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ABSTRACT 
 

          Cardiovascular disease is the leading cause of morbidity and mortality in adult 

Canadian men and women and accounts for the greatest financial burden on the health 

care system across Canada. Coronary artery disease and associated myocardial infarction 

remain very common forms of heart diseases. Myocardial infarction (MI) induces an 

initial inflammatory response by formation of granulation tissue and reparative fibrosis. 

Transforming growth factor β1 (TGF-β1) is a crucial mediator in cardiac repair and 

remodeling. It plays an important role in suppression of inflammation, phenotypic 

conversion of fibroblasts to myofibroblasts and deposition of extracellular proteins 

including collagen types I and III. Myofibroblasts are activated fibroblasts which are 

hypersynthetic for extracellular matrix; they are contractile cells. 

          Release of TGF-β1 in the infarct zone also implies activation of a subcellular 

signal, involving downstream mediators such as receptor regulated Smads (R-Smads) and 

co-mediator Smads (Co-Smads). TGF-β1 signaling is controlled through endogenous 

inhibitors, including I-Smad7 and c-Ski.  

          The current study addresses the expression of C184M, a novel c-Ski binding 

partner, in cardiac myofibroblasts and the role of this protein in the regulation of 

myofibroblast contractility and collagen deposition in mouse embryonic fibroblast cells 

(NIH 3T3 cell line). C184M is a 189 amino acid protein which binds c-Ski and inhibits 

TGF-β1 signaling pathway by sequestering R-Smads in the cytosol. It is a cytosolic 

protein which associates with c-Ski via a leucine-rich region. As TGF-β1 plays a central 

role in the genesis of cardiac fibrosis and scar maturation following myocardial 

infarction, and it is understood that C184M is a likely player in TGF-β1 signaling, we 
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rationalized that C184M may play a pivotal role in regulating myofibroblasts function. 

Herein we characterize the expression of C184M in cardiac myofibroblasts and NIH 3T3 

cells using reverse transcription polymerase chain reaction (RT-PCR) and Western 

blotting. We examined the effect of TGF-β1 on the localization of C184M protein and 

observed the localization of Smad3 in C184M overexpressing myofibroblasts. These 

studies were conducted using immunofluorescence staining of cells. We studied the 

putative interaction between C184M and Smad3 using co-immunoprecipitation, and 

explored the role of C184M on contractility and collagen secretion in NIH 3T3 cells 

using collagen gel deformation assays and pro-collagen-1 N-terminal Peptide (P1NP) 

secretion as a measure of mature collagen production, respectively. 

          We found that C184M is expressed in primary cardiac fibroblasts isolated from rat 

heart (P0), and first (P1) and second passage (P2) cardiac myofibroblasts, and NIH 3T3 

fibroblasts. Thus, in this instance, NIH 3T3 fibroblasts are a suitable model for primary 

fibroblasts, in the context of C184M function. Western blot analysis revealed that the 

C184M is not responsive to TGF-β1 treatment (10ng/ml, 12, 24 and 48hr treatments). In 

the presence of overexpressed C184M, immunofluorescence studies indicated a shift in 

localization of Smad3 from a diffuse cytosolic pattern to a distinctly punctate cytosolic 

pattern, whereas no changes in localization of C184M was found following TGF-β1 

treatment (10ng/ml, 24 hr treatment). Analysis of procollagen type I amino terminal 

(P1NP) secretion in C184M overexpressing NIH 3T3 fibroblasts revealed an increase in 

P1NP secretion compared to controls. However, C184M overexpression in the presence 

of TGF-β1 treatment (10ng/ml, 24h), caused a reduction in collagen secretion compared 

to TGF-β1 stimulation alone. Finally 2D floating gel deformation assays revealed that 
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C184M overexpression resulted in a significant decrease in contractility of TGF-β1 

stimulated (10ng/ml, 24hr treatment) cells.  

          Our results demonstrate that C184M overexpression abrogates the effects of TGF-

β1-mediated increased collagen synthesis in NIH 3T3 fibroblasts. Further, C184M is 

involved in modulation of contractility of NIH 3T3 fibroblasts. These results support the 

hypothesis that C184M plays a major role in regulating cardiac myofibroblasts function 

via its action on the subcellular TGF-β1 signaling pathway. 
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I. Introduction 

Cardiovascular diseases are the leading cause of death in virtually all developed 

countries. Major classes of cardiovascular disease include coronary artery disease, 

cerebrovascular disease, hypertension, peripheral artery disease, rheumatic heart disease, 

congenital heart disease and heart failure. Coronary artery disease (CAD) is mainly 

caused by high concentrations of low-density lipoprotein cholesterol, and subsequent 

atherosclerosis. Narrowed blood vessels are more susceptible to occlusion due to blood 

clots. Blockage of coronary arteries results in an inadequate blood supply to the 

myocardium and resulting in ischemia and myocardial infarction (MI) 1, 2. 

Infarction of the myocardium triggers an inflammatory cascade that ultimately 

results in wound healing and formation of a scar. Infarct healing causes structural 

changes in the left ventricle, termed “ventricular remodeling”, a complex process which 

ultimately results in dilatation, hypertrophy, and enhanced sphericalization of the 

ventricle. These geometrical and architectural changes in ventricle structure impair 

ventricular function and finally lead to heart failure 3, 4.  

Myofibroblasts are phenotypically modified fibroblasts, that express relatively 

high amounts of α-smooth muscle actin (α-SMA) 5-7. Myofibroblasts are able to contract 

and exert tensile force on the surrounding ECM and thus provide an effective means to 

impart scar shrinkage 8. Myofibroblasts account for the major source of fibrillar collagens 

in the atria and ventricle after MI 9, 10. Deposition of fibrillar collagen type I and III in the 

damaged area strengthens the damaged tissue and prevents ventricular rupture due to 

mechanical weakening that occurs in the necrotic and inflamed myocardium 11. Although 
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secretion of collagen in the infarcted area is beneficial and contributes to wound healing, 

chronically activated repair mechanisms may result in excessive production of fibrillar 

collagens, causing increased stiffness marked by diastolic and systolic dysfunction 12.  

Transforming growth factor β (TGF-β) is a pleiotropic cytokine, which is 

markedly expressed in the infarcted myocardium and plays central roles in inflammatory 

and fibrotic phases of wound healing 13-16. In addition to nonspecific mechanical force 

input, bioactive TGF-β modulates the phenotypic switching of fibroblasts to 

myofibroblasts, and promotes fibrosis 17-19.  The TGF-β signal is transduced from 

membrane to nucleus through Smad-dependent pathways and regulates ECM protein 

gene expression 20. Ski is a nuclear oncoprotein and a TGF-β repressor which can be 

recruited in TGF-β responsive promoters through association with Smad2, Smad3 and 

Smad4 proteins 21-24 , where it plays an inhibitory role in the expression of TGF-β 

responsive genes 25, 26. The expression of Ski is enhanced during wound healing 27. Ski 

negatively regulates TGF-β signaling pathway through disruption of the active 

heteromeric complex formed between Co-Smad and R-Smads 28. In addition Ski may 

interact with other co-repressors, to recruit histone deacetylase complex to the target 

TGF-β responsive promoters and represse transcription of the corresponding genes 29-30. 

Ski also competes with transcriptional co-activator of Smads, and recruits histone 

deacetylase complex to the target genes to repress transcription 31 32. Furthermore, the 

association of Ski with its novel binding partner C184M, is known to inhibit the nuclear 

translocation of Smad2 in CV-1 cells (monkey kidney cell line)33. 

          C184M is a cytosolic protein with 189 amino acids, which interacts with C-

terminal coiled-coil region of Ski through its leucine-rich motif, and sequesters Ski in the 
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cytosol. Consistent with this, Ski is accumulated in the cytosol of hepatocytes which 

express high level of C184M. In addition C184M suppresses the activity of promoters 

containing the Smad-binding sites and prevents TGF-β-induced growth inhibition of 

mink lung Mv1Lu cells 34. Nonetheless, the role of C184M in TGF-β mediated cell 

functions that results in fibrosis is unclear. The current series of studies were conducted 

to investigate the expression of C184M in myofibroblasts and NIH 3T3 fibroblasts and to 

explore the localization of C184M in myofibroblasts. We also investigated the 

localization of Smad3 in overexpressing C184M myofibroblasts and examined the effect 

of C184M overexpression on contractility and collagen secretion in fibroblasts. In the 

current study, we have documented the expression of C184M in ventricular fibroblasts, 

myofibroblasts and NIH 3T3 fibroblasts. We also observed that C184M is localized in the 

cytosol of myofibroblasts and that it accumulates proximal to the nucleus. We showed 

that Smad3 distribution in cardiac myofibroblasts is altered in association with C184M 

overexpression. We also confirmed that overexpression of C184M alone (with no other 

stimulus) induces collagen secretion, but that it inhibits TGF-β-mediated elevation of 

collagen production in NIH 3T3 fibroblasts. Finally we explored that C184M suppresses 

TGF-β1 stimulation of NIH 3T3 cellular contractility. 
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II. Literature Review  

1.0 Cardiovascular Disease 

          Cardiovascular disease is the No. 1 worldwide killer of men and women, including 

Canada. In this country, someone dies from heart disease or stroke every seven minutes. 

Heart disease and stroke burden Canadian society with health care costs that are more 

than $18 billion every year 

(http://www.heartandstroke.com/site/c.ikIQLcMWJtE/b.3483991/k.34A8/Statistics.htm). 

