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Exploring the role of TCF1 expression in Smooth Muscle Cells and its relationship
with Coronary Heart Disease

1. Importance and challenges of atherosclerotic coronary heart disease

Atherosclerotic coronary vascular heart disease (CHD), which clinically is the
cause of acute myocardial infarctions, is the primary cause of morbidity and mortality in
the Western civilized world’. While great progress has been made with regard to the
identification and treatment of this disease, the majority of disease remains untreated
and uncontrolled. New research approaches are required to develop more fundamental
understanding of the atherosclerosis disease process, so that more specific treatments

can be developed.

Focus on cardiovascular disease began around the time of the death of President
Franklin Delano Roosevelt, who suffered from hypertension, stroke and CHD. Funds
were appropriated by Congress to establish classical longitudinal epidemiological
studies to identify risk factors that were associated with the development of CHD. The
Framingham Heart Study was one of these, and enrolled subjects in the town of
Framingham, Massachusetts for monitoring. Numerous demographic, behavioral and
easily measured physiological parameters were catalogued, and subjects followed and
carefully monitored to search for "risk" factors and cardiovascular and related medical
conditions such as myocardial infarction. This work provided tremendous insight insight
into the development of CHD, allowing the identification of highly associated risk factors.
Risk factors such as hypertension, hypercholesterolemia, and smoking were identified
and quantified, and a Framingham Risk Score developed that provided for assessment
of the likelihood that individuals with a specific complement of demographic features
and risk factor profile would develop symptomatic CHD?. While primarily useful in the
context of studies comparing overall risk between groups at a population level, the
Framingham Risk Score remains in use today as the best means for identifying and

providing some measure of guidance regarding the assessment and treatment of



individual patients.

With this information regarding risk factors, pharmaceutical firms leveraged
scientific insights coming from molecular research to develop drugs targeting
physiological pathways to normalize risk factor variables such as serum cholesterol and
blood pressure. These medications, such as HMG-CoA reductase inhibitors and
angiotensin converting enzyme inhibitors have been able to significantly reduce the
incidence of myocardial infarction and CHD-related endpoints in numerous clinical trials,
providing great progress in the treatment of this disease™ *. However, aggressive control
of cardiovascular risk factors with behavioral intervention and optimum medical
treatment cannot lower event rates by more than 30%. Thus, the majority of
cardiovascular events cannot be prevented by currently available treatments. These
limitations of risk factor treatment are not surprising when one considers that while risk
factors are important for promoting CHD, they are not the actual atherosclerotic disease
process in the blood vessel wall. Numerous cellular and molecular pathways have been
characterized in the diseased vascular wall, and linked to various aspects of disease
with model systems and in vitro methods. Over the last decade, there has been a
consensus that inflammatory processes underlie atherosclerosis®. However, there is in
fact little compelling data in humans regarding which specific pathways drive the
disease, and pharmaceutical firms have been reluctant to pursue expensive and risky
studies to develop drugs that treat the primary atherosclerotic disease and today there

no such drugs available.

2. Use of human genetic studies to identify genes and pathways that mediate human
CHD

Thus, the greatest need for further progress for treating CHD relies on the
identification of pathways in the vessel wall that mediate the initiation and/or
progression of disease. The greatest promise for identifying such pathways is through
the identification of human genetic variation that alters the risk for CHD in human
populations. Such variation represents an experiment of nature that validates
unequivocally that altering the expression and/or function of the related gene alters the

risk of disease. Drugs directed against such pathways are expected to provide



therapeutic benefit. Also, heritability studies suggest that approximately half of the risk
of CHD is genetic in nature, as witnessed by the common observation that this disease
clusters in families ® 7. This heritable risk is independent of the classical epidemiological
risk factors, and most likely represents variation in pathways that mediate the

atherosclerotic disease process °.

Although methodology and technology for identifying CHD-associated variation in
the human genome have been long unavailable, recent developments including the
human HAPMAP project and high density genotyping chips have provided for large-
scale mapping studies that have identified variation that contributes to the genetic risk
for CHD in the human populations®'". The majority of these variants are not easily
linked to identifiable genes, or appear to be associated with genes that have functions
not easily linked to the vascular wall. However, a small number of the genes identified
through Genome Wide Association studies (GWAs) efforts provide immediate testable
hypotheses that promise to teach us much regarding the pathophysiological basis of

atherosclerosis.

