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Cardiac fibroblasts play a central role as a mediat inflammatory and fibrotic
response and also secrete extracellular matrix oaemgs that provide structural support
for regeneration and remodeling of the wound. Qestlie importance of the cardiac
fibroblast in heart disease, very little is knowhoat factors that are essential for
differentiation along the cardiac fibroblast lineagUsing a combination of gene
knockout and cardiac fibroblast-detecting methatls, have identified genes that are
involved in the formation of cardiac fibroblastsurOresults demonstrate that in the
absence of Tcf2l, a basic helix-loop-helix trarmsn factor, cardiac fibroblast

progenitors fail to migrate into the myocardiumuléeg in a specific loss of the cardiac



fibroblast population. Loss of the receptor tyreskinase Pdgér also results in loss of
the cardiac fibroblast population. Interestinglgf21 and Pdgfra are involved in the
epithelial to mesenchymal transition (EMT) of epdial cells.

The epicardium (outer surface of the heart) fumstias a pool of progenitor cells
for the coronary vasculature and interstitial cative tissue during embryonic
development. Although several signaling pathwaysHhzeen identified that disrupt EMT,
no component has been reported that negativelyateguEMT, which may also involved
in the cardiac fibroblast development. Using a d@imuhl knockout of neurofibromin 1
(Nf1) in the epicardium, we identified Nfl as a key magor of epicardial EMT. We
found that the process of EMT occurred earlieNfh mutant hearts, with an increase in
epicardial cells entering the compact myocardiumorédver, loss ofNfl caused
increased epicardial-derived cell proliferation aedulted in the expansion of cardiac
fibroblasts and coronary vascular smooth musclés.céh addition to revealing the
function ofNf1, Tcf21 andPdgfra in epicardial EMT and cardiac fibroblast developitne
we generated and established mouse models to #taedple of cardiac fibroblasts and
the function of these genes during heart pathogenBecause developmental processes
are often recapitulated in normal and pathologiozadditions, a better understanding of
the epicardium and cardiac fibroblast developmerity nelp identify targets for

therapeutics to treat heart disease.
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CHAPTER ONE

INTRODUCTION TO EPICARDIUM DEVELOPMENT

During development, the epicardium provides cdilst tpopulate the coronary
vasculature and interstitial connective tissue. [Bpviding soluble factors, it also
coordinates cardiac muscle and vascular developg®mith and Bader, 2007). In the
adult heart the epicardium provides a protectiveeolayer to the heart and facilitates
heart movement during contraction and relaxationrévrecent studies have shown that
the epicardium is a signaling center for heart megation (Kikuchi et al.). Because
developmental processes are often recapitulatedrimal and pathological conditions, a
better understanding of the epicardium during dswelent may help identify targets for

therapeutics to treat heart disease.

Epithelial to mesenchymal transition and epicardialderived cells

Overview of epicardial devel opment

As summarized in Figure 1-1, the epicardium origgadrom the proepicardium
which is a transient organ that arises from theathedium of the septum transversum
(Komiyama et al., 1987). Starting at embryonic d&y 9.5 to 12.5, proepicardial cells
(Figure 1-1A,B) migrate and spread over the devmetppheart tube to form the
epicardium (Olivey et al., 2004). As the epicardiwmaps around the heart, a subset of
epicardial cells loses their epithelial nature awfjuire mesenchymal characteristics

through the process known as epithelial to mesenahyransition (EMT) (Figure 1-



1A,C) (Mikawa and Gourdie, 1996). As EMT occurssubset of epicardial cells loses
contact with adjacent cells and invades the unafgylpasement membrane. They then
migrate into the myocardium. These migrated epiaérdells are referred to as
epicardial-derived cells (EPDCs), which becomeedéhtiated coronary vascular smooth
muscle cells (cVSMCs) and cardiac fibroblasts (Fegli-1A,D) (Dettman et al., 1998;

Manner et al., 2001; Mikawa and Gourdie, 1996).

Epithelial to mesenchymal transition

Epithelial and mesenchymal cells are different iariaus characteristics.
Epithelial cells are associated with a basement lonene and are connected by abundant
cellular junctions. Mesenchymal cells are typicatlgither associated with basement
membrane and are motile. Early studies showedhkatonversion of epithelial cells into
mesenchymal cells by a process known as EMT (Gregndénd Hay, 1982; Greenburg
and Hay, 1986). For several decades, many studies $hown that EMT is an essential
component of embryonic development, including meswd formation, neural crest
development, and heart valve and epicardial devedop. There is now very compelling
evidence that EMT plays crucial roles in cancergpession. (Thiery et al., 2009; Yang
and Weinberg, 2008).

Signaling from growth factors, such as transformgrgwth factor3 (TGH3),
fibroblast growth factors (FGFs), platelet-derivggdwth factors (PDGFs) and wingless-
related MMTV integration sites (Wnt) are major ictlue signals of EMT. The TG¥F
superfamily has been shown to induce EMT of endiatheells during cardiac valve

development and palate fusion (Ahmed et al., 2@adyer et al., 1999; Mercado-



Pimentel and Runyan, 2007). Signals by BMP, anoil@&f3 superfamily member, and
FGF induce EMT of neural crest cell (Liem et aB9%). Signals by the Wnt family of
growth factors, mediated If§+catenin andsai2, also activate neural crest EMT (Vallin
et al., 2001). PDGF signaling during T@#duced EMT is required to complete EMT in
instances of cancer progression (Fischer et d&.7;2Bechlinger et al., 2003).

Studies have shown that some common machinerysefastEMT, yet each
tissue has a unique set of EMT signals which catissb result in the final mesenchymal
cell populations. For example signals mediated®imil (Snail), Shai2 (Slug) andCdhl
(E-cadherin) have been implicated in many EMT psses including mesoderm
formation (Carver et al., 2001), neural crest delelopment (Nieto, 2002) and cardiac
valve development (Kokudo et al., 2008). Growth tdac signals activate
phosphoinositide-3-kinase (PI3K) and Ras. Subsdagaetivation of mitogen-activated
protein kinase (MAPK) results in upregulation &fail and Shai2 which in turn can
repress E-cadherin expression, a key adherensignattcomponent, leading to EMT.
Although some pathways are common for the EMT mede different cell types, each
EMT is regulated by a unique subset of growth factand downstream signaling

pathways.