Cardiovascular disease is a general term which is used for various myocardial and 

circulatory system diseases including ischemic heart disease, cerebrovascular disease 

(stroke), rheumatic heart disease, peripheral vascular disease, heart failure, and congenital 

heart disease. Ischemic heart disease or coronary artery disease is the prevalent form of 

cardiovascular disease in Canada (http://www.phac-aspc.gc.ca/cd-mc/cvd-mcv/cvd-mcv-

eng.php), which is usually resulted from high concentration of low-density lipoprotein 

cholesterol and subsequent atherosclerosis 35. Rupture of atheromatous plaques leads to 

the formation of coronary thrombus and consequence cardiac ischemia and myocardial 

infarction. 

 

2.0 The pathology of myocardial infarction (MI)  

          Myocardial infarction (MI) is an irreversible myocardial necrosis due to inadequate 

blood supply to the infarcted area. Most myocardial infarctions are initiated by acute 

rupture of an atherosclerotic plaque and subsequent formation of a coronary thrombus. 

Coronary artery occlusion results in ischemic injures in cardiomyocytes including 
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cessation of aerobic metabolism, depletion of creatine phosphate, onset of anaerobic 

glycolysis, accumulation of anoxic metabolism products and subsequent functional 

defects such as depressed contractile activity and electrocardiographic changes, cessation 

of contraction, alterations in membrane potential and ultimately death of myocytes in the 

area which anatomically is supplied by this artery 36, 37. Necrotic myocytes initiate an 

inflammatory reaction which results in resolution of the matrix debris and dead cells from 

the infarct site followed by activation of reparative pathways that ultimately result in 

wound healing and formation of scar. Infarct healing causes structural changes in the left 

ventricle termed “ventricular remodeling”, a complex process which in turn results in 

dilatation, hypertrophy, and enhanced sphericity of the ventricle. These geometrical and 

architectural changes in ventricle structure impair ventricular function and finally lead to 

heart failure 3, 38.  

 

3.0 Cardiac repair and remodeling following infarction 

          Following myocardial infarction, a highly regulated process of cardiac repair and 

remodeling occurs. Repair and remodeling processes can be divided into three 

overlapping phases including, inflammatory phase, proliferative phase and maturation 

phase 39. Inflammatory phase initiates with the release of intracellular contents of necrotic 

cells that leads to upregulation of cytokines and chemokines and subsequent recruitment 

of leukocytes into the infarcted area40, 41. Infiltration of neutrophils, macrophages and 

monocytes into the injured myocardium is coincident with the increased expression of 

matrix metalloproteinases (MMPs) which degrade existing matrix and vasculatures and 

facilitate migration of leukocytes into the damaged area 42, 43. Proteolytic and phagocytic 
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activities of infiltrated inflammatory cells remove matrix debris and dead cells from the 

infarcted site 44. Monocytes differentiate into macrophages and secrete fibrogenic and 

angiogenic growth factors which are involved in the formation of highly vascularized 

granulation tissue, containing myofibroblasts45-47. In the proliferative phase, 

proinflammatory cytokine and chemokine synthesis is suppressed by transforming 

growth factor-β (TGF-β) and interleukin (IL)-10, while fibroblasts and endothelial cells 

infiltrate the wound 48. Fibroblasts differentiate into myofibroblasts which are a major 

source of collagen secretion in healing myocardial infarcts7, 49, 50. During the infarct 

maturation phase, a collagen base scar is formed; 51 however the infarct scar remains 

populated by myofibroblasts for months and years after the initial infarct 52. 

 

4.0 Cardiac myofibroblasts 

          During wound healing interstitial quiescent fibroblasts and bone marrow derived 

cells (BMDC) undergo a phenotypical modification and form contractile, proliferative, 

and hypersecretory myofibroblasts 53. Myofibroblasts incorporate features of both 

fibroblasts and smooth muscle cells. These cells are fibroblastic in that they are spindle-

shaped, have prominent cytoplasmic projections, and extensive rough endoplasmic 

reticulum (ER). Their smooth muscle features include longitudinal cytoplasmic bundles 

of microfilaments and multiple nuclear membrane folds 54.  Cardiac myofibroblasts 

express vimentin (but not desmin, known to be a key smooth muscle cell protein) as well 

as the embryonic isoform of smooth muscle myosin (Smemb), and high levels of α-

smooth muscle actin (α-SMA) which is widely used as a universal marker of the 

myofibroblast phenotype 5, 52, 55. α-SMA is essential for allowing the myofibroblasts to 
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modify and restructure collagen matrices in the interstitium of tissues 56. These α-SMA-

positive cells generate strong contractile forces which cause reduction of the damaged 

area 57, 58.  Spindle-shaped myofibroblasts appear in the myocardial scar between day 2 

and 4 in rat, 59 and day 4 and 6 in human and persist for years after myocardial infarction 

in the human myocardial scars 52. Myofibroblasts are a major source of extracellular 

matrix (ECM) proteins in the heart, and produce collagens I and III, which are the main 

components of myocardial infarct scar and normal matrix components of the healthy 

interstitium 7. Furthermore, they secrete cytokines and growth factors, such as TGF-β 60 

and endothelin 61, which regulate scar formation. Collagen accumulation in the scar, and 

more importantly in remnant heart, is due to persistent wound healing by myofibroblasts 

which results in cardiac stiffness, impaired cardiac performance, and subsequent systolic 

and diastolic heart failure. 

 

5.0 TGF-β: pleiotropic and multifunctional cytokines   

          The TGF-β superfamily contains more than 60 members encoded in the eukaryotic 

genome, and they are known to participate in control of cell division, differentiation, 

migration, adhesion, organization and programmed cell death 62, 63. This superfamily is 

composed of structurally related  polypeptides and can be divided into two major groups 

the TGF-β/Activin group and the bone morphogenetic protein (BMP)/growth and 

differentiation factor (GDF) group 64.  

          To date, three mammalian isoforms of TGF-β have been  identified (TGF-β 1, 2 

and 3) which are encoded by distinct genes but signal through the same cell surface 

receptors and play critical independent roles during embryonic development and in a 
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wide variety of biological processes which regulate tissue homeostasis in adults 65, 66 67 68. 

TGF-β1 is the prevalent isoform, whereas the TGF-β2 and TGF-β3 are expressed in a 

more limited spectrum of cells and tissues 69. Knockout experiments in mice have 

demonstrated numerous non-compensated functions of the three TGF-β isoforms. 

Disruption of the TGF-β1 gene is lethal and almost 50% of animals die in uterus due to 

defective yolk sac vasculogenesis and hematopoiesis 70  Surviving TGF-β1 null mice do 

not exhibit gross developmental abnormalities but rather, undergo massive inflammatory 

reactions in various organs including heart and lung. TGF-β1 is also involved in the 

proliferation and extravasations of immune cell into the tissue 71. In contrast to TGF-β1 

null animals, TGF-β2 null mice exhibit prenatal mortality or an extensive range of 

developmental defects. These defective developmental processes include epithelial–

mesenchymal interactions, cell growth, and extracellular matrix production resulting in 

cardiac, pulmonary, craniofacial, spinal, ocular, inner ear, and urogenital defects 72. TGF-

β3 knockout animals also exhibit defective epithelial-mesenchymal interactions resulting 

in cleft palate and abnormal lung development 73. Thus this multifunctional superfamily 

is critical in a broad range of cell functions. 

 

6.0 Key regulatory roles of TGF-β in cardiac repair  

6.1 TGF-β induction and activation in cardiac injury 

          Members of the TGF-β family are markedly expressed in the infarcted myocardium 

and plays pivotal roles in wound healing of infarct area, cardiac repair and remodeling 13, 

15, 74, 75. All three isoforms of TGF-β are induced in the damaged area but they 

demonstrate distinct patterns of expression. TGF-β1 and β2 show early upregulation, 
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whereas TGF-β3 demonstrates delayed and prolonged expression 76, 77. TGF-β is released 

from different cell types including lymphocytes, extravasated platelets, activated 

macrophages, injured myocytes, fibroblasts and myofibroblasts. Infiltrated platelets are 

the major producer of TGF-β during early stage of wound healing, whereas macrophages 

and myofibroblasts may be responsible for the sustained upregulation of TGF-β during 

the proliferative phase of healing 78-82.  

          TGF-β is produced as a precursor which undergo a proteolytic modification to 

produce the active forms 83 84.  The mature form of TGF-β is a homodimer of two 12.5 

kDa polypeptides, which is able to interact with cell surface receptors and activate 

subsequent signal transduction pathway 85 86. Protease activity of MMP2, MMP9 and 

plasmin play a key role in the activation of TGF-β 87-89. Furthermore, expression of 

thrombospondin (TSP)-1 in the infarct border zone and production of reactive oxygen 

species and a mildly acidic environment are also capable of inducing TGF-β activation 90-

92. Bioactive TGF-β is released 3-5 hours following reperfusion to the ECM of the infarct 

and contributes to the inflammatory phase of healing 93. 

          Evidence indicates that TGF-β is localized in the site of ischemia and the 

surrounding tissue 94. For example, Smad2, -3 and -4 mediators of TGF-β signaling 

pathway are upregulated in infarct zones, whereas inhibitory Smad7 is suppressed in 

healing infarct. These changes may potentiate cardiac fibrosis in the remodeling 

myocardium 95, 96. 
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6.2 The role of TGF-β in cardiac repair and remodeling following myocardial 

infarction 

          The pleiotropic and multifunctional effects of TGF-β predicate its usefulness in the 

transition from inflammation to fibrosis during cardiac healing and remodeling of the left 

ventricle following infarction 97. Despite the early effects of TGF-β, including the 

recruitment of monocytes into the damaged area in canine heart, TGF-β1 attenuates 

leukocyte adhesion to the endothelium and inhibits transendothelial migration of 

neutrophils 98-100. In addition, it suppresses the proinflammatory cytokine and chemokine 

production by activated macrophages and promotes resolution of inflammation 101, 102. 

Massive inflammatory responses in TGF-β1 deficient mice confirm the anti-

inflammatory effects of TGF-β1 and its roles in immune cells homeostasis 103. 