One such gene is TCF21. TCF21 is expressed in progenitor cells of the
proepicardial organ (PEO) in the early embryo, and these cells are known to be the
source of coronary smooth muscle cells (SMC) in this unique circulatory bed'. Recent
data from the Quertermous lab with adult mice carrying a TCF21'%°# reporter allele
shows that TCF21 expression persists in coronary vascular SMC. It has been
hypothesized that TCF21 in the PEO supports proliferation and inhibits differentiation of
SMC progenitor cells as they migrate over the surface of the heart until they come
under local inductive influences that downregulate TCF21 expression’. These
hypotheses are based on available information regarding the role of TCF21 in cell fate
decisions. TCF21 expression is downregulated with differentiation of PEO cells in vivo
and in SMC differentiated in culture. Transcriptional regulation by TCF21 has been
shown to promote cell division of skeletal muscle cells by inhibition of transcription of
the cyclin dependent kinase inhibitor p21CIP, and inhibit differentiation by inhibiting
transcription of the differentiation marker muscle creatine kinase™.

3. Proposal to study the role of TCF21 in vascular smooth muscle cell fate decision




SMC play critical but complex roles in vascular disease, undergoing phenotypic
switching that is related to multiple cell fate decisions' '°. In the face of vascular injury,
SMC de-differentiate, migrate and then re-differentiate. While SMC promote disease
through producing neointimal lesions and becoming foam cells, they also serve an
important supportive role through production of stabilizing matrix components, and
cardiovascular events due to plaque rupture may be in lesions where SMC response to
injury is inadequate, "fragile plaque." While it is generally accepted that mutations that
compromise the ability of SMC to participate in vascular repair are likely detrimental to
the organism’®, the exact mechanism by which TCF21 might participate in the
physiological SMC response to injury, and how this is perturbed by differences in
TCF21 expression remains to be elucidated. It is considered most likely that activation
of TCF21 expression in the adult in the face of vascular injury promotes a maladaptive
SMC contribution to repair mechanisms. A critical first step to understanding how
TCF21 modulates the SMC response to injury, and thus likely the in vivo disease
process, is to pursue in vitro studies in order to gain understanding of what role this
gene plays in the critical cell fate decisions that are important in the SMC response to
injury. Thus, in our proposed studies we will manipulate expression of TCF21 to better
understand how this gene differentially regulates disease related processes in SMC
such as proliferation, differentiation, migration, and apoptosis. The Quertermous
laboratory has extensive experience with in vitro cellular and molecular studies in

vascular cells such as those proposed here'” %,

Experimental Methodology- For these studies, we will use an in vitro tissue culture

model that employs human coronary artery SMC (HCASMC). These cells, which are
commercially available, can be easily expanded and grown in culture, can be studied in
an "undifferentiated" or disease state when grown in the presence of serum, orin a
quiescent serum starvation state which models the physiological "differentiated"
phenotype. Preliminary studies in the Quertermous lab has shown that TCF21
expression is ~5-fold higher in HCASMC grown under the proliferative phenotype.
These cells can be easily transfected by electroporation with the Amaxa system.

We will use human expression constructs that encode the native transcript for



human TCF21 to increase mRNA levels of the gene in transfected HCASMC. shRNA
constructs that target human TCF21 have been developed by the Broad shRNA
Initiative (Sigma, Open Biosystems), and will be transfected into HCASMC to decrease
the level of TCF21 mRNA. Empty expression constructs will serve as negative controls
in these experiments. In each of the genetic manipulations, we will monitor by
quantitative polymerse chain reaction (QRT-PCR) the mRNA levels of TCF21 and

specific identified downstream targets of TCF21.

Transfected cells will be grown in either serum (proliferating disease model) or
serum-free differentiation media (quiescent non-disease model), and proliferation
evaluated by cell counting and MTS assay. SMC differentiation will be evaluated with
gRT-PCR assays to quantify expression of SMC differentiation markers, including SMC
a-actin, myosin and transgelin. Particular attention will be given to survival pathways,
apoptosis will be evaluated using the Caspase-Glo 3/7 Assay (Promega) and Click-iT®
TUNEL Alexa Fluor® 488 Imaging Assay for microscopy (Invitrogen), employing serum
starved HCASMC exposed to 1 mM staurosporine. Finally, migration will be evaluated
with genetically modified cells in the Boyden chamber assay, employing migration in

response to various dilutions of serum, with well described methods'®.