EMT and epicardial devel opment

Several signaling pathways including T(Austin et al., 2008; Sridurongrit et
al., 2008), FGF (Pennisi and Mikawa, 2009) and P¥GFet al., 2001; Mellgren et al.,
2008; Van Den Akker et al., 2005) also have beegpligated in the process of epicardial

EMT during development. However, relatively littie known about the signaling



pathways that are involved in epicardial EMT. Sapecific questions regarding EMT
are: 1) What signaling components initiate epicrBiMT? 2) What is the source of the
signals that initiates epicardial EMT in such aioegl specific manner? 3) How is EMT
restricted temporally?

Disruption of epicardial EMT often results in sewvdreart defects. Because the
epicardium is a source of noncardiomyocyte progeniells of the heart, failure in
epicardial EMT often results in disruption of heatchitecture and vasculature.
Inhibition of epicardial outgrowth results in digtion of both the myocardium, and
endocardial cushion, ventricle septation, and canpressel formation (Eralp et al., 2005;
Gittenberger-de Groot et al., 2000). Studies wittara hearts have shown that the
inhibition of a4-integrin stimulate the epicardial cells to undeEMT but altering its
differentiation in VSMC (Dettman et al., 2003). VG&AL, a ligand ofa4f1-integrin,
could inhibit TGB-induced EMT by modulating Rho activity in chickiegrdial cells
(Dokic and Dettman, 2006). Growth factor signals also involved in epicardial EMT.
Knock-down of FGFR-1 inhibit epicardial EMT andfdifentiation into VSMC (Pennisi
and Mikawa, 2009). In mouse, ablation of Alk5, T&type | receptor, results in failure
of EMT in vitro and also defective VSMC formatiorsridurongrit et al., 2008).
Epicardial loss of PddBrresults in the failure of epicardial migration asubsequent loss
of cVSMCs (Mellgren et al., 2008). Wt1 transcriptadly regulates Snail and E-cadherin
in epicardial cells. Wtl is also crucial for thepression of epithelial phenotype
(Martinez-Estrada et al., 2010). Wprgatenin signaling pathway also has shown to

function during epicardial EMT aB-catenin is required for epicardial migration and



differentiation into cVSMC (Zamora et al., 2007).

Amazingly, epicardial gene expression reverts toembryonic profile during
zebrafish cardiac regeneration and repair. Theaegil genesTbx18 and Raldh2, are
activated in the epicardium which is reminiscentewhbryonic development of the
epicardium. During cardiac regeneration, a subkepizardial cells undergoes EMT and
contributes to new vasculature which supplies blomdewly formed cardiac muscle
(Lepilina et al., 2006). Another study has showat thctivation ofRaldh2 in both the
epicardium and endocardium is required for cardioeyte proliferation during cardiac
regeneration in zebrafish but not in mouse (Kikuethal., 2011). Several studies propose
that the adult epicardium is also a source of cangiocyte progenitors (Di Meglio et al., ;
Limana et al., 2007) and a signaling source dutiregheart regeneration (Winter et al.,
2007; Zhou et al.). It has been proposed that timeam epicardium may be a good source
of progenitor cells which can be expanded for theudic purposes (van Tuyn et al., 2007;

van Tuyn et al., 2005).

Epicardial-derived cells

After epicardial cells migrate into the heart, thiegn differentiate predominantly
into cVSMCs and cardiac fibroblasts. The suggestiai these are the cells that arise
from the epicardium was demonstrated using vieditrg (Dettman et al., 1998; Mikawa
and Gourdie, 1996), quail-chick chimeras (Lie-Venest al., 2005; Poelmann et al.,
1993) and reporter gene tracing (Merki et al., 20Q8her reports also suggest cell types
other than cardiac fibroblasts and cVSMCs are ddrivom epicardium such as the outer

leaflets of the atrioventricular valves (del Morgeal., 2011; Grieskamp et al., 2011;



Mellgren et al., 2008; Merki et al., 2005; Sridugan et al., 2008). The contribution of
epicardial cell to the vascular endothelium andlicenyocytes is controversial, and often
different results are obtained depending on theahoanism and method of analysis.
This is, in part, due to the limitation of metha&ilable for unambiguously labeling and
detecting epicardial cells. More recent studiesgesg that these cells have a different
origin other than the epicardium (Cai et al., 2008ristoffels et al., 2009; Katz et al., ;
Red-Horse et al., ; Zhou et al., 2008).

The signals between EPDCs and other cell typesirwithhe heart, such as
cardiomyocytes and endocardium, are multidirectigieda et al., 2009; Smith and
Bader, 2007), and paracrine signals by EPDCs ptdgsrduring the formation of
coronary vasculatures. Conversely, local envirortalenues also determine further
differentiation or survival of EPDCs as endothelcdlls are important regulators of

VSMC migration and proliferation (Tomanek, 2005).

Genes involved in epicardial EMT

Both in vivo and in vitro studies revealed genegiwed in epicardial EMT
including growth factors, downstream mediators, #adscription factors as described
above. This section focuses on two newly discovegedes in epicardial EMT:
neurofibromin 1 (Nf1), a negative regulator of Ragl Tcf21, a basic helix-loop-helix

transcription factor.



Neurofibromin 1

Neurofibromin 1 (Nf1l) which contains a Ras-GTPastvating protein (GAP)
domain is a well-known tumor suppressor. Nfl cacebarate the intrinsic activity of
Ras-GTPase which results in the conversion of adidas-GTP to inactive RAS-GDP
(Martin et al., 1990; Xu et al., 1990). Mutation N\fil causes neurofibromatosis type 1
(NF1), one of the most common autosomal dominaseadies, characterized by benign
and malignant tumors (Lynch and Gutmann, 2002)diCaascular disease is a frequent
cause of death in persons with neurofibromatodéesd than 30 years old (Rasmussen et
al., 2001). The frequency of heart defects is abwattimes higher in people with NF1,
suggesting a role fokfl during heart development (Lin et al., 2000). Stadin mice
revealed that inactivation dfifl causes lethality at mid-gestation with severe thear
defects including malformation of the outflow traatthinned myocardium, a ventricular
septal defect (VSD), and enlarged endocardial omsh{Brannan et al., 1994; Jacks et al.,
1994). Furthermore, endothelial-specific deletidiNfl recapitulates most of these early
heart defects suggesting an essential role forihlfthis cell type (Gitler et al., 2003).
During EMT of the cardiac valves, a subset of eheil cells delaminates from the
surface layer, migrates into the cardiac jelly, ddomes mesenchymal. Interestingly,
endocardial cushion cells frolfl null mice exhibit abnormal EMT (Lakkis and Epstein
1998). These studies demonstrated that NflL modul&®IT and proliferation in
developing endocardial cushions by regulating R&sity (Lakkis and Epstein, 1998).
Vascular defects are often reported in people néhrofibromatosis 1, and some defects
are attributed to congenital abnormalities in awtfitrack (Friedman et al., 2002; Lin et