Furthermore, TGF-β1 is also associated with development of tissue fibrosis through its 

inhibitory effects on matrix metalloproteinase (MMP) expression and upregulation of 

tissue inhibitors of MMPs (TIMPs) 104, 105. TGF-β1 is known to induce the phenotypical 

conversion of fibroblasts to myofibroblasts, and markedly enhances ECM protein 

synthesis, including collagen types I and III, which leads to formation of permanent 

fibrotic scar 106, 107. Due to potent actions of TGF-β1 in ECM metabolism and 

cardiomyocytes hypertrophy, it is known as a crucial mediator in ventricular remodeling 

and subsequent heart failure after infarction 108. 

 

6.3 TGF-β signaling pathway in fibrosis 

           TGF-β transduces its signal from membrane to nucleus through the interaction of 

type I (TβRI) and type II (TβRII) receptors and their downstream effectors 109 110. TGF-β 
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signaling pathways include Smad-dependent and -independent pathways. The Smad-

dependent pathway is linked to ECM protein gene expression 111 and is initiated by the 

binding of  bioactive TGF-β to type ІI transmembrane serine-threonine receptors. Type II 

receptors phosphorylate residues on Type I which in turn phosphorylate cytosolic 

receptor-regulated Smad (R-Smad) proteins. R-smad proteins (Smad2 and Smad3) form a 

complex with co-mediator Smads (Co-Smad) such as Smad4 and then translocate to the 

nucleus, where with other transcriptional factors, corepressors and coactivators they 

regulate the expression of target genes, including collagen 112 113 (Figure 1).  

11 
 



 
 

 

 

 

Figure 1. TGF-β/Smad signaling pathway. This depiction of the signaling pathway 
illustrates how TGF-β exerts its effects by signaling through Smad proteins, which then 
allows the transcription of specific target genes such as collagen.  
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7.0 Smad proteins 

          Mother against decapentaplegic, or MAD, was the first mediator of TGF-β 

signaling and was discovered in Drosophila 114 115. Subsequently, three proteins in 

Caenorhabditis elegans, Sma2, Sma3, and Sma4, which shared strong homology to 

Drosophila’s MAD, were discovered and found to be involved in TGF-β signal 

transduction 116. Human tumor suppressor DPC4 (deleted in pancreatic carcinoma, locus 

4) was reported as the first vertebrate MAD homolog in 1996 117. Since then, the number 

of vertebrate family members has increased and the unified name “Smad” was given to 

them to indicate the homology to MAD and Sma proteins 118. To date 9 distinct Smad 

proteins have been discovered. These intracellular proteins are associated with the 

propagation of TGF-β superfamily signals from the cell surface to the nucleus 119 120. 

Smads range from about 400 to 500 amino acids in length and can be functionally 

divided into three distinct subfamilies: (i) the receptor-regulated Smads (R-Smads) 

including Smad1, Smad2, Smad3, Smad5, and Smad8, (ii) the co-mediator Smads  (Co-

Smads), including Smad4 in mammals and Smad4β  (also known as Smad10) in 

Xenopus, and (iii) the inhibitory Smads (I-Smads), including Smad6 and Smad7 121 122.  

 

7.1 Receptor regulated Smads (R-Smads)

          R-Smads are divided into two subgroups: i) Smads 2 and 3 which are activated by 

TGF-β1/Activin superfamily signals; ii) Smads 1, 5, and 8 which belong to the BMP-

responsive group 123. Most Smads are composed of two conserved MAD homology (MH) 

domains at the amino (MH1) and carboxyl (MH2) termini, which are separated by a 

proline-rich linker region of varying length 124. In addition R-Smads have Ser-Ser-X-Ser 
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(SSXS) motifs in their C-terminal segment which are phosphorylated by type I receptors 

125 126. Smad proteins bind to DNA through the MH1 domain while the MH2 domain is 

involved in differential association with a wide variety of proteins 127 128. R-Smads are 

anchored as dimers to the plasma membrane, through Smad anchor for receptor 

activation (SARA) proteins, and MH1 and MH2 domains are physically associated with 

each other 129. The interaction between the MH1 and MH2 is disrupted upon receptor 

activation and phosphorylation of R-Smads. 

 

7.2 Co-mediator Smads (co-Smads) 

          Smad4 is the only member of the Co-Smad subfamily in mammals. It was 

originally isolated as the product of the tumor suppressor gene DPC4 130. Smad4 is an 

intracellular protein that is structurally similar to R-Smads. It is composed of highly 

conserved MH1, MH2 domains at the N- and C-termini, respectively, and an intervening 

non-conserved linker region. As Smad4 lacks the SSXS sequence at the very most C-

terminal part, it cannot undergo phosphorylation by type I receptors. Instead it can form  

a heteromeric complex with R-Smads upon activation of receptors and translocate from 

the cytoplasm to the nucleus 131 132. In the nucleus Smad4 stabilizes the Smad DNA-

binding complex and also recruits transcriptional co-activator to regulate the expression 

of target genes 133. Cycles of Smad4 monoubiquitination and deubiquitination regulate 

the formation of Smad complexes. Smad4 interacts with Ectodermin (Ecto) or TIF1γ in 

the nucleus which leads to its monoubiquitination and dissociation from R-Smad 134. 

Activity of the deubiquitinase FAM/USP9 in the cytosol results in deubiquitination of 

Smad4 and its return to the Smad signaling pool 135. 
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7.3 Inhibitory Smads (I-Smads) 

          Smad6 and Smad7 belong to the inhibitory Smad (I-Smad) subfamily that are 

known to antagonize TGF-β1 signaling 121 136 137 138. I-Smads are structurally similar to 

R-Smads except that they have a poorly conserved MH1 domain. Expression of I-Smads 

is induced by different extracellular stimuli, including TGF-β1/Activin and BMPs 139. I-

Smads negatively regulate TGF-β1/BMP signaling through several mechanisms. First, 

they act as pseudosubstrates for TβRI and BMP type I receptors and interfere with 

receptor activation of corresponding R-Samds 140 141 142. Second, Smad7 recruits protein 

phosphatase1 to inactivate type I receptors 143 and also functions as an adaptor protein to 

recruit E3 ubiquitin ligases, Smurf1 and Smurf2, to degrade TβRI 144 145. Smad6 inhibits 

BMP/Smad1 signaling by competing with Smad4 for binding to receptor-activated-

Smad1 and producing an inactive Smad1-Smad6 complex 146. Smad6 cooperates with 

Smurf1 and induce ubiquitination and degradation of BMP type I receptors, Smad1 and 

Smad5 147. Finally, I-Smads function in the nucleus and negatively regulate TGF-

β1/BMP signaling. Smad7 competes with receptor-activated R-Smads in the nucleus for 

binding to DNA. This DNA-binding activity of Smad7 is mediated by the MH2 domain 

148, while R-Smads bind to DNA through their MH1 domain 127 149. Smad6 represses 

transcription by recruiting transcriptional corepressors, such as histone deacetylase, 

CtBP, and homeobox (Hox) c-8 150 151 152. 

 

8.0 Ski family 

          The first member of the Ski gene family, v-Ski was originally identified in the 

avian Sloan-Kettering retrovirus which causes oncogenic transformation of chicken 
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embryo cells 153. The Ski family consists of v-Ski, c-Ski, three spliced variant of SnoN 

(ski-related novel gene) and two recently identified members, Fussel-18 (Functional 

Smad suppressing element on chromosome 18) and Fussel-15154. Despite wide 

expression of Ski and SnoN in all adult tissues, expression of Fussel-15 and Fussel-18 is 

limited to neural tissues. These new members share high homology with Ski and SnoN 

and play an inhibitory role in the expression of TGF-β responsive genes through 

interaction with R-Smad proteins 155, 156. Ski and SnoN structurally are composed of a 

DHD (Dachshund homology domain) domain in their N-terminal region 157, 158, a Smad4 

binding domain (SAND)159 and a less conserved C terminal region 160. 

 

8.1 Biological Function of Ski 

          Data show that Ski is expressed in all embryonic and adult tissues in the mouse and 

plays important role during embryonic development and adulthood 161. Ski knock-out 

mice show decreased skeletal muscle mass, craniofacial and skeletal abnormalities and  

pups die prenatally 162. In humans, the 1p36 syndrome is a result of monosomy in the 

1p36.3 region of chromosome 1, which contains the Ski gene. This genetic disorder 

phenotypically resembles that of the Ski knock-out mouse phenotype, and suggests that 

disruption of the Ski gene may causes this syndrome 163, 164. Experimental evidence has 

indicated the role of ski protein in adult tissues, such as induction of  muscle specific 

genes expression 165 and the regulation of Schwann cell proliferation and myelination 166. 

In vitro studies indicated the involvement of Ski in the growth and differentiation of 

hematopoietic cells 167, 168. Furthermore, Ski expression is changed during wound healing 

169, liver regeneration 170, and different types of cancers 171-173. 
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8.2 Molecular mechanism of Ski in TGF-β signaling pathway 

          Ski is a co-repressor which can be recruited to TGF-β responsive promoters 

through association with Smad2, Smad3 and Smad4 174-177. Ski negatively regulates TGF-

β1/Activin and BMP signaling pathways through the disruption of active heteromeric 

complexes formed between Co-Smad and R-Smads 178. In addition Ski can interact with 

other co-repressors, like N-CoR, HIPK2 and mSin3A, and recruit histone deacetylase 

complex to the target TGF-β1/BMP- responsive promoters and repress transcription of 

corresponding genes 179 180 181. Ski also competes with p300/CBP, a transcriptional co-

activator of Smads, and recruits histone deacetylase complex to target genes and repress 

transcription 182 183.  

