TRANSFORMING GROWTH FACTOR-beta, AND DIFFERENTIATION
OF CARDIAC FIBROBLASTS

HYPOTHESIS and OBJECTIVES: Cardiac myocytes are contractile units of the hcart muscle. In postnatal periods, their
muiotic division comes to an end and binucleation proceeds (1,2). Limited regenerative capacity of cardiac myocytes is the
main cause of scar formation in cases of hemodynamic stress and myocardial injury due to ischemia and/or normat aging,
hence deterioration of cardiac function and various cardiag diseases that are the leading cause of death in the United States.
It 15, therefore, highly desirable to compensate for the lack of regencrative capacity of cardiac myocytes, To date, little is
known about cardiac myogenesis. Stem celis have not been identified and no cell line has been found to terminally
differentiate into cardiac myocyte upon specific stimuh. Transforming growth factor-beta (TGF-B,), is a multi-functional
peptide hormone which is cxpressed in the myocardium (3,4) and involved in regulation of cell growth and differentiation.
We discovered that TGF-B, induces cardiac fibroblasts transformation into a phenotype with certain charactenstics of
cardiac myocytes (5). The determination that modulation of cardiac fibroblasts phenotype occurs was based on four key
items of evidence: 1) appearance of morphological features, characteristic to cardiac myocytes, in TGF-B,-treated cells; 2)
induction of sarcomeric actin mRNA and sarcomeric actin filaments in cardiac fibroblasts following treatment with TGF-B,;
3) disappearance of intermediate filament vimentin, as evidenced by immunofluorescent light microscopy, and 4) continued
cxpression of muscle-specific morphological features and sarcomenic actin filaments in the second generation of cells,
stemmed from TGF-B,-treated cells, even in the absence of TGF-8,. Our hypothesis is that transformation of cardiac
fibroblasts into cardiac muscle phenolype is possible and that TGF-8, or its combination with other faciors could be
exploited to induce a terminat differentiation of cardiac fibroblasts into beating cardiac myocytes. To test this hypothesis,
our immediatc objective is to clucidate the mechanisms of phenotypic modulation of cardiac fibroblasts by TGF-B,. To this
end, we will uss cultured cardiac fibroblasts from rabbit heart to establish:

A. The antagonistic or cooperative effects of ather growth factors, neurotransmitters or hormaones,
B. The Role of the organization and components of extracellular matrix on TGF-B,-induced transformation,

C. The type of TGF-8, receptor involved in phenotypic modulation of cardiac fibroblasts.
D. The autocrine role of TGF-B, on cardiac fibroblast transformation.

SIGNIFICANCE: The results of these studies are necessary for elucidation of regulatory steps that may prove critical for
the terminal differentiation of cardiac fibroblasts info cardiac myocytes. Ultimately, these results may aid in developing new
therapeutic strategies to compensate for the lack of regenerative capacity of cardiac myocytes. Those strategies can be uscd
for the revitalization of the heart musele in patients with cardiomyopathy and heart failure.

BACKGROUND: The non-myocyte populations of cardiac cells eonsist of cardiac fibroblasts, endothelial cells, smooth
muscle cells, and nerve cells. By the use of monospecific antibodics to cach cell type and immunofluorescent light
microscopy of fieshly isolated non myocyte heart cells we have established that greater than 90% of those cells are cardiac
fibroblasts (6). Using in situ hybridization and Northern analysis combined with immunofluorescent light microscopy, we
showed that cardiac fibroblasts synthesize types I, Il and IV collagen, laminine and fibronectin (7,8). Cultured cardiac
fibroblasts express mRNAs for cytoskeletal actin, TGF-8, (3) and the cardiac-specific gap junction protein, connexin-43 (9).