al., 2000). Interestingly, increased neointima fation in Nfl heterozygote mice is



observed and can be mitigated by Imatinib treatraeggesting a possible role for PDGF
signaling on exaggerated vascular injury resporassociated with the loss oifl
(Lasater et al., 2008). Neural crest cells contdbto outflow track septum and
pulmonary artery during heart development (Boatlgt2003), and neural crest defects
have also been reported in Nfl-deficient mice @pigt al., 2003). Since EMT is an
essential process during development of neuralt awells (Aclogue et al., 2009),
defective EMT in neural crest cells may be the uyde cause of outflow track
abnormalities and pathogies in people with neurofitatosis 1.

Recent studies suggest a broader involvement of &P several cardiac
diseases such as interstitial fibrosis, valve afmadities, vascular remodeling and
myocardial disarray (Olivotto et al., 2009) whiche aalso higher in people with
neurofibromatosis type 1 (Lin et al., 2000; Rasrensst al., 2001). Moreover, EMT also
occurs as pathological responses to cardiac inpargtress, and these processes share
common signaling pathways with developmental EMThiéfy et al., 2009).
Understanding Nf1 function during heart developrmantvell as in adult hearts will give
us insight about the underlying cause of cardianoahalities and cardiovascular

diseases in people with Nf1.

Tcf21

Tcf21 is a basic helix loop helix (bHLH) transci@pt factor that is expressed in
and required for the proper development of multgak types (Cui et al., 2004; Cui et al.,
2003; Hong et al., 2005; Lu et al., 2000; Lu et2002; von Scheven et al., 20063f21-

null mice have hypoplastic lung resulting postné#iality and also do not form spleen



(Lu et al., 2000; Quaggin et al., 1999). LossTof21 also leading to developmental
defects in the gonad and kidney (Cui et al., 2@Ddi; et al., 2003). Analysis of Tcf21
function suggests that it can function in cranialsgie as both a transcriptional activator
as well as a repressor (Lu et al., 2002). It waxdsperatively with other factors, such as
E2A or MyoR to regulate genes that mediate lineggsific differentiation in various
cell types (Funato et al., 2003; Plotkin and Mudyn2008). AlthoughTcf21 is widely
utilized to detect epicardium, its function has betn investigated thoroughly in the

epicardium and EPDCs development.

Development and function of cardiac fibroblasts

During development, the majority of cardiac fibradts are believed to be
derived from the epicardium by epicardial EMT (Dmdh et al., 1998; Mikawa and
Gourdie, 1996; Poelmann et al., 1993). Severalietualso proposed some contribution
of endocardial cells by endocardial cushion EMTdahelial cells, and hematopoietic
cells by postnatal recruitment of circulating bamarrow cells (Norris et al., 2008)
suggesting a heterogeneous origin of cardiac flashb

Cardiac fibroblasts provide structural support antdlance mechanical signaling
in the heart (Nag, 1980). They play a central ilsynthesizing and secreting most of
the components of the extracellular matrix (ECMElukling collagens, laminins,
fibronectins and tenascins. Cardiac fibroblaste aégulate the degradation of ECM by
producing matrix metalloproteinases (MMP) and ssohibitors of metalloproteinase

(TIMP) enabling homeostatic maintenance of ECM {@raet al., 2005; Souders et al.,
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20009).

Cardiac fibroblasts also play a central role asiatets of the inflammatory and
fibrotic response. Following injury, cardiac fibtabts and other fibrotic cells are
recruited to the site of the wound and secrete BGMbyrovide structural support for
regeneration and remodeling. At the final stagevofind healing, MMPs and TIMPs by
cardiac fibroblasts remove excessive ECM. Dysramuriaof the injury repair response
may lead to ineffective or over exuberant pathaalgwound healing (Martin, 1997;
Pardo and Selman, 2006; Tomasek et al., 2002).

Fibrosis is caused by excess deposition of ECMdrdiac fibroblast-like cells
(Takeda et al., 2010). Although, fibrosis is iriéid to protect damaged tissue, it becomes
pathogenic if it goes unchecked. Current treatméaiget the inflammatory response
which does not directly targeting the mechanisritwbsis (Wynn, 2004). This leads to a
general lack of efficacy. Despite the importancehef cardiac fibroblast in heart disease,
very little is known about the transcriptional pattys that direct the embryonic
development of these cells. Understanding the coemts required for the development
of cardiac fibroblasts will provide us with inforti@n regarding the derivation and the

function of these cells and may implicate betteatspies for treating fibrosis.
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A

PEO epicardial cell

Figure 1-1. Epicardial development

(A) Schematic diagram of the epicardial developm&picardial progenitor cells in the
proepicardium (PEO) move toward and wrap aroundthebe to form the epicardium.
Epicardial cells undergo epithelial to mesenchytralsition, migrate into heart and form
epicardial-derived cells (EPDCs). EPDCs differantimto vascular smooth muscle cells
(VSMCs) or cardiac fibroblasts. {B Whole mount image for developing heart from
Tcf21'*#* embryo at E9.5 showing PEO (arrow). Embryos aimetl for-galactosidase
activity. (C) H&E-stained image of heart sectionEdt3.5 showing formation of EPDCs
in subepicardial region. myo, myocardium; sem, pidadial mesenchyme; pc,
pericardium; epi, epicardium. (D) Fluorescence immafjheart section at E18.5. Sections

were stained for SM22(green) and Sox9 (red). Nuclei (blue) were visaeiby DAPI.