 

9.0 C184M 

          In 1999, three related cDNAs were discovered in developing mouse brain; named 

C184S, C184M, and C184L which encode two unrelated proteins. C184S and C184M are 

the 3'-end, and the 5'-end segments of C184L respectively. C184L has open reading 

frames (ORF) 1 and 2 which correspond to C184S and C184M, respectively 184. C184S is 

a homologue of human autoantigen p27 185, while C184M is a homologue of mammary 

tumor virus receptors 186. 

 

9.1 Biological function of C184M 

          C184M is a cytosolic protein of 189 amino acids, and is known to suppress the 

activity of promoters containing Smad-binding sites, and TGF-β-induced growth 
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inhibition of mink lung Mv1Lu cells 187. Previous studies have shown that C184M 

interacts with C-terminal coiled coil region of Ski through its leucine-rich motif and 

sequester Ski inside the cytosol. Consistent with this finding, Ski accumulates in the 

cytosol of hepatocytes that express high levels of C184M. C184M-Ski complex in turn, 

inhibits nuclear translocation of Smad2 and represses expression of TGF-β responsive 

genes. There seems to be no direct interaction between C184M and R-Smads and, 

cooperation of C184M and Ski causes sequestration of R-smad inside the cytosol 188.  
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Figure 2. Inhibitory effect of C184M in TGF-β signaling pathway. This schematic 
shows the inhibitory effect of C184M in TGF-β signaling pathway through association 
with Ski and sequestering R-Smads inside the cytosol.  
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III Statement of Hypothesis 

          Previous studies have shown that C184M binds to the coiled-coil region of Ski via 

its own leucine-rich motif. This Ski-binding partner increases expression of Ski protein 

and suppresses the activity of promoters containing Smad-binding sites. Association of 

Ski and C184M is involved in retention of R-Smads, which are downstream mediators of 

TGF-β, in the cytosol. In addition, C184M abrogates the TGF-β-mediated growth 

inhibition of mink lung Mv1Lu cells 189. As C184M is involved in regulation of the TGF-

β signaling pathway, and TGF-β is a major mediator in fibrosis, we have explored the 

role of C184M in TGF-β mediated cell function in fibroblasts. We hypothesize that 

overexpression of C184M would abrogate NIH 3T3 fibroblasts contractility and 

collagen secretion via its interactions with Ski and R-Smads, respectively.  
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IV Materials and Methods 

1.0 Materials and Reagents 

          Culture media (Dulbecco’s Modified Eagle Medium, DMEM, DMEM/F12, and 

Minimum Essential Medium, SMEM), antibiotics (penicillin and streptomycin), fetal 

bovine serum (FBS) and TrypLETM Express were purchased from Invitrogen. N-terminal 

propeptide of type I procollagen (P1NP) enzymoimmunoassays (EIA) was obtained from 

Immuno Diagnostic System (IDS). Culture dishes, multi-well plates and flasks were from 

Fisher Scientific. Collagen type I solution for gel contraction assays was purchased from 

Stem Cells Technologies. RT-PCR Green Master Mix was supplied by Promega and 

qPCR iQ™ SYBR® Green Supermix was obtained from Bio-Rad. Protein assay reagents 

(Bicinchoninic acid and copper II sulphate) were ordered from Sigma-Aldrich. 

Polyvinylidene difluride (PVDF) blotting membrane were acquired from Roche Applied 

Sciences. Pre-stained molecular weight ladder SeeBlue2 and MagicMarkTM was supplied 

by Invitrogen. Chemiluminescence (ECL and ECL Plus). Clean-Blot® IP Detection 

Reagent was purchased from Thermo Scientific. Recombinant Human TGF-β11 was 

received from R&D Systems. Surgical Blades were purchased from Becton-Dickinson 

Acute Care. Alexa Fluor conjugated secondary antibodies were acquired from Molecular 

Probes. Anti-mouse Ig Texas Red-conjugated antibody was from Amersham Pharmacia 

Biotech. SlowFade® Gold Antifade Reagent was ordered from Molecular Probes. 

Primary antibodies specific for Ski and Smad3 were obtained from Upstate, β-tubulin 

from Abcam, and C184M was a gift from Dr. Shunsuke Ishii, laboratory of Molecular 

Genetics, RIKEN Tsukuba Institute, 3-1-1 Koyadai, Tsukuba, Ibaraki 305-0074, Japan.  
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2.0 Methods 

2.1 Isolation and culture of rat cardiac fibroblasts and myofibroblasts  

          Ventricular  fibroblasts were isolated from adult male Sprague-Dawley rats of 175-

200 grams as previously described 190, 191. Briefly, rats were anesthetized with a 1:10 

Ketamine/Xylazine mixture using 0.1 ml/100 gram body mass. Rats also received a 

heparin injection in the femoral vein to prevent blood clotting. Hearts were excised and 

subjected to Langendorff perfusion at a flow rate of 5 ml/minute at 37оC first with 

DMEM/F12, and then SMEM for 5 minutes each, followed by perfusion with 

recirculated SMEM containing 0.1% collagenase for 20-25 minutes. Digested hearts were 

then transferred to a dish containing 0.05% collagenase in SMEM. Using forceps, hearts 

were shredded into smaller pieces then incubated at 37оC and 5% CO2 for 15 minutes. 

Released cells were collected by centrifugation at 2000 rpm using bench model 

centrifuge  Beckman TJ-6, for 7 minutes and resuspended in DMEM/F12 supplemented 

with 10%FBS, 0.1 mM ascorbic acid, 100 U/ml penicillin and 100 μg/ml streptomycin. 

Cells were plated and allowed to adhere for 2 hours, and then  washed twice with 1x 

phosphate buffered saline (PBS) to get rid of all non-adherent cells and myocytes, and 

then were maintained in 10% FBS DMEM/F12. Cells were confluent enough to passage 

after 4 days and we used passage 1 (P1) cells for our experiments unless otherwise noted. 
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2.2 pMXIE-EGFP and FLAG-C184M-EGFP retrovirus preparation and 

titration 

          Phoenix-ECO cells were seeded at 2x107 cells/T175 flask and allowed to grow 

overnight to ~ 70% confluency. Retroviral DNA constructs were transfected into the cells 

with calcium phosphate (Ca2PO4) as follows: 5 minutes prior to transfection the media of 

cells was replaced with 25 ml of 10% DMEM media containing 100 μl chloroquine (10 

mM). 12.5 μg of target DNA was brought to a volume of 960 μl with sterile DDW and 

was kept on ice for 10 minutes. 133 μl CaCl2 2M was then added dropwise into the 

diluted DNA and the mixture was kept on ice for 5 minutes. 1.11 ml of 2x HBS was 

added dropwise to the mixture while mixing thoroughly and the solution was kept on ice 

for an additional 20 minutes. Finally the HBS/DNA solution was gently added dropwise 

onto the media and quickly by spreading across cells in the media. Cells were then 

transferred into a 37 оC, 5% CO2 incubator and the plates rocked forward and backward a 

few times to evenly distribute DNA/CaPO4 complexes. The media was replaced with 40 

ml 10% DMEM media after 6-8 hours. The cells were then transferred into a 32 оC, 5% 

CO2 incubator and allowed to produce virus for 3 days. The media containing virus was 

collected in a 50 ml tube, centrifuged using bench model centrifuge Beckman TJ-6, at 

1,200 rpm for 5 minutes to pellet cell debris, filtered using a Millipore Steriflip filter, and 

finally transferred into polypropylene copolymer tube and spun at 6,250 rpm (600 g) 

where RCF = 1.12r x (rpm/1000)2, and r = 137 mm (rotor JA-14), using Beckman J2-HS 

centrifuge for 90 minutes at 4 оC. The supernatant was poured off, leaving the left-over 

drops in the bottom of the tube (left-over volume ~250 μl). One hundred fifty μl of fresh 

media was added to the pellet to bring the volume to 400 μl and the virus pellets were 
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resuspended in the media and kept in -80 оC freezers. Four hundred μl of virus was 

produced from each flask, which was considered equal to 100X concentrated (i.e. 40 

ml→ 400 μl). NIH 3T3 fibroblasts were used to titer the retroviruses. 5x104 cells/well 

were plated in a 24-well dish and allowed to grow overnight. 1x and 0.1x concentration 

of viruses were prepared by adding 10% media up to 297.6 μl and 2.4 μl of polybrene. 

The cell media was removed before adding 250 μl of the prepared 1x and 0.1x virus. The 

cells were then incubated for 2 hours at 37оC. The cell media was changed after 2 hours 

infection and replaced with fresh 10% media. The cells were allowed to grow for 3 days 

before being harvested. As infected cells express EGFP protein which fade due to 

photobleaching, all harvesting processes were done in dark. The cells were washed once 

with 1x PBS, trypsinized with 0.2 ml TrypLETM Express and received 0.8 ml 10% media 

to dilute TrypLETM Express. All cells were then collected in a flow tube, diluted with 3ml 

1x PBS and spun down using bench model centrifuge Beckman TJ-6 for 7 min at 1,200 

rpm. The supernatant was poured off, leaving the left-over drops in the tube. The tube 

was then capped and tapped 6-10 times on the bench to collect all the remaining of 

supernatant at the bottom of tube. The cells were then re-suspended and fixed with 200 μl 

of 2% Paraformaldehyde (PFA) and examined using Fluorescence Activated Cell Sorting 

(FACS) machine to quantify the percentage of infected cells expressing EGFP. The 

following equation was used to calculate the viral titer (virus particle/ml). 