It is anticipated that alterations in TCF21 expression level will significantly impact
cell fate decisions such as proliferation, differentiation and apoptosis. TCF21 expression
will likely be found to promote SMC proliferation and inhibit differentiation. Also, loss of
TCF21 is expected to increase apoptosis, in keeping with evidence of increased
apoptosis in TCF21 knockout mice?" #?. These studies will teach us much regarding the
biology of SMC and the contribution of this cell type to the different phases of vascular
disease, and insights gained will extend beyond the role of this single factor in the

mechanisms of disease initiation and/or progression.

Bibliography

1. Greenlund KJ, Giles WH, Keenan NL. Heart disease and stroke mortality in the
20th century. In: Ward J, Warren C, eds. Silent victories: the history and practice of



public health in thentieth century America. Oxford, England: Oxford University
Press; 2006.

Dawber TR, Kannel WB, Revotskie N, Kagan A. The epidemiology of coronary
heart disease--the Framingham enquiry. Proc R Soc Med 1962;55:265-71.

Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G. Effects of an
angiotensin-converting-enzyme inhibitor, ramipril, on cardiovascular events in high-
risk patients. The Heart Outcomes Prevention Evaluation Study Investigators. N
Engl J Med 2000;342:145-53.

Collins R, Armitage J, Parish S, Sleigh P, Peto R. MRC/BHF Heart Protection Study
of cholesterol-lowering with simvastatin in 5963 people with diabetes: a randomised
placebo-controlled trial. Lancet 2003;361:2005-16.

Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell 2001;104:503-16.
Dandona S, Stewart AF, Roberts R. Genomics in coronary artery disease: past,
present and future. Can J Cardiol 2010;26 Suppl A:56A-9A.

Fischer M, Mayer B, Baessler A, Riegger G, Erdmann J, Hengstenberg C,
Schunkert H. Familial aggregation of left main coronary artery disease and future
risk of coronary events in asymptomatic siblings of affected patients. Eur Heart J
2007;28:2432-7.

Altshuler DM, Gibbs RA, Peltonen L, Dermitzakis E, Schaffner SF, Yu F, Bonnen
PE, de Bakker PI, Deloukas P, Gabriel SB, Gwilliam R, Hunt S, Inouye M, Jia X,
Palotie A, Parkin M, Whittaker P, Chang K, Hawes A, Lewis LR, Ren Y, Wheeler D,
Muzny DM, Barnes C, Darvishi K, Hurles M, Korn JM, Kristiansson K, Lee C,
McCarrol SA, Nemesh J, Keinan A, Montgomery SB, Pollack S, Price AL, Soranzo
N, Gonzaga-Jauregui C, Anttila V, Brodeur W, Daly MJ, Leslie S, McVean G,
Moutsianas L, Nguyen H, Zhang Q, Ghori MJ, McGinnis R, McLaren W, Takeuchi
F, Grossman SR, Shlyakhter |, Hostetter EB, Sabeti PC, Adebamowo CA, Foster
MW, Gordon DR, Licinio J, Manca MC, Marshall PA, Matsuda I, Ngare D, Wang
VO, Reddy D, Rotimi CN, Royal CD, Sharp RR, Zeng C, Brooks LD, McEwen JE.
Integrating common and rare genetic variation in diverse human populations.
Nature 2010;467:52-8.