1 The image in Figure 1-1B was adopted from Achaityal., 2012.



CHAPTER TWO
DEVELOPMENT AND FUNCTION OF CARDIAC FIBROBLASTS: AN

EPICARDIAL CONTRIBUTION

Introduction

Chapter 2 summarizes my contribution to three ghklil reports (Acharya et al.,
2011; Acharya et al., 2012; Smith et al., 2011)e Thajor focus of this chapter is to
investigate the function of two epicardially-exmed genesJcf21 and Pdgfra, during
embryonic heart development. Work done by ChristopBmith showed that loss of
Pdgfra resulted in a disruption in epicardial EMT in a sebof epicardial cells. Also, two
previous lab members, Gregory Olsen and Banu Ezkjoinitially characterized the
Tcf21-null heart phenotypes showing defective epicardidration of cells that have
Tcf21 promoter activity inTcf21-null embryos. From those results, two hypothesesew
set to be tested: 1) How does lossPdffra in epicardial cells affect epicardial-derived
cell (EPDC) formation? 2) How does loss Taf21 affect epicardial EMT and EPDC
formation? To test these hypotheses, especiallyinbestigation of EPDC formation,
methods were needed that could detect cardiaddldsts.

Early studies characterized cardiac fibroblastsetbasn their morphological
features. Cardiac fibroblasts are defined as #aindle-shaped cells displaying an
extensive Golgi apparatus and rough endoplasmiguhet which do not have basement
membrane (Nag, 1980; Zak, 1974). In vitro isolatioethods are frequently used to

collect and culture cardiac fibroblasts. The methade not specific and are more

12
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permissive to cardiac fibroblast growth than camdiocyte or endothelial growth. Some
groups have proposed that certain genes are cditoliablast- or fibroblast-specific, such
as discoidin domain receptor 2 (DDR2) (Goldsmithakt 2004), fibroblast-specific
protein 1 (FSP-1) (Strutz et al., 1995) and Thy(Hudon-David et al., 2007). Other
markers that are enriched in fibroblasts, suchimentin, fibronectin, connexins, prolyl
4-hydroxylase and periostin, have been used forditection of cardiac fibroblasts
(Goldsmith et al., 2004; Kivirikko et al., 1989; i8er et al., 2009). However, expression
of these genes in other cell types often makes themdefinitive as markers (Souders et
al., 2009). Detection by multiple markers and egidn by other cell type-specific
markers are often used to increase specificity.oheneffective and reproducible method
for detection of cardiac fibroblasts was requiredh¢lp understand this dynamic cell type
and to investigate the function of genes that amportant for cardiac fibroblast
development.

My contribution to the paper Smith et al., 2011 vimghe investigation of the
development of epicardial cells and the generaifaadenovirus for Sox9 overexpression
to rescue the loss €fdgfra. In the papers Acharya et al., 2011 and Acharg. g2012, |
was involved in the characterization of Tcf21-ligesa in various organs usifigf21'“"®
mice, investigation of epicardial cell formationdaspreading, and defining the function
of Tcf21 during epicardial EMT. Importantly, one tife major contributions to these
studies was to establish an effective and reprbtkighethod for the identification of
cardiac fibroblasts by in situ hybridization, imnainistochemistry and fluorescence-

activated cell sorting. With the methods that Ilwiéscribe in the results sections, we

were able to detect cardiac fibroblast deficitsPDGFRa™® and Tcf21 mutant mice.
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ConverselyPdgfra andTcf21 can now be used for the detection of cardiac filarsik as
we characterize their specific function and expossduring cardiac fibroblast

development.

Materials and Methods’

Mice

Mice were maintained on a mixed C57/BI6 X 129SVKggound. The strains in
these experiments includ@®DGFRA" (Tallquist et al., 2003PDGFRA" (Richarte et al.,
2007; Schmabhl et al., 2008) af26R** (Soriano, 1999)Tcf21"*“* (Lu et al., 2000)
Tcf21'“?" and Gata5Cre™° (Merki et al., 2005) mice have been previously dbsd.
Reporter strains used in the study inclu@6R™ (Srinivas et al., 2001)R26R™"
(Madisen et al., 2010) andacZ4 mice (Tidhar et al., 2001). All animal protocolsda
experiments were approved by the UTSW IACUC andaromed to National Institutes
of Health guidelines for care and use of laboraamymals. All procedures described in
this study were approved by the Institutional ArirGare and Use Committees of UT
Southwestern Medical Center and conformed to NIktlgjines for care and use of
laboratory animals. Mice were maintained on a mi&&¥YBL6/129SV background and
data for each experiment was deduced from a miniwiutmree nulls and three littermate

controls.

2 The text in Materials and Methods section was ethpn part, from three articles: Acharya et
al., 2011; Acharya et al., 2012; Smith et al., 2011
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In situ Hybridization

Digoxigenin labeled probe3bx18 (from Sylvia Evans, UCSD);ollal, Col3al
(from Benoit Crombrugghe, MD Anderson Cancer Ceniief21 (from Anthony Firulli,
IUPUI), Pdgfra (from Christer Betsholtz, Karolinska Institute)daRaldh2, which was
synthesized using the sequence information fronession number BC075704, were
used. Whole mount in situ hybridization was donel@scribed previously (Piette et al.,
2008). Briefly, embryos were isolated, fixed in 49&A and processed for in situ
hybridization or dehydrated through ethanol seresl stored -20°C for later use.
Embryos were bleached with 6% hydrogen peroxide/RBTemove color from blood
and digested with proteinase K (ff¥ml) for 3 min and washed with glycine (2ml/ml).
After fixation with 4% PFA, embryos were equilibedt with prehybridization solution
before hybridized with the RNA probes. Section ita $iybridization was performed as
described previously (Schaeren-Wiemers and Gerfiséy] 1993; Smith et al., 2011).
Briefly, embryonic hearts were isolated, fixed i84PFA, frozen embedded and
sectioned 1um. Sections were digested with proteinase K{&inl, Fisher Scientific,
BP1700-100) followed by brief fixation with 4% PFAnd acetylated with acetic

anhydride before hybridizing with digoxigenin-labelRNA probes.

Tamoxifen induction and immunohistochemistry

Pregnant mice were administered tamoxifen (MP Bitioas 156708,
0.1mg/gm body weight) by oral gavage. Cre actiwgs detected by the expression of
R26R™ or R26R*“ reporter allele. No reporter activity was detecaédnytime in the

absence of tamoxifen. For immunohistochemistryrteeaere isolated in PBS, fixed in 4%
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PFA for 1h, frozen embedded, and sectioned. Imntaimisg of tissue was performed
using the following antibodies: anti-GFP, Molecutapbes Invitrogen (A11122, 1:250).
Immunohistochemistry on paraffin sections was pené for the following antibodies:
anti-periostin, Santa-cruz (Sc-49480, 1.50) and-eartliac troponin T, Abcam (ab9937,

1:500).