Virus (vp/ml)= The number of cells  x  % EGFP positive x 4 x dilution factor x 100 
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2.3 Optimization of FLAG-C184M-EGFP retrovirus Multiplicity Of Infection 

(MOI) and infection of P0 fibroblasts using FLAG-C184M-EGFP and 

pMXIE-EGFP retroviruses 

          Optimal MOI’s for C184M-EGFP retroviruses were determined by infecting P0 

fibroblasts with different MOIs of 25, 50, 100, 150, 200, 250, 300, 600 and 1,000 and 

measuring the percentage of infected cells using FACS machine. An MOI of 150 vp/cell 

was the optimal MOI for FLAG-C184M-EGFP retroviruses. Optimal MOI for pMXIE-

EGFP which had been determined previously in our lab, was the same as FLAG-C184M-

EGFP retroviruses. P0 fibroblasts in a 24-well plate were infected at 20-40% confluency 

with the optimal MOI for 6-12 hours. Cells were subsequently passaged and used for 

immunocytochemistry studies. 

 

2.4 Immunocytochemistry 

          P0 fibroblasts were infected with retrovirus as explained in section 2.3 and then 

were passaged to obtain P1 cells for immunocytochemistry studies. P1 cells were seeded 

onto the coverslips and allowed to adhere overnight. The cells were starved for 24 hours 

to arrest the growth and then stimulated with TGF-β1 (10 ng/ml) for a further 24 hours. 

The cells were washed 3 times with cold 1x PBS, fixed in 4% paraformaldehyde for 15 

minutes, washed once with cold 1xPBS, permeablized with 0.1% Triton-X-100 in 1xPBS 

for 15 minutes. Cells were then blocked in 1x PBS containing 10% Bovine Serum 

Albumin (BSA) for 30 minutes, and then incubated overnight at 4 оC with rabbit-anti 

Smad3 or rabbit- anti C184M primary antibodies. Both antibodies were diluted in 1x PBS 

containing 1% BSA with ratio of 1:500 for Smad3 and 1:200 for C184M. Cells were then 
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incubated with goat anti-rabbit secondary antibody conjugated with Alexa Fluor 568, in 

the dark at room temperature for 2 -3 hours. Alexa Fluor 488 anti-EGFP was incubated 

with the cells for 2-3 hours at room temperature to enhance the EGFP signal following  a 

3 times washing cycle with 1x PBS. All Alexa Fluor conjugated antibodies were diluted 

in 1x PBS containing 1% BSA at a ratio of 1:700. The cells were then subjected to 

another washing cycle with 1x PBS, then dried well and mounted on slides with 

SlowFade® Gold Antifade Reagent containing DAPI. Slides were observed under a 

microscope (Nikon) equipped with epifluorescence optics. Epifluorescent images were 

photographed at 1000X magnification using appropriate filters.  

 

2.5 Infection of P1 myofibroblasts using LacZ, Smad3 adenoviruses 

           P1 myofibroblasts were seeded in 100 mm petri dish and allowed to adhere 

overnight.  Cells were starved for 24 hours and then at 80% confluency were infected for 

further 24 hours with Smad3 and LacZ adenoviruses with MOI of 10 and 100 (vp/cell) 

respectively. The optimal MOI’s were determined previously in our laboratory. 

 

2.6 Protein isolation and Protein assay 

          Cells from the different preparations were washed 2 times with cold PBS and lysed 

in 120 μl RIPA buffer (PH 7.6, 150 mM NaCl, 0.5% deoxycholate, 0.1% sodium dodecyl 

sulfate (SDS), 1.0% nonidet P-40 (NP-40), 50 mM Tris) containing 1x protease inhibitor 

cocktail (Sigma Aldrich Canada Ltd) and phosphatase inhibitors (10mM NaF, 1 mM 

Na3VO4 and 1 mM EGTA). The cells were scraped and collected into microcentrifuge 

eppendorf tubes, kept on ice for 1 hour, and then sonicated 3 times for 5 seconds each. 
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The cell lysate was centrifuged at 14,000 rpm using Eppendorf 5415C Micro Centrifuge 

for 15 minutes at 4оC and then the supernatant was collected and stored at -20оC. Total 

protein concentration was measured using the bicinchoninic acid (BCA) method as 

previously described 192. 

 

2.7 Western blot analysis 

          Laemmli loading buffer (125mM Tris-HCl PH 6.8, 2.5% SDS, 5% glycerol, 

0.125% bromophenol blue and 5% 2-mercaptoethanol) was mixed with cell lysates at a 

ratio of 1:3 and boiled for 5 minutes. Equal amounts of protein samples (10-50μg) were 

loaded and separated on 8-12% SDS-polyacrylamide gel by electrophoresis (SDS-PAGE) 

alongside 15μl prestained low molecular weight markers. Separated proteins were 

electrophoretically transferred to polyvinylidene difluoride (PVDF) membrane at 175 V 

for 90 minutes and blocked with 10% skim milk in Tris-buffered saline with 0.2% Tween 

20 (TBS-T) for 1 hour at room temperature. The membranes were then probed with 

primary antibodies for 1.5 hours at room temperature or at 4 оC overnight at dilutions of 

1:1000 for C184M, β-Tubulin and Smad3 and 1:250 for Ski, in 1% skim milk in 0.2% 

TBS-T. Anti-rabbit and anti-mouse secondary antibodies tagged with horseradish 

peroxidase (HRP)-labeled or Clean-Blot® IP Detection Reagent were incubated with 

membranes at dilution of 1:10,000 and 0.1 μg/ml in 1% skim milk in 0.2% TBS-T 

respectively for 1 hour at room temperature. Protein bands were visualized by ECL or 

ECL Plus, according to the manufacturer’s protocol, and developed on X-ray film. Equal 

loading of different protein samples was assessed by re-probing the same membrane for 

β-Tubulin. 
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2.8 Rationale and employment of the NIH 3T3 fibroblasts for contractility 

and collagen secretion studies 

          As the transfection of primary myofibroblasts remains a technically challenging 

undertaking, overexpression of a specific protein in these cells is more easily realized via 

the use of a retro- or adenoviral vector.  As we experienced difficulty acquiring sufficient 

numbers of cells/plate with C184M overexpression in primary ventricular myofibroblasts 

using pMXIE retrovirus (and as a C184M adenoviral construct was not ready),  we 

decided to use human embryonic kidney 293 (HEK 293) cells and mouse embryonic 

fibroblast cells (NIH 3T3) in the current experiments.  It is understood that the rat and 

human  primary cell studies will be carried out after this initial work.   

 

2.9 NIH 3T3 fibroblasts Transfection using LipofectamineTM 2000 Reagent 

          Mouse embryonic fibroblast cells (NIH 3T3) cells were plated at 8.8x105 cells/100 

mm dish using 10% medium and allowed to adhere overnight. The cells were subjected 

to transfection at 70-80% confluency with N-FLAG-pact-C184M plasmid, using 

LipofectamineTM 2000 Reagent in serum and antibiotics free media. The ratio of DNA to 

LipofectamineTM 2000 was 1: 2.5, using a total amount of DNA of 10 μg in a 100mm 

dish. Media was replaced with fresh media containing no antibiotics after 6 hours. 
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2.10 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) and 

Quantitative Polyperase Chain Reaction (qPCR) 

Rat cardiac fibroblasts (P0), myofibroblasts (P1, P2), and NIH 3T3 fibroblast cell 

line were subjected to RNA isolation using the GenElute Mammalian Total RNA 

Extraction Miniprep Kit. Isolated RNA was assessed by spectrophotometry to measure 

the concentration and agarose gel electrophoresis. One μg of RNA was then reverse 

transcribed using Superscript III First-Strand Synthesis System to produce cDNA. This 

cDNA was examined using spectrophotometry and used as a template for RT-PCR and 

qPCR. RT-PCR was completed using Promega Master Mix, rat C184M specific Primers 

(5'-ATATGTCCCTGTTGTGCCAG-3' and 5'-AGGTTCCTCGTCATCAGACA-3') or 

mouse c-Ski specific primers (5'-CTGCGAGTGAGAAAGAGACG-3' and 5'-

TTTTCGTGGCTGGATACAAG-3') 193 or GAPDH specific primers (5'-

TGCACCACCAACTGCTTAGC-3' and 5'-GGCATGGACTGTGGTCATGA-3') 

(sequence obtained from Dr. Michael Czubryt) and 1 μl of cDNA as a template. RT-PCR 

was performed using the following thermocycler conditions : 1 minute denaturing at 95 

оC, 1 minute annealing at 58 оC, and 1 minute elongation at 72 оC. There was an initial 

denaturation of 3 minutes at 95 оC and a final extension of 5 minutes at 72 оC. Rat 

C184M was amplified for 20, 25, 30 and 35 cycles, whereas the c-Ski was amplified for 

35 and 40 cycles. 

          qPCR was conducted according to a two-step protocol. Optimal conditions for all 

investigated genes were established using iQ™ SYBR® Green Supermix (BIO-RAD). 

Twenty five μl of the reaction solution consisted of 50 ng, 20 ng, and 2 ng of the template 

for C184M, c-Ski and GAPDH samples respectively, 12.5 μl of iQ™ SYBR® Green 
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Supermix, and 1 μl of 10 μM of each primer. qPCR was completed using mouse C184M 

specific primers (5'-TTAACCTCGACTCTGCACTA-3'  and 5'-

ACAGTAGGAGAGACGTGAGC-3') and the same GAPDH and c-Ski primers used for 

RT-PCR. PCR amplification was performed as follows: pre-denature for one cycle at 

95 °C for 3 minutes, 40 cycles at 95 °C for 10 seconds and 60 °C for 30 seconds, one 

cycle at 95°C and 55 °C for 1 minutes each and one cycle at 55°C for 10 seconds. 

Melting curve analysis was performed at 57–72 °C with 0.8 °C/s temperature transition. 

