106, 272. Our results show that c-Ski is able
to inhibit myofibroblast contraction in both unstimulated and TGF-β1 stimulated cells.
This result may be due in part to a reduced expression of α-SMA observed in Ad-HA-Ski
infected cells (Figure 11). Alternatively, basal inhibition of contraction in c-Ski
overexpressing cells may signal an effect of c-Ski on isometric tension generated by
myofibroblasts. Castella et al. have proposed that Rho/ROCK signalling influences
isometric tension in myofibroblasts 107, thus c-Ski induced inhibition of myofibroblast
contraction in unstimulated cells may signify an effect of c-Ski on the kinases regulating
isometric tension within these cells. TGF-β1 induces collagen gel contraction in vitro 273,
an effect we observed in our uninfected and Ad-LacZ infected control samples. However,
c-Ski overexpressing cells exhibited minimal changes in contraction under the same
conditions. The differences between uninfected, Ad-LacZ and Ad-HA-Ski infected cells
cannot be attributed to inhibition of isometric tension alone. As TGF-β induces the
expression of α-SMA 261, 274 and α-SMA is directly related to myofibroblast contraction
106, 272

, reduction of α-SMA levels in c-Ski overexpressing cells may be the mechanism

for reduced myofibroblast contraction under TGF-β1 stimulation. These data demonstrate
that c-Ski is a powerful inhibitor of TGF-β mediated effects.
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c-Ski has been characterized as an inhibitor of TGF-β signaling 19, 169 yet there is
some debate as to the precise mechanisms involved in c-Ski mediated inhibition. Suzuki
et al. have proposed a “Smad trapping” mechanism whereby nuclear c-Ski binds to
phosphorylated R-Smad and Co-Smad4 on DNA creating a stable inactive complex
thereby preventing transcription of TGF-β target genes 26. Ferrand et al. have shown that
c-Ski may bind the TGF-β type I receptor with R-Smad and Smad4 forming an
inactivated complex that prevents nuclear translocation of the R-Smad/Smad4 complex
27

. In addition, the novel protein C184M may bind c-Ski and co-localize to the cytoplasm