Western blotting

Whole cell extracts from E18.5 hearts (atria andotauncal regions removed)
were immunoblotted with the following antibodiestigperiostin (1:500, Santa Cruz SC-
49480); anti goat HRP (1:1000, Sigmajti-b-tubulin (1:1000, BD 556321); anti-mouse

IgM (1:3000, Zymed); anti-SM22a (1:200, abcam).

Adenoviral production and ex vivo migration assay

AdGFP and Adbgal were kindly provided by Robert i@et (UTSW). AdSox9
was generated from a full-length cDNA (Open Biosyss, 5320371) and cloned into
pAd/CMV/V5-DEST (Invitrogen). Ex vivo migration amg was performed as described
previously (Mellgren et al., 2008) with a few maditions. Pregnant female mice
resulting from a cross withcf21'“"® knock-in mice carrying thB26R“™™ reporter were
induced with tamoxifen at E10.5. A day later (E}1Hearts positive for reporter activity
were isolated and cultured in 10% FBS 1:1 DMEM:M19%plemented with basic
fibroblast growth factor (2 ng/ml, Sigma) in presenof green fluorescent protein
expressing adenovirus (AdGFP) for 12 h. Hearts wieea stimulated with TGH (10

ng/ml, otherwise indicated) and PDGF-BB (20 ng/nd) promote epithelial to
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mesenchymal transition of the epicardium. Aftety®earts were fixed in 4% PFA for 2

h, frozen embedded, sectioned, and visualizeddordscence.

Imaging and Statistical Analysis

The following equipment was used for imaging: Fasment imaging (Zeis
Axiovert 200 with a Hamamatsu ORCA-ER camera), cotmaging (Zeiss Axiovert 200
with an Olympus DP71 camera), and whole mount im@agZeiss Stemi SV 11 Apo with
an Olympus DP71 camera). All images and figuresveglited and created in Photoshop
CS4. All statistical calculations were performeéhgsPrism 5 (Graph Padp. values for
statistical significance were obtained using Sttidelst for single variables between

control and test samples.

Flow Cytometry

Hearts from E18.5 embryos were dissected and aomeaf/valves were removed.
The tissue was subsequently minced with forceps iandbated with 0.2U/ml of
Blendzyme 3 (Roche) in Earl's buffer (140mM NaQmi KCI, 1.8mM CaC}, 0.9mM
MgCl,, 25mM HEPES, pH 7.4) for 30min at 37°C. Cells waashed in PBS and were
incubated with 1:100 dilution of Thyl-PE (InvitragegMCD9004) and 1:100 CD31-APC

(eBioscience, 17-0311-80). All samples were analymea BD FACS Calibur.

Cell culture and isolation
Primary epicardial cells were cultured from E12eatts as published previously

(Mellgren et al., 2008). To assay for EMT followifigf21 overexpression in primary
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epicardial cultures, wild-type E12.5 hearts (atm cushions removed) were cultured in
10% FBS 1.1 DMEM: M199 supplemented with basicdlidast growth factor (2ng/ml).
After 2 days, the hearts were removed and celle whowed to grow for an additional 3
days. Cultures were then transduced with eithecdmérol virus (Adbgal) or AdTcf21 for

2 days followed by immunostaining for cell-cell giional marker §-catenin, BD
Transduction laboratories, 610153, 1:200) and &gesal actin (Phalloidin, Invitrogen,
A12379, 1.500). Primary cardiac fibroblasts werelated from E18.5 hearts after
removing the atria, outflow tract, and the cardiatves. The tissue was carefully minced
with forceps and incubated in Dulbecco’s Modifiedgie Medium (DMEM) containing
0.05% bovine serum albumin (BSA), 500U/ml Collagem2 (Worthington biomedical
Corporation), and 0.003% trypsin at °@7 with continuous shaking for an hour.
Dissociated cells were filtered through a cell isga (7Omm) and pelleted by
centrifuging at 1000g for 3 min. Cells were theauspended in fresh media and plated
for 1hr to allow fibroblasts to adher&f21'* allele carrying control and null cultures

were fixed in 0.2% glutaraldehyde for 5 min, aralrstd forp-galactosidase activity.

Results

Defective EMT in Tcf21-null epicardium

Tcf21 expression has been documented usingdf2é*~ allele (Lu et al., 2000).
Tcf21 locus in the heart was first detectable in theeprcardium and was evident
subsequently in the growing epicardium, atriovenddr canal and an interstitial cell

population within the heart (Lu et al., 1998). fifiog to study the function of Tcf21 in
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epicardium during heart development, the expresesiofcf21 in embryonic heart was
examined more closely. Notably, a decrease in sgme was detected at E12.5 and
E13.5 relative to E11.5 by in situ hybridizationdies (Figure 2-1).

Because Tcf21 is predominantly expressed by theasgium within the heart,
we investigated initial formation and spreadingtaf epicardium in th&cf21-null hearts
using in situ hybridization for epicardial genex;ludingThx18 andRaldh2 (Figure 2-2).
Although regions of epicardial detachment were aett in null hearts, in situ
hybridization demonstrated normal expression ofcagiial markers suggesting
epicardium can be formed in the absence of Tcf21.

Next, we examined epicardial cell migration inte thyocardium using R26F
expression driven by th@ata5Cre™ allele (Figure 2-3). At E14.5 in controls, YFeells
were detected both in epicardium and within myoiengalls which were negative for
the cardiomyocyte marker (cardiac troponin T, Thnt®wever inTcf21-null hearts, the
number of YFP, Tnnt2 in myocardial walls was decreased suggesting #fective
migration of epicardial cells (Figure 2-3). Becadsf21-null hearts have no alteration in
apoptosis or epicardial cell proliferation (Figd), loss of EPDCs inside the heart was
probably caused by a failure of epicardial cell raiipn.