 

2.11 Floating collagen gel contraction assay: NIH 3T3 fibroblasts contractility 

          Floating collagen gels were prepared by mixing 7 ml of cold collagen type I 

solution (3mg/ml) with 2 ml of 5x concentrated DMEM. The final volume of the solution 

was brought to 10 ml with sterile DDW after adjustment of the pH to 7.4, using 1 M 

NaOH.  Six hundred μl of gel solution was placed into each well of a 24-well plate and 

incubated overnight at 37°C to solidify. 1x105 NIH 3T3 fibroblasts were plated onto each 

well and allowed to adhere to the gel matrix overnight. The cells were then transfected 

with N-FLAG-pact-C184M plasmid as was explained in section 2.9 in serum free 

condition, and media was replaced with fresh serum-free media 6 hours after transfection. 

Twenty four hours post-transfection, cells were stimulated with TGF-β1 (10ng/ml) for 24 

hours and TGF-β1 was replenished every 12 hours. The gel was cut away from the wall 

of the culture plate well with a surgical scalpel blade immediately after stimulation with 

TGF-β1 to allow movement. The gels were digitally imaged at 0 and 24 hours after TGF-

β1 stimulation. Gel surface area was quantified using IDL Measure Gel software.  
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2.12 Procollagen type I N-Terminal Propeptide (PINP) enzyme immunoassay 

           Mature collagen is assembled from procollagen molecules containing terminal 

extension proteins called amino and carboxy procollagen extension propeptides.  These 

propeptides are cleaved from both the N- and C-terminal ends of the procollagen 

molecule in equimolar concentrations during collagen synthesis. Thus, the quantification 

of N-terminal propeptide of type I procollagen (PINP) provides a reliable measurement of 

collagen synthesis. PINP concentration was examined using Rat/Mouse PINP EIA kit 

provided by Immuno Diagnostic Systems (IDS). NIH 3T3 fibroblasts were plated in 100 

mm dishes and allowed to grow in 10% DMEM containing 0.1 mM ascorbic acid 

overnight. The cells were then subjected to transfection with N-FLAG-pact-C184M 

plasmid, in serum free condition, as was explained in Section 2.9 and media of cells was 

replaced with fresh serum-free media 6 hours post-transfection. After 24 hours of 

transfection media was again replaced with fresh serum-free media and cells were 

stimulated with 10ng/ml TGF-β1 for 24 hours. TGF-β1 was replenished every 12 hours. 

Media and cells were scraped from the culture dish, collected and homogenized through 5 

freeze-thaw cycles.  5 μl of homogenized samples were examined using Rat/Mouse PINP 

EIA kit according to the manufacturer’s instruction. OD of samples was read at 450 nm 

and used to calculate the amount of collagen from a standard curve. 

 

2.13 Statistical analysis 

          All data were analyzed using Sigma Stat software (Point Richmond, CA) and are 

shown as mean  standard error (SE). Significant differences between various groups 

were determined using one-way analysis of variance (ANOVA) and compared using the 
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Student–Newman-Keuls post hoc test. Significant differences among groups were 

defined as P  0.05. 
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V Results 

1.0 Expression of C184M and c-Ski in cardiac fibroblasts (P0), 

myofibroblasts (P1 and P2) and NIH 3T3 fibroblast cell line 

          C184M is a novel c-Ski binding partner which was initially discovered in 

developing mouse brain 194. To examine the expression of C184M and c-Ski RNA 

transcripts in primary cardiac fibroblasts (P0) and myofibroblasts (P1 and P2) and NIH 

3T3 fibroblasts we used RT-PCR. Total RNA was isolated from P0 fibroblasts and P1 

and P2 myofibroblasts and NIH 3T3 fibroblasts and converted into cDNA. RT-PCR was 

run at different cycle using the generated cDNA and specific C184M and c-Ski primers. 

RT-PCR products were resolved on a 1.5% agarose gel and images were obtained using a 

molecular imager Gel DOC XR+ system from BIO-RAD. GAPDH was used as a control 

to show the amount of expression of C184M and c-Ski RNA in the examined cells.  

Figures 3 and 4 depict the expression of C184M and c-Ski respectively, in fibroblasts 

(P0) and myofibroblasts (P1 and P2), while Figure 5 illustrates the expression of C184M 

and c-Ski in NIH 3T3 fibroblast cell line.  
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Figure 3. C184M mRNA transcript expression in fibroblasts and 
myofibroblasts using RT-PCR. RNA was isolated from 80% confluent fibroblasts 
(P0) and  myofibroblasts (P1 and P2). Isolated RNA was used for reverse transcription 
PCR at different cycles (20, 25, 30, and 35). Amplified DNA was run on 1.5% agarose 
gel and bands visualized using molecular imager Gel DOC XR+ system from Bio-Rad. 
Negative control (NC) and positive control (PC)  
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Figure 4. c-Ski mRNA transcript expression in fibroblasts and 
myofibroblasts using RT-PCR. RNA was isolated from 80% confluent fibroblasts 
(P0) and myofibroblasts (P1 and P2). Isolated RNA was used for reverse transcription 
PCR of different cycles (35and 40). Amplified cDNA was run on 1.5% agarose gel and 
bands visualized using molecular imager Gel DOC XR+ system from BIO-RAD. 
Negative control (NC) and positive control (PC)  
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Figure 5. C184M and c-Ski mRNA transcript expression in NIH 3T3 
fibroblasts using RT-PCR. RNA was isolated from 80% confluent NIH 3T3 
fibroblasts. Isolated RNA was used for reverse transcriptase PCR at different cycles. 
Amplified cDNA was run on 1.5% agarose gel and bands visualized using molecular 
imager Gel DOC XR+ system from BIO-RAD. Negative control (NC) and positive 
control (PC)  
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2.0 Optimization of qPCR conditions for amplification of C184M, Ski 

and GAPDH mRNA expression 

          Expression of C184M and Ski mRNAs in cardiac fibroblasts (P0) and 

myofibroblasts (P1 and P2) and NIH 3T3 fibroblasts was demonstrated using reverese 

transcription PCR technique (Fig 1,2, and 3).  In order to quantify the expression of these 

mRNA species in different conditions we need to use quantitative PCR (qPCR).  qPCR or 

real-time PCR is an enhanced diagnostic tool which is highly suited for a wide range of 

applications, including mRNA expression analysis.  Fluorescent monitoring of DNA 

amplification is the basis of this highly sensitive technique. We determined the best 

annealing temperature for all three mRNA species which was 60оC.  The standard curve 

for each mRNA species was constructed based on methodology employing known 

concentrations.  Dilution series of 5 different concentrations were prepared in triplicate 

and were used to generate standard curves (Figures 6A, 7A, and 8A).  All standard curves 

are valid, as the slope of them is between the acceptable range (-3.3 to -3.8) according to 

Qiagen real-time PCR handbook (critical factors for successful real-time PCR).  We also 

determined the optimal amount of template in the reaction for C184M, Ski and GAPDH 

which are 50 ng, 20 ng, and 2 ng respectively (Figures 6B, 7B, and 8B). These optimal 

conditions can be used for future studies to quantify the expression of these mRNAs in 

different conditions.   
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Figure 6. GAPDH mRNA standard curve and qPCR results using 
established optimal conditions with mRNA extracted from NIH 3T3 
fibroblasts. Panel A: Constructed GAPDH standard curve. The slope of standard 
curve is -3.366 and efficiency of the reaction is 98.2%. Panel B: qPCR result for 
GAPDH using 2 ng of cDNA as a template.  

38 
 



 
 

 

 

 

A 

B 

 

 

 

Figure 7. Ski mRNA standard curve and qPCR results using established 
optimal conditions with mRNA extracted from NIH 3T3 fibroblasts. 
Panel A: Constructed GAPDH standard curve. The slope of standard curve is -3.414 and 
efficiency of the reaction is 96.3%. Panel B: qPCR result for Ski using 20 ng of cDNA as 
a template.  
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Figure 8. C184M mRNA standard curve and qPCR results using 
established optimal conditions with mRNA extracted from NIH 3T3 
fibroblasts. Panel A: Constructed GAPDH standard curve. The slope of standard 
curve is -3.352 and efficiency of the reaction is 98.8%. Panel B: qPCR result for C184M 
using 50 ng of cDNA as a template.  
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3.0 Effect of TGF-β1 stimulation on the C184M expression 

          TGF-β1 affects a multitude of cell functions including proliferation, differentiation, 

migration, and apoptosis, and has been implicated as a key regulator of wound healing 

and extracellular matrix remodeling 195, 196. TGF-β1 signals through different cytoplasmic 

proteins. We examined the effect of TGF-β1 on the expression of the cytoplasmic protein 

C184M using Western blot analysis.  Cardiac myofibroblasts (P1) were plated in 100 mm 

dish and were grown to 70-80% confluency and starved for 24 hours and then stimulated 

with TGF-β1 (10 ng/ml) for 12, 24 and 48 hours. Total protein was then isolated and 

examined by Western blot analysis. As a positive control we used p-Smad2 which its 

expression is increased with TGF-β1 treatment. We found that C184M protein expression 

is not responsive to TGF-β1 treatment at different time points. β-tubulin was probed as a 

loading control.  Results are shown for 24 and 48 hours treatment with TGF-β1 in figures 

9 and 10, respectively. Result for 12 hours treatment was not shown. 
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β-Tubulin 
50 kDa  

                                                                                       

- + - +B 
p-Smad2 
55 kDa       

β-Tubulin 
50 kDa  

 24 hrs TGF-β1 treatment 

Figure 9. 24 hours TGF-β1 (10 ng/ml) treatment has no effect on C184M 
protein expression in primary cardiac myofibroblasts. P1 myofibroblasts 
were grown to 70-80% confluency, serum starved for 24 hours, and then either left 
unstimulated (-) or stimulated (+) with 10 ng/ml TGF-β1 for 24 hours. Panel A: 
representative Western blot showing levels of C184M (27 kDa) and β-Tubulin (50 kDa) 
as a loading control. Experiment was performed in quadruplicate (n=4). Panel B: 
representative Western blot showing levels of p-Smad2 (55 kDa) as a positive control for 
panel A and β-Tubulin (50 kda).  
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Figure 10. 48 hours TGF-β1 (10 ng/ml) treatment has no effect on 
C184M protein expression in primary cardiac myofibroblasts. P1 
myofibroblasts were grown to 70-80% confluency, serum starved for 24 hours, and then 
either left unstimulated (-) or stimulated (+) with TGF-β1 for 48 hours. . Panel A: 
representative Western blot showing levels of C184M (27 kDa) and β-Tubulin (50 kDa) 
as a loading control. Experiment was performed in quadruplicate (n=4). Panel B: 
representative Western blot showing levels of p-Smad2 (55 kDa) as a positive control for 
panel A and β-Tubulin (50 kda).  
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4.0 Effect of Smad3 overexpression on the expression of C184M protein 

          Smad3 is a TGF-β signaling pathway downstream mediator, which modulates the 

transcription of target genes 197. The effect of Smad3 on C184M expression at protein 

level was examined using Western blot analysis. P1 myofibroblasts were seeded in 100 

mm dish and allowed to adhere overnight.  Cells at 80% confluency were starved for 24 

hours and then infected with Smad3 adenoviruses (10 MOI) for an additional 24 hours. 