Kathiresan S, Voight BF, Purcell S, Musunuru K, Ardissino D, Mannucci PM, Anand
S, Engert JC, Samani NJ, Schunkert H, Erdmann J, Reilly MP, Rader DJ, Morgan
T, Spertus JA, Stoll M, Girelli D, McKeown PP, Patterson CC, Siscovick DS,
O'Donnell CJ, Elosua R, Peltonen L, Salomaa V, Schwartz SM, Melander O,
Altshuler D, Merlini PA, Berzuini C, Bernardinelli L, Peyvandi F, Tubaro M, Celli P,
Ferrario M, Fetiveau R, Marziliano N, Casari G, Galli M, Ribichini F, Rossi M,
Bernardi F, Zonzin P, Piazza A, Yee J, Friedlander Y, Marrugat J, Lucas G,
Subirana |, Sala J, Ramos R, Meigs JB, Williams G, Nathan DM, MacRae CA,
Havulinna AS, Berglund G, Hirschhorn JN, Asselta R, Duga S, Spreafico M, Daly
MJ, Nemesh J, Korn JM, McCarroll SA, Surti A, Guiducci C, Gianniny L, Mirel D,
Parkin M, Burtt N, Gabriel SB, Thompson JR, Braund PS, Wright BJ, Balmforth AJ,
Ball SG, Hall AS, Linsel-Nitschke P, Lieb W, Ziegler A, Konig |, Hengstenberg C,
Fischer M, Stark K, Grosshennig A, Preuss M, Wichmann HE, Schreiber S,
Ouwehand W, Deloukas P, Scholz M, Cambien F, Li M, Chen Z, Wilensky R,
Matthai W, Qasim A, Hakonarson HH, Devaney J, Burnett MS, Pichard AD, Kent
KM, Satler L, Lindsay JM, Waksman R, Epstein SE, Scheffold T, Berger K, Huge A,



10.

11.

12.

13.

Martinelli N, Olivieri O, Corrocher R, McKeown P, Erdmann E, Konig IR, Holm H,
Thorleifsson G, Thorsteinsdottir U, Stefansson K, Do R, Xie C, Siscovick D.
Genome-wide association of early-onset myocardial infarction with single nucleotide
polymorphisms and copy number variants. Nat Genet 2009;41:334-41.

Preuss M, Konig IR, Thompson JR, Erdmann J, Absher D, Assimes TL,
Blankenberg S, Boerwinkle E, Chen L, Cupples LA, Hall AS, Halperin E,
Hengstenberg C, Holm H, Laaksonen R, Li M, Marz W, McPherson R, Musunuru K,
Nelson CP, Burnett MS, Epstein SE, O'Donnell CJ, Quertermous T, Rader DJ,
Roberts R, Schillert A, Stewart AFR, Thorleifsson G, Thorsteinsdottir U, Voight BF,
Welles GA, Ziegler A, Kathiresan S, Reilly MP, Samani NJ, Schunkert H. Design of
the Coronary ARtery Disease Genome-wide Replication And Meta-analysis
(CARDIoGRAM) Study - A genome-wide association meta-analysis involving more
than 22,000 cases and 60,000 controls. Circulation Genetics 2010;in press.
Schunkert H, Konig IR, Kathiresan S, Reilly MP, Assimes TL, Holm H, Preuss M,
Stewart AFR, Barbalic M, Gieger C, Absher D, Aherrahrou Z, Allayee H, Altshuler
D, Anand SS, Andersen K, Anderson JL, Ardissino D, Ball SG, Balmforth AJ,
Barnes TA, Becker DM, Becker LC, Berger K, Bis JC, Boekholdt M, Boerwinkle E,
Braund PS, Brown M, Burnett MS, Buysschaert |, Cardiogenics, Carlquist JF, Chen
L, Codd V, Davies RW, Dedoussis G, Dehghan A, Demissie S, Devaney JM, Do R,
Doering A, El Mokhtari NE, Ellis SG, Elosua R, Engert JC, Epstein SE, Eifert S, de
Faire U, Fischer M, Folsom AR, Freyer J, Gigante B, Girelli D, Gretarsdottir S,
Gudnason V, Gulcher JR, Gulde S, Halperin E, Hammond N, Hazen SL, Hofman A,
Horne BD, lllig T, Iribarren C, Jones GT, Jukema JW, Kaiser MA, Kaplan L, M.,
Kastelein JJP, Shaw KT, Knowles JW, Kolovou G, Kong A, Laaksonen R,
Lambrechts D, Leander K, Lettre G, Li M, Lieb W, Linsel-Nitschke P, Loley C,
Lotery AJ, Mannucci PM, Maouche S, Martinelli N, McKeown PP, Meisinger C,
Meitinger T, Melander O, Merlini PA, Mooser V, Morgan T, Muhleisen TW, Cichon
S, Muhlestein JB, Munzel T, Musunuru K, Nahrstaedt J, Nelson CP, Nothen MM,
Olivieri O, Peyvandi F, Patel RS, Patterson CC, Peters A, Qu L, Quyyumi AA,
Rader DJ, Rallidis LS, Rice C, Rosendaal FR, Rubin D, Salomaa V, Sampietro ML,
Sandhu MS, Schadt EE, Schafer A, Schillert A, Schreiber S, Schrezenmeir J,
Schwartz SM, Siscovick DS, Sivananthan M, Sivapalaratham S, Smith A, Smith TB,
Snoep JD, Soranzo N, Spertus JA, Stark K, Stirrups K, Stoll M, Tang WHW,
Thorgeirsson G, Thorleifsson G, Tomaszewski M, Uitterlinden AG, van Rij AM,
Voight BF, Wareham NJ, Wells GA, Wichmann HE, Wild PS, Willenborg C,
Witteman JCM, Wright BJ, Ye S, Zeller T, Zeigler A, Cambien F, Goodall AH,
Cupples LA, Quertermous T, Marz W, Hengstenberg C, Blankenberg S, Ouwehand
W, Hall AS, Deloukas P, Thompson JR, Stefansson K, Roberts R, Thorsteinsdottir
U, O'Donnell CJ, McPherson R, Erdmann J, Samani NJ. Thirteen novel genetic loci
affecting risk of coronary artery disease. Nature Genetics 2010;Submitted.