A Tcf21'° allele (Acharya et al., 2011)was utilized to doeminTcf21-lineage
cells in various tissues. In this allele, a Creorabinase protein fused to two mutant
estrogen-receptor ligand-binding domains (Zhanglet1996) under the control of the
endogenoudcf2l locus by homologous recombination. Tamoxifen ididuncresulted in
Cre recombination, and Tcf21-expressing cells dhdfdheir progeny were detected by

reporter gene expression suchR28R™ or R26R*“. As shown in Figure 2-5[cf21'°"-



20

labeled cells (YFB are present within the myocardium of the heaftf21'“-labeled
cells are also founded in other organs includirgy kliney, spleen, aderenal gland and
testis. To demonstrate that a Tcf2l-expressing pelbulation migrates into the
subepicardial space, an ex vivo migration assaypeaf®rmed. In this assay, adenovirus
specifically transduces only the surface epicardils. Figure 2-6 demonstrates a
significant overlap of the adeno-GFP tagged celith Wcf21'“® lineage traced cells.
Taken together, these data suggest that Tcf2Ljisresl for epicardial migration, at least

in a subset of epicardial cells.

Selective loss of cardiac fibroblasts in Tef21-null and Pdgfra mutant hearts

Guided by multiple growth factor signaling cues, the epicardium gives rise
primarily to two cell fates: cVSMCs and cardiac fibroblasts (Winter and Gittenberger-de
Groot, 2007). To determine how the defect in epicardial migration affects the
development of these two EPDC fates, formation of cVSMCs in Tcf21-nulls was examined
using mice possessing an XlacZ4 transgene that drives nuclear [-galactosidase
expression in populations of smooth muscle cells (Tidhar et al., 2001). Figure 2-7 shows
that cVSVICs were detectable in both null and control hearts. Thus, despite defective
epicardial EMT of Tcf21 reporter-tagged cells, Tef21-null hearts develop cVSMCs.?

For the detection of cardiac fibroblasts, we exauithe expression of ECM
gene Collal) which is predominantly synthesized by cardiaadiilasts along with

Pdgfra. First, the expression @follal andPdgfra were examined at various time points

% The italicized text was adopted from the articlshArya et al., 2012.
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to establish the optimal stage to quantify develgpfibroblasts (Figure 2-8). Cells
expressing these two genes were evident from Bb8%, but after P7, in situ detection
of gene expression appeared to be decreased (F2g8ye These data suggested that
Collal andPdgfra expression fell within a very discrete time winddw the epicardial
specific knockout of botfPdgfra andPdgfrb (PDGFR) hearts, a reduction of greater
than 50% for cells expressirgpllal at P7, and a reduction in fibroblast markers was
also observed in Rdgfra epicardial mutantRDGFRa™®) at E18.5 (Figure 2-9). These
calculations were over estimations of the remaitibgoblasts as VSMCs surrounding
the coronary vasculature also produce collagerueig-9). These results suggested that
cardiac fibroblast development was disrupte@DGFRT® andPDGFRJ™® hearts and
that epicardial-derived fibroblasts are required rfaatrix production in the developing
heart. The results also have shown that disrugti@ardiac fibroblasts can be effectively
examined by detecting the expression of ECM compibgenes.

Compared to control hearts, interstit@l1lal or Col3al expression was also
reduced inTcf21” hearts at E18.5 although some residual expressas maintained
around the vessels, most likely by the VSMC popata{Figure 2-10) (Ponticos et al.,
2004). Results described above and in previousestiiflellgren et al., 2008; Smith et al.,
2011) suggest a specific function for and expressibPdgfra in cardiac fibroblasts.
Thus, we utilized?dgfra expression for the detection of cardiac fibroldastdeveloping
hearts. Consistent witBiol1al andCol3al expression, the number of cells that expresses
Pdgfra was also reduced ifcf21-null hearts (Figure 2-10).

We further detected cardiac fibroblasts using aoliil methods. First,

expression of periostin (Postn), a TiRducible protein secreted by cardiac fibroblasts,
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within the wall of the ventricles was also redudedicf21-null hearts compared with
wild-type controls (Figure 2-11). Similar resultemg obtained with immunoblotting of
whole-cell extracts for selective cell type mark@fggure 2-11). ImportantlyJcf21-null
hearts maintained expression of fibroblast markershe cardiac valves and septum
suggesting that the fibroblast defects may be fipe epicardially-derived cardiac
fibroblasts (Figure 2-10, Figure 2-11).

Next, utilizing Gata5Cre transgenic mice (Merki et al., 2005) andRa6R"™"
reporter (Srinivas et al., 2001), epicardial-deadiveells were tagged and their numbers
examined in the presence or absence of Tcf21. &gl suspensions from E18.5 hearts
were generated. We utilized Thyl.1, a membraneoghatein expressed on the surface
of cardiac fibroblasts and endothelial cells (Regd Hagood, 2006). Endothelial cells
were excluded from the sorting for cells that w€i231 cells. Cells with an epicardial
origin were sorted by YFP detection. Cells thatevéouble-positive for Thyl.1 and YFP
but negative for CD31 population were classifieépisardial-derived cardiac fibroblasts.
The proportion of Thyl YFP"; CD31 cells were compared with the total number of
Thyl" cells in the heart. As shown in Figure 2-T2f21" had far fewer epicardial-
derived cardiac fibroblasts compared to wild-typel deterozygotes. Finally, we also
isolated and cultured cardiac fibroblasts from oalrdnd null hearts at E18.5 (Figure 2-
13). Far fewer cardiac fibroblasts were obtaineanfmull hearts. In summary, our data

support a specific loss of cardiac fibroblast3af21-null hearts.

Function of Tcf21 and in epicardial EMT

To examine the ability of Tcf21 to induce cell mation, wild-type E12.5 hearts
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were transduced with adenovirus expressing GFP ERJGn the presence or absence of
AdTcf21. As shown in Figure 2-14, adenoviral trangtbn of GFP efficiently labels >98%
of epicardial cells but not the cells within myodiam. However, overexpression of
Tcf21 in cultured wild-type hearts induced epicatdiell migration. We then detected the
cells that were undergoing EMT in vivo by Sox9. R®cdata have suggested a potential
role for Sox9 in epicardial EMT (Smith et al., 20150x9 expression is significantly
reduced in epicardial cells that fail to undergo EMuggesting that Sox9 expression
correlates with epicardial EMT. In addition, Sox®involved in neural crest cell and
endocardial cushion EMT (Akiyama et al., 2004; $akaal., 2006) and also has been
shown to be a downstream mediator of Nfl-dependetastasis (Powers et al., 2007).
Thus, we examined Sox9 expression at E14.5. AtE 1He number of SoxScells in
myocardium were decreased both in left and righttrides of Tcf21-null hearts
compared to controls (Figure 2-15). Notably, in thetant hearts, the number of Sbx9
cells in epicardium was increased compared to obntr