Total protein was harvested and analyzed using Western blot. Smad3 overexpression did 

not influence expression of C184M protein. Results are shown in figure 11. Note that 

Smad3 level were increased in Smad3 adenovirus- infected cells.   
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Figure 11. Smad3 overexpression does not influence expression of 
C184M protein. P1 myofibroblasts were grown to 70-80% confluency and serum 
starved for 24 hours. Cells were either left uninfected or infected with LacZ (100 MOI) or 
Smad 3 ( 10 MOI) for a further 24 hours. Control (C), LacZ (L), and Smad3 
overexpressed (S). 
 

 

 

 

45 
 



 
 

5.0 Effect of C184M overexpression on Smad3 distribution in P1 

cardiac myofibroblasts. 

           Primary fibroblasts (P0) were either left uninfected or infected at 20-40% 

confluency with the FLAG-C184M-EGFP or pMXIE-EGFP retroviruses (MOI 150 

vp/cell) and allowed to grow to confluency before being passaged to obtain P1 cells.  P1 

cells were seeded onto the coverslips and used for immunofluorescence staining to 

examine the distribution of Smad3 in the presence of C184M overexpression. Our data 

showed a change from diffuse to punctate staining of Smad3 in the cytosol of C184M 

overexpressing cells (Figure 12). This finding may indicate a role for C184M in 

sequestering R-Smads such as Smad3 within the cell and this function may occur in 

parallel with its role as a docking protein for Ski –thus, a complex relationship between 

intracellular R-Smad signaling and C184M protein exists in primary cardiac 

myofibroblasts. Optimal MOI for FLAG-C184M-EGFP and pMXIE-EGFP retroviruses 

was confirmed using FACS machine. Right and left windows in Figure 13A indicate 

percentage of EGFP+ (infected cells) and EGFP– (non-infected cells) expressing cells 

respectively. Figure 13B shows quantified data which had been obtained from FACS 

machines as shown in panel A.  
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Figure 12. Smad3 distribution in P1 cardiac myofibroblasts is altered by 
C184M overexpression. P0 fibroblasts were either infected with retrovirus 
expressing FLAG-C184M and EGFP or left uninfected.  P1 myofibroblasts were seeded 
onto coverslips and starved for 48 hours before immunofluorescence staining. Our results 
show altered staining of Smad3 in C184M overexpressing group. 
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Figure 13. See legend next page
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Figure 13. Optimization of MOI for FLAG-C184M-EGFP retroviruses 
in P0 cardiac fibroblasts. P0 fibroblasts (at 20-40%) confluency were subjected to 
C184M-EGFP retroviral infection using different  MOIs (25, 50, 100, 150, 200, 250, 300, 
600 and 1,000 vp/cell). Media was changed after 6 hours with fresh 10% FBS containing 
media. Cells were harvested to being analyzed using FACS machine at 100% confluency. 
EGFP was used as a markerof infection.  MOI 150 was the most economized with highest 
infection efficiency. Panel A: P0 fibroblasts were analyzed using flow cytometry for 
EGFP+ and EGFP– expression (Right and left windows respectively). Panel B: Graph of 
quantified data from groups shown in panel A. Each experimental group was performed 
in duplicate.  
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6.0 Effect of TGF-β1 stimulation on C184M localization in C184M 

overexpressing P1 cardiac myofibroblasts  

          P0 fibroblasts were either infected or left uninfected at 20-40% confluency with the           

FLAG-C184M-EGFP or pMXIE-EGFP retroviruses (MOI 150 vp/cell) and allowed to 

grow to confluency before being passaged to obtain P1 cells.  P1 cells were seeded onto 

the coverslips and after 24 hours starvation, stimulated with TGF-β1(10 ng/ml) for an 

additional 24 hours. Cells were then subjected to immunofluorescence staining to 

examine the distribution of C184M in the presence and absence of TGF-β1 treatment. 

Our data show no changes in the localization of C184M in C184M overexpressing cells 

vs. controls (Figure 14). 
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Figure 14. C184M distribution in P1 cardiac myofibroblasts is not 
altered by TGF-β1 treatment. P0 fibroblasts were infected with retrovirus 
expressing C184M and EGFP. Then P1 myofibroblasts were seeded onto coverslips, 
serum starved for 24 hours and stimulated with TGF-β1 for additional 24 hours. Panel A: 
shows C184M localization in the absence of TGF-β1 treatment. Panel B: shows C184M 
localization in the TGF-β1 treated cells. 
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7.0 Effect of overexpressed C184M on NIH 3T3 fibroblasts contractility 

in presence and absence of TGF-β1  

          The semi-anchored collagen type I gel deformation method was used to study the 

in vitro effects of C184M overexpression on NIH 3T3 fibroblasts contractility. Collagen 

gels were prepared and allowed to solidify overnight. Cells were plated on the surface of 

the gel and allowed to adhere and grow for 24 hours. Cells were then subjected to 

transfection with N-FLAG-pact-C184M plasmid using LipofectamineTM 2000 Reagent in 

antibiotic and serum free conditions. Application of TGF-β1 (10 ng/ml) was followed by 

detachment of the gel from the surrounding walls of the wells using a surgical blade, 

marking the initiation of the contraction phase. Wells were digitally photographed at 0 

and 24 hours (Figure 15A). Gel surface area on a 2D digital image was quantified to 

assess the rate of contraction using Measure Gel custom software with IDL based 

analysis. Each experimental group was performed in quadruplicate. Figure 15B 

demonstrates that although contraction is augmented two fold in TGF-β1 (10 ng/ml) 

stimulated C184M overexpressing cells, C184M overexpression was associated with a 

20% diminution of contraction compared to TGF-β1 control. Also we found no 

significant differences between C184M overexpressing cells and control group. 

Efficiency of transfection was confirmed using Western blot (Figure 16A). Our data 

show that transfected cells, express 5-fold more C184M protein compared with controls 

(Figure 16B). β-Tubulin was probed as a loading control. 
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F
igure 15. The role of C184M in modulation of NIH 3T3 fibroblasts 
contractility. Panel A: NIH 3T3 fibroblasts were loaded (1x105

 cells/ml) onto 
preformed collagen type I gels. Following a 24 hours adherence and growth period, cells 
were transfected with pACTN-FLAG-C184M plasmid using LipofectamineTM 2000 
Reagent in antibiotic and serum-free conditions. Cells were then treated with TGF-β1 (10 
ng/ml) for 24 hours. Digital images are shown of gel surfaces at 0 and 24 hours. Panel B: 
Gel surface area within the boundary of the contraction lines were measured with IDL 
based analysis and custom made Measure Gel software. The differences between gel 
areas of 0 and 24 h incubation periods were used to determine rate of cell contraction. 
Each experimental group was performed in quadruplicate (n=4). NS - Not significant. 
§P  vs. control, #P  vs. C184M, *P vs. TGF-β; data are 
expressed as mean SE.  
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Figure 16. Transfection efficiency in NIH 3T3 fibroblasts. NIH 3T3 
fibroblasts were plated at 8.8x105 cells/100 mm dish and allowed to adhere and grow 
overnight. The cells were subjected to transfection at 70-80% confluency with N-FLAG-
pact-C184M using LipofectamineTM 2000 Reagent in antibiotic and serum free condition. 
Total proteins were harvested 48 hours after transfection. Panel A: representative 
Western blot showing levels of C184M (27 kDa) and β-Tubulin (50 kDa). Panel B: 
Graph of quantified data from groups shown in panel A. Data quantified by densitometric 
scanning. All bands are normalized to β-Tubulin. Each experimental group was 
performed in quadruplicate (n=4). 
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8.0 Effect of overexpressed C184M on collagen secretion in presence 

and absence of TGF-β1 

          Collagen is an extracellular protein which is highly secreted in fibrosis. The TGF-

β1 signaling pathway is involved in up-regulation of collagen synthesis and secretion. 