to inhibit R-Smad/Smad4 nuclear translocation 170. We have shown that overexpressed 95
kDa c-Ski is nuclear (Figure 4) and that this exogenous c-Ski does not inhibit P-Smad2
nuclear translocation (Figure 9). Therefore the mechanism of 95 kDa c-Ski function in P1
cardiac myofibroblasts is likely through sequestration of P-Smad2 in the nucleus (Figure
20). The data presented herein identifies a nuclear mechanism for 95 kDa c-Ski but does
not distinguish between P-Smad2 trapping in association with DNA or simply within the
nuclear membrane (Figure 20). However, taken with other studies, our results support
Suzuki’s Smad trapping model. A confirmation of this hypothesis in our cells could be
achieved by studying the DNA binding ability of the c-Ski/P-Smad2 complex in cardiac
myofibroblasts. We have not examined the binding ability of c-Ski and nonphosphorylated Smad2 in our study, however this experiment may help further define the
role of c-Ski in the TGF-β1 pathway. Each form of c-Ski may act differentially to inhibit
TGF-β and specific mechanisms involved likely depend on the cell type being studied. In
addition, the majority of literature to date does not distinguish the form of c-Ski involved.
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We have observed a nuclear function for 95 kDa c-Ski, however, 105 and 115 kDa c-Ski
may function in either or both the nucleus and cytoplasm.
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Figure 20. Putative mechanism for 95 kDac-Ski mediated inhibition of TGF-β1 in
cardiac myofibroblasts. Our results indicate a nuclear mechanism for 95 kDa c-Ski
mediated repression of TGF-β1. Panel A, c-Ski may inhibit TGF-β1 signaling by
sequestering P-Smad2 in the nucleus .Panel B, c-Ski may also inhibit TGF-β1 through
inactivation of P-Smad2/Co-Smad4 complexes on DNA thereby preventing
transcriptional activation.
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Classical definitions of c-Ski describe a nuclear localization 19, 212, while more recent
work demonstrates cytosolic localization 27, 209. We observed diffuse total cellular
staining of c-Ski in unstimulated and TGF-β1 stimulated cells at early time points (0-12
hours) and nuclear c-Ski accumulation occurred following 24 hours of stimulation
(Figure 8). Unstimulated cells were not assayed under the same conditions to serve as a
control for this experiment however this research is ongoing and will be completed by
our lab in the near future. Nevertheless, this finding may signify a delayed negative
feedback mechanism similar to the more rapid I-Smad7 activation. Whereas I-Smad7
shifts from a nuclear to cytosolic localization, c-Ski works in reverse, suggesting c-Ski
may reside in the cytoplasm in the form of a latent cellular pool – ready for activation
under strong stimulus. As we observe 105 kDa c-Ski most prominently in cardiac
myofibroblasts, this nuclear c-Ski accumulation may be attributed to the 105 kDa form.
This result, taken together with the in vivo finding of cytosolic c-Ski accumulation in
post-MI infarct scar 267, may signify a malfunction in the TGF-β inhibitory functions of cSki post-MI through as yet undefined mechanisms. I-Smad7 expression is reduced in
post-MI scar tissue 61 while R-Smad expression is increased in these tissues 43
demonstrating an imbalance in antifibrotic/profibrotic signals. That c-Ski is a potent
antifibrotic and is increased in cytosolic fraction of infarct scar 267 without a reduction in
collagen production 43 indicates that this cytosolic c-Ski may not be inhibitory under such
conditions. As Hao et al. have demonstrated a reduction in TβRI expression in infarct
scar 43 and c-Ski may function through binding to this receptor 27 it is possible that c-Ski
is concentrated into the cytoplasm due to undescribed stimuli where it is no longer able to
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efficiently function. A clearer understanding of the mechanisms regulating c-Ski
localization is necessary to ascertain the function of c-Ski in the post-MI heart.
Cardiac fibroblast to myofibroblast phenoconversion is characterized by the de novo
expression of α-SMA 265, ED-A fibronectin 266 and SMemb 275 as well as increased
expression of fibrillar collagens 9 and contractile ability 276. We observed a reduction in
myofibroblast function as well as phenotypic markers α-SMA and ED-A fibronectin. As
these are all known “hallmarks” of myofibroblasts, we suggest that c-Ski is able to induce
a diminution of myofibroblastic phenotype into a more fibroblastic one. While we have
also observed an induction of apoptosis with c-Ski overexpression, phenotyping data was
adjusted for equal loading of protein to rule out changes due to cell viability. As
myofibroblasts remain in the healed infarct scar months and years after the initial insult 7
and as these cells maintain excessive extracellular matrix proteins over this time period,
the ability to modulate cardiac myofibroblast function and phenotype is of great
therapeutic value in treating cardiac fibrosis and heart failure 9.
We have also begun to elucidate a potential mechanism, through induction of Meox2
expression, for c-Ski induced myofibroblast dedifferentiation. Others have shown that
cardiac fibroblast to myofibroblast phenoconversion is associated with a dramatic
decrease of Meox1 and Meox2 mRNA expression (J. Douville and J. Wigle unpublished
data) suggesting that these proteins function to maintain the fibroblastic phenotype. The
loss of these homeodomain proteins may “release the brakes” and allow the progression
of fibroblasts into myofibroblasts. We have shown that c-Ski overexpression induces a
diminution in myofibroblastic phenotype and is associated with an increase in Meox2

83

mRNA expression (Figure 16). Thus c-Ski may serve to “re-apply the brake” to the cell
cycle and cell differentiation pushing cells into a proto-myofibroblast, or more
fibroblastic, phenotype. Through overexpression of Meox2 we observed a similar
diminution in myofibroblastic phenotype (as with c-Ski overexpression). Thus we have
identified a putative mechanism for c-Ski induced reductions of myofibroblast markers
(Figure 20). Meox2 expression levels may be regulated by the Zeb2 protein such that
high levels of Zeb2 results in repression of Meox2 and expression of the Zeb2 protein
may be regulated by microRNA-221 254. We demonstrated a reduction in Zeb2 with
overexpression of either c-Ski or Meox2 (Figure 18), thereby identifying a putative
mechanism for c-Ski induction of Meox2 (Figure 21). Given that Zeb2 may be regulated
by microRNA-221 254, a future study of this mechanism should include the effects of cSki on microRNA-221 expression. Simultaneous c-Ski overexpression and silencing of
Zeb2 would confirm this link. Similarly, simultaneous c-Ski overexpression and ablation
of Meox2 would determine a direct or indirect effect on myofibroblast phenotype. Thus
in the context of our observations, c-Ski may either be acting directly on Meox2 gene
expression or through decreasing Zeb2 to increase levels of Meox2. It also cannot be
discounted that c-Ski utilizes multiple mechanisms, including Meox2 upregulation, to
diminish myofibroblast phenotype as c-Ski induces a relatively small increase of 6-fold
of Meox2 mRNAexpression compared to the near 20-fold reduction in expression
observed in P0-P1 fibroblast to myofibroblast differentiation. This observation may also
account for the lesser degree of myofibroblast diminution in Meox2 overexpressing cells
compared with c-Ski overexpressing cells. Regardless, further work needs to be done to
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determine the extent of myofibroblast reversion due to c-Ski overexpression, i.e.
migratory potential and other markers of phenotype.