To investigate possible migration defects Taf21-null epicardial cells, we
cultured primary epicardial cells. The epicardiature of the cultured cells was
monitored over time by tracing promoter activity egicardial genes usinfef21* or
Pdgfra®" allele (Figure 2-16). Further characterization wlasme by quantifying gene
expression over a 14 day period where the percerdhgene expression by these cells
gradually decreased over time (Figure 2-17). Theradse in epicardial gene expression
was also noted after inducing cultures with P&FExpression oDermo (Twist2), a
potential marker for EMT, was noted at around dal¢picardial cells initially spread out

from the heart explants without a noticeable défee in morphology between mutants
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and controls. However, after removing the cardiooyi® containing portion of the heart
explants,Tcf21-null epicardial cells (and to some extent hetegotgs) became rounded
in shape and lost cellular junctions as detected{@atenin (Figure 2-18). To examine
the possibility of a cell autonomous defect, wecatiured mutant epicardial cells with
controls in the same well. After removing heartlarps, morphological defects were still
present in mutant epicardial cells while contralcepdial cells appeared normal (Figure
2-18). These results suggest a cell autonomousreagent for Tcf21 in maintaining
epicardial cell morphology. To investigate thes#sceesponse to EMT inductions, we
treated cultures with TGH. In control cultures, treatment of TGFE induced
morphological changes reminiscent of EMT, Bef21-null epicardial cells reverted to an
epithelial morphology upon T@# treatmentFigure 2-19.

To understand the molecular mechanism of the djgithmorphology defects,
previous members Christopher Smith and Banu Eskigmerformed microarray to
identify differentially expressed genesTa21-null epicardial cultures. Among the ~50
genes that were down-regulated in mutant culturablé 2-1), we further screened and
selected the candidate genes that are known toxpeessed in the epicardium and
EPDCs or whose function is involved in EMT or miipa. Two genesthail (Shail) and
Nedd9 (Hefl), met the criteria and were further investigategirtrelationship with Tcf21.
Consistent with the microarray data, the expressibrgnail and Nedd9 was down
regulated inlcf21-null cultures, and treatment of T@Fresulted in increased expression
of both genes (Figure 2-19). To test how Nedd9autis with theTcf21-null phenotype,
we generated adenovirus for Nedd9 expression (Ei@4t9). Nedd9 has a reported

function in cell adhesion and migration (Aquinaakét 2009) and adenoviral transduction
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of Nedd9 caused control epicardial cells to be agresimilar to TGBl-induced
epicardial cells. InTcf21-null cultures, the morphological defects were ipdyt rescued
by Nedd9 expression (Figure 2-19). We then meastiretedd9 expression with the
presence of known inducers of its transcriptionhsas TGB1 or all-trans retinoic acid
(atRA). In the mouse epicardial cell (MEC) cultyrbiedd9 expression was increased
dose-dependently by the treatment of PGFor atRA (Figure 2-20). However, no
increase iNNedd9 expression was detected by the overexpressiorcfefl TConsistent
with previous ex vivo migration results (Figure 2},1Tcf21 overexpression resulted in
the increase ofnail, a transcription factor involved in the EMT prosd§igure 2-20).
Because Tcf21-null epicardial cells have a migratiefect, we decided to test whether
Tcf21 overexpression could induce actin cytoskelet@arrangements and focal
adhesions formation. We stained epicardial cultdoesphospho-focal adhesion kinase
(pFAK), paxillin and vinculin. As shown in FigureZL, adenoviral transduction of Tcf21
in the primary epicardial cultures induced the fation of focal adhesions especially in

the protrusion of cell bodies.

Discussion

Cardiac fibroblasts are often defined as a majarrce of ECM including
collagen 1 and collagen 3. However, expressiorhefé¢ genes was not often used to
detect cardiac fibroblasts. In situ hybridizati@sults show that the expressiorncoflal
and col3al was dramatically decreased after P7, suggestiaigttiey may not be good

readouts for the presence of cardiac fibroblastdint hearts. Nonetheless, the detection
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of collal andcol3al expression was enough to visualize and quantifgiaa fibroblasts
in embryonic stages and enabled us to charactbeaet defects that are specific to
cardiac fibroblast development in several mutargemincludingPDGFRa™° and Tcf21
" Importantly, further characterizations Bfigfra and Tcf21 expression during cardiac
fibroblast development have shown that these geamasbe used for the detection of
cardiac fibroblasts. Expression Bfigfra and Col1lal was similar during development.
Specific labeling of cardiac fibroblasts by the tioible mouse line expressifgf21'c®
will allow us to study its physiological role dugrthe pathogenesis of adult hearts, which
will be discussed in Chapter 4. Tcf21-expressings @dso can be detected in multiple
organs including heart, kidney, spleen, liver adcenal glands (Figure 2-22) at various
ages. The characterization of Tcf21-expressing aatid specific function of Tcf21 in
these cells remain to be investigated.

The body of work described in this chapter alsongtba specific function for
Tcf21 in epicardial EMT and cardiac fibroblast deyenent. In the absence of Tcf21,
epicardial cells do not migrate into the heartetastingly, both treatment with TGE
and overexpression of Nedd9 partially rescued thephological defects ofcf21-null
epicardial cells. These results may indicate thabraplex signaling network exists for
epicardial EMT. This signaling can be defined by.ekpression of EMT transcription
factors including Twist, Snail and Slug; 2) expressof cytoskeletal elements such as
vimentin,aSMA and filamentous actin; 3) morphological anddiional changes, such as
the loss of epithelial shape and cell-cell junctioand 4) functional changes, such as the
acquisition of migratory or invasive propertiesafipears that the best way to examine