TGF-8, and Cell Function: TGF-B, is a growth factor peptide with molecular weight of 25 kd that controls a vast
array of biological functions such as differentiation, adhesion, migration, proliferation, and production of extracelular
matrix in different cell types (10). In vitro, TGF-B, has been also shown 1o have different effects depending on the cell type.
In skeletal muscle myoblasts it inhibils myogenic differentiation (11,12,13). The keratinocyte proliferation is inhibited by
TGF-B, and suppression of ¢-myc gene has been implicated in the inhibitory effect of TGF-B, in those cells (14).
Esdothelial celi differentiation and proliferation in culture is differentially affected by TGF-B, depending on the assay
models and different stages of angiogenesis (15). The diversity of the effects of TGF-B, points to the multiple mechanisms
by which this growth factor exerts its regulatory impact. The celtular mechanisms of actions of TGF-8, are mediated
through cell surface receptor molecules (16). Three types of reccptors have been identified: types T, TI, and 111, These
receptors are the products of distinct genes. It has been postulated that the type U1 receptor, with a short cytoplasmic
domain, is not involved in biological effects of TGF-8,(17). However, the type [ and Il receptors are necessary for all TGF-
B,-induced signaling (18,19,20). These receptors have serine/ threonine kinase activities and TGF-B,-induced signaling
involves protein phosphorylation. However, specific substrates for the action of these receptors are not yet fully identified.

Phenotypic modulation of Cardiac Fibroblasts by TGF-8,: Our previous studies that are the basis for this
proposal showed that rabbit cardiac fibroblasts, when exposed to TGF-8,, undergo phenotypic modulation. As described
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above, the determination that modulation of cardiac fibroblasts phenotype occurs was based on four key items of evidence:
1) appearance of morphological features, characteristic to cardiac myocytes, in TGF-8,-treated cells; 2) induction of
sarcomeric actin mRNA and sarcomeric actin fitaments in cardiac fibroblasts following treatment with TGF-B,; 3)
disappearance of intermediate filament, vimentin, following ireatment with TGF-B, as evidenced by immunofluorescent light
microscopy; and 4) continued sxpression of muscle-specific morphological featurcs and sarcomeric actin filaments in the
second generation of cells, stemmed from TGF-B3, -treated cells, even in the absence of TGF-B,. While expression of
sarcomeric actin mRNA and appearatice of sarcomeric actin fitaments in cardiac fibroblasts could be the result of the effects
of TGF-B, on actin gene expression, loss of vimentin filaments in TGF-8,-treated cells is an indication of phenotypic
modulation of cardiac fibroblasts by TGF-B,, because terminal differentiation of myoblasts is associated with reduced
expression of vimentin in differentiated cells. The transforming effect of TGF-8, seems to be specific for cardiac fibroblasts
because treatment of skin fibroblasts and NTH 3T3 cells did not lead to the induction of muscle-specific features in those
cells. On the other hand, other regulatory factors such as angiotensin I, inlerleukin- 1, norepinephrineg, thyroid hormones
failed to induce muscle-specific features in cardiac fibroblasts (5). Together, these data suggest that modulation of cardiac
fibroblasts phenotype by TGF-B, is caused by the speeific effect of this growth factor that cannot be mimicked by other
factors to which cardiac fibroblasts are naturally exposed. In the same study we showed, by immunofluorescent light
microscopy, that the second generation of cells, stemmed from TGF-8, -treated cardiac fibroblasts, expressed sarcomeric
actin filaments even in the absence of TGF-B,. In addition, those cells had a diminished rate of proliferation compared with
control eells. Therefore, modulation of cardiac fibroblasts phenotype by TGF-8, was proved to be a non-iransient effect.

EXPERIMENTAL PLANS: The main goal of this proposal is to understand how to exploit TGF-B, or its combination
with other factors to induce a terminal differentiation of cardiac fibroblasts into beating cardiac myocytes. To accomplish
this goal we need to know those mechanisms that potentiate and those that inhibit or reverse the effects of TGF-B, on cardiac
fibroblasts. To determine the differentiation of cardiac {ibroblasts we will use molecular, stractural and Functional
criteria. The molecular diffcrentiation will be determined by the expression (mRNA and protein by Northern and Western
blot analyses) of proteins of contractile apparatus {sarcomeric actin, - and B-myosin heavy chains), contractilc cnzyme (
creatine kinase) and proteins of conduction system {cardiac Na, K-ATPase isoforms) and intermediate-sized Glament,
vimentin, Structural differentiation will be examined by transmission electron microscopy and laser scanning confocal
micrascopy to identify the contractile apparatus, namely z band structure and the conduction system (21). Functional
differentiation of carckac fibroblasts will be determuned by their diminished or loss of proliferative capacity ( measurement of
DNA synthesis by *H-thymidine incorporation and doubling time by ¢ell counting) and their acquiring the ability to beat in
culture (the beating of cells will be monitored vnder the inverted microscopea) (22). For these studies we will use rabbit
cardiac fibroblasts which we have previously shown to have a predisposition to convert into muscle phenotype by TGF-B,
(5). As a positive control for cardiac mvocyte-specific features, we will use culiured cardiac myocyltes.