Mikawa T, Gourdie RG. Pericardial mesoderm generates a population of coronary
smooth muscle cell migrating into the heart along with ingrowth of the epicardial
organ. Developmental Biology 1996;174:221-32.

Hidai H, Bardales R, Goodwin R, Quertermous T, Quertermous EE. Cloning of
capsulin, a basic helix-loop-helix factor expressed in progenitor cells of the
pericardium and the coronary arteries. Mech Dev 1998;73:33-43.



14.

15.

16.

17.

18.

19.

20.

21.

22.

Funato N, Ohyama K, Kuroda T, Nakamura M. Basic helix-loop-helix transcription
factor epicardin/capsulin/Pod-1 suppresses differentiation by negative regulation of
transcription. J Biol Chem 2003;278:7486-93.

Owens GK. Regulation of differentiation of vascular smooth muscle cells.
Physiological Reviews 1995;75:487-517.

Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth
muscle cell differentiation in development and disease. Physiol Rev 2004;84:767-
801.

Chun HJ, Ali ZA, Kojima Y, Kundu RK, Sheikh AY, Agrawal R, Zheng L, Leeper NJ,
Pearl NE, Patterson AJ, Anderson JP, Tsao PS, Lenardo MJ, Ashley EA,
Quertermous T. Apelin signaling antagonizes Ang Il effects in mouse models of
atherosclerosis. J Clin Invest 2008;118:3343-54.

Deng DX, Spin JM, Tsalenko A, Vailaya A, Ben-Dor A, Yakhini Z, Tsao P, Bruhn L,
Quertermous T. Molecular signatures determining coronary artery and saphenous
vein smooth muscle cell phenotypes: distinct responses to stimuli. Arterioscler
Thromb Vasc Biol 2006;26:1058-65.

Kojima Y, Kundu RK, Cox CM, Leeper NJ, Anderson JA, Chun HJ, Ali ZA, Ashley
EA, Krieg PA, Quertermous T. Upregulation of the apelin-APJ pathway promotes
neointima formation in the carotid ligation model in mouse. Cardiovasc Res
2010;87:156-65.

Leeper NJ, Raiesdana A, Kojima Y, Chun HJ, Azuma J, Kundu RK, Quertermous T,
Tsao PS, Spin JM. MiRNA-26a is a novel regulator of vascular smooth muscle cell
function. J Cell Physiol 2010.

Lu J, Chang P, Richardson JA, Gan L, Weiler H, Olson EN. The basic helix-loop-
helix transcription factor capsulin controls spleen organogenesis. Proc Natl Acad
Sci U S A 2000;97:9525-30.

Lu JR, Bassel-Duby R, Hawkins A, Chang P, Valdez R, Wu H, Gan L, Shelton JM,
Richardson JA, Olson EN. Control of facial muscle development by MyoR and
capsulin. Science 2002;298:2378-81.