c-Ski
↓ Zeb2

indirect ?

direct ?

↑ Meox2

↓ myofibroblast
phenotype

↓ collagen

↓ contraction

Figure 21. Putative mechanism for c-Ski modulation of myofibroblast phenotype
and function. c-Ski may signal directly, or through upregulation of Meox2, to modulate
myofibroblast phenotype.
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There is debate as to the effects of c-Ski overexpression on cell viability. Some have
observed significant increases in apoptosis with c-Ski knockout in the cranial
neuroepithelium thereby linking loss of c-Ski with a reduction in cell viability 21, whereas
others have linked increased levels of c-Ski to apoptosis of granulosa cells 224. In
addition, c-Ski overexpression has displayed an anti-apoptotic effect in skin cells 225 and
a hypertrophic response in skeletal muscle 270. These studies suggest that the apoptotic
effects of c-Ski are likely concentration dependent and cell type specific. Although we
have shown an increase in apoptosis with high levels of c-Ski overexpression under
starvation conditions (Figure 15), the effect of lower concentrations, e.g. lower MOI, may
yield different effects. Our data indicate that c-Ski may play a role in cell death when
myofibroblasts are under stressed conditions, however the propidium iodide staining and
MTT assays used in our studies to detect apoptosis may mask a possible autophagic
response. Autophagy is a process whereby intracellular proteins are sequestered for
degradation in autophagosomes and can promote cell survival or induce apoptosis
depending on the stimuli 277-279. Under starvation conditions, high levels of c-Ski may
function though autophagic pathways to “tip the balance” in favour of apoptosis or
survival which could not be detected in our assays. Further investigation of autophagy,
using protein markers, e.g. LC3, is recommended to explore this possibility. The
conflicting cell viability effects between this study and other findings likely result from
cell type specific effects, culture conditions, as well as c-Ski concentration specific
effects.
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VII. Conclusions and future directions
In summary, our results show that 95 kDa nuclear c-Ski is a powerful regulating
factor in a variety of cardiac myofibroblast cell processes, including collagen
synthesis/secretion, contraction, differentiation and apoptosis. Through our mechanistic
study, our data supports a nuclear function for 95 kDa c-Ski through “Smad-trapping” to
inhibit TGF-β1, however, experiments showing the c-Ski/P-Smad2 complex bound to
DNA would provide definitive evidence supporting Suzuki et al.’s hypothesis. While
further research into the mechanism of c-Ski function is required, we believe that c-Ski
may be an important therapeutic target for the treatment of cardiac fibrosis and
potentially other fibrotic diseases. As we have shown c-Ski’s ability to inhibit collagen
synthesis and secretion, a natural extension of this study is to test for MMP activation. To
confirm and enhance our findings, knockout studies of c-Ski would be useful in clarifying
its role in myofibroblast phenotype and function. Further elucidation of the mechanism of
c-Ski effects through Meox2 upregulation could be described with combined c-Ski
overexpression and Meox2 ablation. Investigation of the mechanism for c-Ski mediated
inhibition of myofibroblast contraction through Rho/ROCK or calcium signaling would
be of great value in demonstrating the role of these pathways in myofibroblast
contraction. In addition, in light of the potential role for c-Ski in cell death, in depth
studies using c-Ski overexpression on the induction of cell death through
apoptosis/autophagy would yield novel findings and help to describe the role of c-Ski in
vivo. Once the mechanisms of c-Ski function have been further characterized in vitro, this
knowledge could be used for in vivo studies with infarct scar targeted
overexpression/knockdown of c-Ski post-MI via intracardiac injection.. These studies
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would reveal the therapeutic potential of c-Ski in preventing cardiac fibrosis and delaying
the onset of heart failure.
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