A. Since in the heart cardiae fibroblasts are exposed to an array of cytokines, growth factors, neurotransmitters and
hormones, we will determing the polential interplay between TGF-8, and those factors. We will start these studies with
candidate factors, bFGF, TNF-«, IL-1, thyroid hormones and angiotensin II. These factors are chosen as candidates for two
reasons. first, our preliminary results showed that although none of them induces molecular features of phenotype
modulation in cardiac fibroblasts, those cells respond to them by changes in gene expression for functional and structural
proteins such as different types of collagen, collagenase, cytoskelctal actin, and transcriptional regulators as well as changes
in DNA synthesis, Therefore, these factors are capable of triggering intracellular mechanisms in cardiag fibroblasts that may
or may not help the transformation of cardiac fibroblasts by TGF-8,; second, the in vive exposure of cardiac fibroblasts to
these factors is certain because they are either synthesized in the myocardium or gain access to it by circulating blood (23,
24).

B. The autocrine role of TGF-B molecules in biological processes in diverse cell types has been previously
documented. For example, transformation of embryonic cardiac endothelial cells into epithelial-mesenchymal cells is
dependent on the expression of autocrine TGF-B, (26). TGF-B, is produced by cardiac fibroblasts (3). In our studics, we
will determine the parameters of TGF-B,-induced differentiation in TGF-B,-depletad cardiac fibroblasts. To achieve this, we
will block the translation of TGF-B, mRNA in cardiac fibroblasts by using an anti-sense oligonucleotide (propyne derivative
of phosphorotinoate linkage) to TGF-8, mRNA. To test the blocking of TGF-B, synthesis, we will determine TGF-8,
activity in the conditioned medium of cardiac fibroblasts by measuring inhibition of mink lung epithelial cell proliferation
apainst the activity of standard solutions of TGF-B, (R&D System). As a negative control, we wiil use cells treated with the
sense oligonucleotides ( for our preliminary results on the use of antisense oligonucleotides to TGF-8, mRNA please sec the
enclosed abstracts, ref# 25,26).

C. In the heart there is an exlensive and highly organized extracellular matrix that is necessary for both structural
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and functional integrity of the myocardial function. The impact of the extracellnlar matrix on cell differentiation and
function is now established in a variety of cell culture systems such as mammary cells, keratinocytes, hepatocytes,
myoblasts, myocytes and endothelial cells (27). The effects of TGF-B, on endotbelial cell differentiation has been shown to
be dependent on the composition and orgamzation of the extracethilar matrix (15). It is, therefore, our goal to study the
impact of extraccllular matrix organization and its components on the transformation of cardiac fibroblasts by TGF-8,. Te
this end, we will determine the effect of matrix orpanization by culturing cardiac fibroblasts on a three-dimensional collagen
type I gel. We will then prepare sections of the gel for both immuncfluorescent light microseopy and transmission electron
microscopy for the observation of differentiation parameters (28). The effect of matrix components will be determined by
culturing cardiac fibroblasts on culinre dishes thal are coated with individual matrix components (fibronectin, laminin,
collagen typc | and basement membrane-specific collagen type IV).

D. Since cellular signaling pathways that are involved in TGF-0,-induced transformation of cardiac fibroblasis are
not known, we need to know whether type I or Il receptors or their complex are involved in the mediation of cell
transformation in cardiac fibroblasts. To achieve this goal, we will first, identify the type of TGF-8, receptor on cardiac
fibroblasts in culture. For these studics we will use cross linking studies, using chemical crosslinker disuccinimidyl suberate,
and iodinated TGF-B, to label the receptor moleeulcs{16). The resulting labelled receptors vill then be resolved by SDS gel
electrophoresis of membrane proteins to identify the TGF-B, receptor based on their molecnlar weight as previously
described (16,18); and secomd, selectively block the expression of either type ot both receptors by the use of anti-sense
oligonucleotides to the translation initiation site of mRNAs for TGF-B, rcceptor types I and IE. The sequence of these
oligonucleotides will be deduced from the sequences of a full length cDNA 1o type | receptor (19) and a cloned cDNA to type
Il receptor (18). We will test the blocking of the expression of receptors by cross-linking experiments as described above.
TGF-B, -induced transformation of the cells will then be determined by the eriteria of differentiation as outlined above.