The role of C184M as a novel partner for co-repressor c-Ski in TGF-β1 signaling 

pathway is unclear. We examined the effects C184M overexpression on TGF-β1 induced 

collagen secretion in NIH 3T3 fibroblasts. The cells were plated in 100 mm dish and 

allowed to grow overnight. The cells were then subjected to transfection with N-FLAG-

pact-C184M plasmid. After 24 hours starvation, groups were either stimulated with TGF-

β1 or left unstimulated for additional 24 hours. The media and cells were collected and 

analyzed for collagen secretion using a PINP kit. Consistent with previous results from 

our lab, collagen secretion increased significantly in TGF-β1 stimulated cells compared 

to non-stimulated controls. However, C184M overexpression alone increased collagen 

secretion significantly relative to the non-stimulated control group. Interestingly, C184M 

overexpression in presence of TGF-β1 treatment significantly reduced the effect of TGF-

β1 on collagen secretion suggesting inhibitory role of C184M in TGF-β1 signaling 

pathway (Figure 17). 
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Figure 17. Collagen secretion in NIH 3T3 fibroblasts is altered by 
C184M overexpression in presence and absence of TGF-β1. Cells were 
grown to 70-80% confluency and subjected to transfection with N-FLAG-pact-C184M 
plasmid in antibiotic and serum-free conditions.  After 24 hours of serum starvation, 
groups were either stimulated with TGF-β1 (10ng/ml) or left unstimulated for additional 
24 hours. Harvested media and cells were analyzed for collagen secretion using PINP kit. 
Graph shows the quantified data from spectrophotometer results. §P  vs. control, 
#P  vs. control, *P vs. TGF-β1; data are expressed as mean SE. Each 
experimental group was performed in quadruplicate (n=4). 
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VI Discussion 

          In this study we examined Ski-interacting protein C184M mRNA and protein 

expression in P0 primary cardiac fibroblasts, as well as P1 and P2 cardiac myofibroblasts 

and NIH 3T3 fibroblasts.  The C184M gene was originally identified in developing 

mouse brain 198 and has been shown to interact with Ski via its leucine-rich region 199. Ski 

is a nuclear protein, but it is known that C184M associates with Ski, and functions to  

sequester Ski in the cytosol 200. Consistent with this finding, Ski has been found to be 

localized in the cytosol of hepatocytes that express high level of C184M protein 201. As 

Ski is involved in TGF-β signaling and may suppress the expression of TGF-β responsive 

genes202, C184M may also play a role in TGF-β modulated cellular function. TGF-β is a 

pleuripotent cytokine which is highly expressed in the infarct scar following myocardial 

infarction 13, 203. Although TGF-β induces the expression of different genes including 

collagens type I and III 107, we have demonstrated that C184M expression itself is not 

responsive to TGF-β1 treatment (10 ng/ml for 12, 24, and 48 hours) and thus may be a 

stably expressed regulatory protein or regulated by something else. 

1.0 Relationship between C184M and Smad3 in ventricular myofibroblasts. 

          Immunofluorescence staining of C184M in myofibroblasts revealed the cytosolic 

localization of this protein, consistent with its localization in CV-1 cells and hepatocytes 

204.  We also showed that TGF-β1 itself does not influence C184M localization in 

myofibroblasts. R-Smads, including Smad2 and Smad3, are major mediators in TGF-β 

signaling pathway post-MI in cardiac ventricular myofibroblasts. Following the binding 

of TGF-β ligand to TβRII and activation of TβRI, R-Smads undergo phosphorylation and 

initiate TGF-β transduction 205. We found that C184M expression is not responsive to 
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Smad3 overexpression in ventricular myofibroblasts. Despite this lack of responsiveness 

of C184M expression to Smad3 overexpression, immunofluorescence staining of Smad3 

in C184M overexpressing myofibroblasts indicated altered distribution of Smad3. The 

distribution of Smad3 was altered from diffuse pattern to a punctate staining pattern. This 

finding may indicate a role for C184M in sequestering R-Smads such as Smad3 within 

the cell and this function may occur in parallel with its role as a docking protein for Ski –

thus, it may be a sign of a complex relationship between intracellular R-Smad signaling 

and C184M in primary cardiac myofibroblasts.  

2.0 C184M expression and cardiac ventricular myofibroblasts function. 

          The main findings of the present study address the secretion of collagen type I in 

C184M overexpressing NIH3T3 fibroblasts and the effect of C184M overexpression on 

their contractility. Expression of TGF-β1 is markedly induced in the infarcted 

myocardium and plays a pivotal role in initiation and development of fibrosis 206-209 by 

induction of different genes expression including, collagen 107, 210, and fibronectin 211. We 

measured the collagen production in NIH 3T3 fibroblasts via estimation of secretion of 

N-terminal globular ends of type I fibrillar collagen, and found that overexpression of 

C184M alone upregulates collagen production in the unstimulated basal state. 

Paradoxically, C184M overexpression is associated with suppressed collagen secretion in 

TGF-β1 stimulated NIH 3T3 fibroblasts. It has been shown that the association of 

C184M and Ski results in accumulation of Ski in the cytosol of CV-1 cells 212. Thus we 

speculated that the elevation of collagen production in NIH-3T3 fibroblasts by C184M in 

the basal state may be the result of docking of Ski and its net sequestration in the cytosol 

by C184M. As Ski is a transcriptional co-repressor and inhibits expression of different 

60 
 



 
 

genes, cytosolic sequestrations of it may depress its effects on gene expression and as 

result may contribute to the relaxing of Ski’s inhibitory effects and thus allow basal 

collagen production to increase. However, C184M suppresses TGF-β1 effects on 

collagen secretion in NIH 3T3 fibroblasts when they are stimulated with TGF-β1. To 

explain this, we suggest that Ski may be activated to bind Smads 2, 3 and 4 and thereby 

repress TGF-β1 transduction as has been observed in other studies 213-215. In preinvasive 

melanoma cells, Ski localizes mainly to the cytosol, and these cells demonstrate 

diminished nuclear translocation of R-Smad3216. Grimm et al 217 documented that nuclear 

exclusion of R-Smad2 is a mechanism leading to loss of mesodermal competence during 

the early development of Xenopus laevis. Thus, suppression of collagen secretion in 

TGF-β1 stimulated cells by overexpressed C184M may be explained by the retention of 

R-Smads in the cytosol by the C184M-Ski complex, as it has been shown in CV-1 cells 

by Kokura et al 218.  Thus, it could be argued that sequestered R-Smads in the cytosol 

may be unable to translocate into the nucleus in the face of C184M overexpression, and 

as a result cannot induce expression of collagen gene. Additionally, we demonstrated, for 

the first time, that C184M overexpression is associated with significant attenuation of 

contractility in NIH 3T3 fibroblasts in the presence of TGF-β1. We employed a modified 

anchored assay wherein the gel edge is released from the plate at time zero in a 24 hours 

treatment regimen. NIH 3T3 fibroblasts are seeded on the surface of the matrix, and the 

reduction of matrices’ surface is measured. Thus, collagen gel deformation reflects 

cellular contractility as well as remodeling of the matrices and is an in vitro model of 

wound contraction. While the precise mode of C184M-mediated inhibition of NIH 3T3 

fibroblasts contraction is unknown, however as in collagen secretion inhibition (above), it 
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may operate via cytosolic retention of R-Smad proteins. This then mediates negative 

regulation of TGF-β1 signaling in NIH 3T3 fibroblasts resulting in decreased contraction. 
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VII Conclusions 

1. We have identified that C184M is relatively highly expressed in P0 primary 

cardiac fibroblasts, P1 and P2 cardiac myofibroblasts and in the NIH 3T3 

fibroblast cell line. 

2. C184M expression is not responsive to TGF-β1 treatment at various times 

(10ng/ml 12, 24 and 48 hours) in primary myofibroblasts. 

3. Smad3 overexpression has no impact on C184M expression in myofibroblasts. 

However, diffuse cytosolic distribution becomes localized to points (punctuate 

staining) in C184M overexpressing myofibroblasts. 

4. Overexpression of C184M was characterized with a biphasic effect on collagen 

type I N-terminal peptide secretion in NIH 3T3 fibroblasts. Specifically in starved 

unstimulated fibroblasts it elevates collagen secretion while in TGF-β1 stimulated 

cells it suppresses TGF-β1 induced collagen secretion. 

5. C184M overexpression significantly attenuates TGF-β-mediated contractility in 

TGF-β1-treated NIH 3T3 fibroblasts. 
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VIII Future Directions 

          We have documented the expression of C184M in primary cardiac fibroblasts and 

myofibroblasts and in NIH 3T3 fibroblasts. Contractility and collagen secretion data 

demonstrated that C184M negatively regulates TGF-β1-mediated stimulation of 

fibroblast functions. It would be worthwhile to knock down C184M expression using 

RNAi technology (shRNA) and explore its effects on the contractility and collagen 

secretion in these cells. To further confirm the effects of C184M on contractility and 

collagen secretion we would also rescue C184M knock down expression using 

overexpression methods and then determine myofibroblasts contractility and collagen 

secretion vs controls. 

          As C184M is involved in TGF-β signaling and its own expression is not responsive 

to TGF-β stimulation, it would be worthwhile to study C184M structure and explore the 

possibility of potential sites that undergo post-translational modifications including 

Ser/Thr phosphorylation following TGF-β1 ( or other cytokines eg, AII, CT-1) treatment 

which may impinge upon C184M expression or function. 

          We have shown that Ski is expressed in both cardiac fibroblasts and 

myofibroblasts. Previous studies has highlighted the fact that Ski plays a role in the 

development of muscle219 and the Ski-null mice suffer from decreased skeletal muscle 

mass220.  In quail embryos Ski causes transformation and muscle differentiation of 

fibroblastic cells.  Fibroblasts phenotypically convert to myofibroblasts by expressing α-

SMA 5, 52and SMemb 221. As Ski is involves in muscle development, it may induce the 

phenotypic shift to myofibroblasts; thus C184M as a Ski binding partner may influence 

induction. It would be a valuable exercise to follow up on this posibility. 
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          We identified altered distribution of Smad3 in C184M overdriven myofibroblasts. 

Immunofluorescence staining for both C184M and Smad3 would clarify if there is any 

co-localization of these two proteins in these experimental conditions. Finally, C184M 

increases the expression of Ski in CV-1, 293T and Mv1Lu cells 222. It would be 

interesting to observe whether, C184M has the same effect and elevates the amount of 

Ski in our experimental systems. 
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