REFERENCES
1. Zak R. In: Growth of the Heart in Health and Disease. ed, R Zak, Raven Press. NY 1635-185,1984.
2. Claycomb WC, and Moses RL. Devel Biol 127: 257-265, 1988.
3. Eghbali M. Cell Tiss Res 256: 553-558, 1989,
4, Thompson NL, Bazoberry F, Speir H, Casseells W, Ferrans VI, Flanders KD, Kondaiah P, Geiser  AG, and Spom MB.
Growth Factors 1: 91-99, 1988,
5. Eghbali M, Tomek R, Woods C, and Bhambi B, Proc Natl Acad Sci 88: 795-799, 1991,
6. Eghbali M, Czaja MJ, Zeydel M, Weiner FR, Zem MA, Seifter S, and Blumenfeld O0. J Mol Cell Cardiol 20: 267-276,
1983,
7. Eghbali M, Blumenfeld QO, Seifter S, Buttrick PM, Leinwand LA, Robinson TF, Zern MA, and Giambrone MA. ] Mol
Cell Cardicl 21: 103-113, 1989,
8. Zeydel M, Puglia K, Eghbali M, Fant I, Seifier S, Blumenfeld O0. Cell Tiss Res 265: 353-359,1991.
9, Eghbali M. Basic Res Cardiol 87; 183-189, 1992.
10. Massague J, Ann Rev Cell Biol 6; 597-641, 1990,
11, Flonni JR, Roberts AB, Ewion, DZ, Falen S1, Flanders KC, Sporn MB. | Biol Chem 261:16509-16513, 1986.
12. Massaque J, Cheifetz S, Endo T, and Nadal Ginard B. Proc Natl Acad Sci 83: 8106-8210, 1986,
13, Olson EN, Stermberg E, Hu JS, Spizz G, and Wilcox C. J Cell Biol 103: 1799-1805, 1986,
14, Pictenpol JA Munger K Howlcy PM, Stein RW, Moses HL. Proc.Natl. Acad. Sci. 88:10227-10231, 1991.
15. Madri JA, Pratt BM, and Tucker AM. J Cell Biol 106: 1375-1384, 1988,
16, Cheifetz S, Weatherbee JA, Tsang ML-8, Anderson JK, Mole JE, Lucas R, Massague J. Cell 48: 409415, 1987,
17. Wang X-F, Ng-Eaton E, Downward J, Lodish HF, and Weinberg RA. Cell 67: 797-805, 1991,
18. Lin HY, Wang X-F, Ng-Eaton E, Weinbert RA, and Lodish HF. Cell 68: 775-785, 1992,
19, Ebner R, Chen R-H, Shum L, Lawler S, Zioncheck, TF, Loe A, Lopen AR, Derynck R. Science 260: 1344-1348, 1993
20. Chen R-H, Ebner R, and Derynck, R. Science 260: 1335-1338, 1993.
21, Marx M, Danicl TO, Kashgarian M, and Madri JA. Kidney Intl 43: 1027-1041, 1993,
22. Roberts AB, Roche NS, Winokur TS, Burmester JK, and Sporn MB. I Clin Invest 90: 2056-2062, 1992
23, Paclow MH, Bolender DL, Kokan-Moore NP, and Lough J. Dev Biol 146: 139-147, 1991,
24, Heldin CK, Cleason-Welsh L, Miyazono K, and Westermaark B. In: Cummins P, ed. Growth factors and the
cardiovascular system. Kiluwer Acad Publisher. 1-5, 1993,
25. Sigel A and Eghbali M. The FASEB J 8: A50 (Abs), 1994.
26, Sigel A and Eghbati M. Can J Cardiol 10(suppl): 100A {Abs), 1994,
27, Lin CQ, Bissell MJ. Multi-faceted regulation of cell differentiation by extracellular matrix. FASEB J. 7:737-743, 1993.
28. Kashgarian M, Biemesderfer, Caplan M, and Forbush, Il B. Kidney Intl 28: 899-913, 1985,
3

40025132