EMT is by using a combination of these readoutsstess the process. Finally, it is worth
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noting that the individual characteristics of EMByrdepend on the cell-type-of-interest.
For example, epicardial cells are of mesotheliginrand often have both epithelial and
mesenchymal characteristics during development. drtigue mode of epicardial EMT
often makes it difficult to define and this issudl e briefly discussed in the Chapter 3.
Results described above have shown defects inazafibroblast formation at the
time of epicardial EMT whePRdgfra or Tcf2 1were disrupted. However, one question still
remains: isPdgfra or Tcf21 involved in cardiac fibroblast specification? Tegt this
interesting question will be challenging, in pathtie to the limitation of techniques and
complexity of the processes. Acharya et al., 200@gests that the Tcf21 expressing
epicardial cells gradually lose their ability tafo VSMC as early as E10.5, a time point
concomitant with epicardial EMT. Thus, it will bévallenging to distinguish processes
controlling EMT from those directing cell fate sff@ation. To distinguish these,
techniques to label and to trace EPDCs might b&uusat1“*<™ allele was tested for
this purpose; however, it labels both epicardium BRPDCs and labeling efficiency was
markedly decreased after E15.5. These limitatiom&amit less useful to address the
guestion. Inducible Cre that is expressed in egdiabrcells even after the E15.5 will
allow us to address the question properly. As trative, in vitro detection of EMT and
cardiac fibroblast differentiation could be donew¢ver, there are major limitations in
distinguishing cardiac fibroblasts from undifferiated epicardial cells or VSMCs in
vitro. The current culture conditions for primangieardial cells seem to direct epicardial
cells to differentiate into VSMCs. Thus, identificen of an inductive condition for
cardiac fibroblast differentiation might be usefaltest the differentiation of epicardial

cell in vitro.
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Figure 2-1.Tcf21 expression in developing hearts
In situ hybridization showingcf21l expression in wild-type hearts between E11.5 and

E15.5.
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Tcf21+

Tbx18

Raldh2

Figure 2-2. Epicardial developmentiicf21-null hearts

Whole-mount images of E12.5 wild-type afef21-null hearts. Expression of epicardial
genes bx18 or Raldh2) was examined by in situ hybridization on E12.5beyonic
heart sections. Arrowheads indicate regions ofaggdial detachment in null hearts. Scale

bars, 40Qum.
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Cardiac troponin T Cardiac troponin T

Figure 2-3. Defective migration of epicardial ceélisicf21-null hearts
Migration of epicardial cells was traced in conteohd Tcf21-null hearts at E14.5.
Epicardium and epicardial cells were identifiedyP expression. Cardiomyocytes were

detected by antibody staining against cardiac mop®. Nuclei were visualized by DAPI.
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Figure 2-4. No obvious differences in epicardiallieration or survival

(A,B) Representative heart sections immunostainedHosgho-histone H3 (p-HH3; A)

or cleaved-caspase 3 (c-Casp3; B) are shown. Bdtehi a rare apoptotic epicardial cell

at E15.5 in the null, whereas at E14.5, no apaptils were observed in the epicardium,

c-Casp3 cells in endocardial cushion region of the samarthsections served as the

positive control. Scale bars represent 50 p@). Quantification of A. Percentage of p-
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HH3" epicardial cells in LV normalized to the total rinen of epicardial cells in a 20x
field of view. D) Quantification ofTcf21'°"*;R26R"-labeled epicardial cell retained in
E18.5 hearts that were induced at E14.5. Percermtht@matd;DAPI* epicardial cells
relative to the total number of DAPI+ epicardialleds shown. ) Quantification of
overall epicardial cell number between wild-typed afcf21-null heart§. Error bars

represent s.dh is indicated in parentheses.

* The number of epicardial cells in epicardium at Blahd E15.5 was examined by Asha
Acharya.
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Figure 2-5. Tracing ofcf21-expressing cells bycf21'“

(A, B) Cre was induced embryonically Taf21'“?%; R26RF™*? animals by oral gavage
of tamoxifen to pregnant females at (A) E10.5 oy EB1.5.Tcf21-expressing cells were
traced postnatally by detecting the cells expresB26R"™" or R26R*“ in heart, spleen,
kidney, adrenal gland and testis. Endothelial ce#se detected by antibody staining

against PECAM. Nuclei were visualized by DAPI
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Figure 2-6. Migration oficf21'“® lineage epicardium

(A-C) Ex vivo migration assay showiriigf21'“® labeled cells in the myocardium (red)
are derived from AdGFP transduced (green) epiclacdits. E11-5 hearts induced a day
before were analyzed following AdGFP transductior &ulture in vitro. Scale bars

represent the indicated magnifications.
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Tcf21; XlacZ4™" Tci217; XlacZ4™"°

Ventral

Dorsal

Figure 2-7 Tcf21-null hearts form cVSMCs
Development of coronary vasculature detected usiigple-mount B-galactosidase

staining of control andcf21-null E18.5 hearts carrying théacz4 transgene.
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Figure 2-8.Collal andPdgfra expression during postnatal development

Collal and Pdgfra in situ hybridization of left ventricles at thedinated ages. Time

course was completed using wild-type animals ofx@cthbackground.
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Figure 2-9Pdgfra is required for cardiac fibroblast development

A, Collal in situ hybridization of the indicated genotypeslaages. Insets represent
higher magnifications of left ventricle. Bdgfra in situ hybridization of control and
Pdgfra mutant hearts. C, Quantification of interstifzdi 1al expression in A. (5<0.005.

n values are indicated in parentheses.
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Figure 2-10. Loss of cardiac fibroblastTicf21-null hearts

(G-L) In situ hybridization of wiletype (G,I,K) and Tcf21-null (H,J,L) hearts.
Expression of cardiac fibroblast specific ge@lal (G,H), Col3al (1,J) andPdgfra
(K,L) is shown. Corresponding higher magnificatiorages of the LV are shown to the

right.
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Figure 2-11. Periostin expressionTief21-null hearts

(A-B’) Periostin immunohistochemistry on wild-type (A)daTcf21” (B) hearts. Inset
images (A, B’) show staining of the atrioventriaulvalve region. Arrowheads indicate
valves. C) Immunoblots comparing cardiac fibroblast (peiigsand VSMC (SM282)
protein expression in control versilisf21”" hearts. Protein amounts were normalized

usingB-tubulin. All experiments were performed using ElBearts.
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Figure 2-12Tcf21-null hearts lack epicardial-derived cardiac filesbs
Percentage of epicardial-derived cardiac fibroslgEhyT;YFP/Thy1l") from wild-type,
Tcf21"" and Tef21” hearts. CD31 endothelial cells were excluded from the analysis.

values are indicated in parentheses.
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Figure 2-13. Cardiac fibroblasts cultures frdci21-null hearts
B-galactosidase-stained primary cardiac fibroblagtuces from control andcf21-null
hearts. Nuclei are counterstained with DARigalactosidasecells were counted and

normalized with DAPI cells.n values are indicated in parentheses.
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Figure 2-14. Ex vivo migration by Tcf21 overexpiiess
E12.5 wild-type hearts were transduamdvivo with AAGFP in (J) the absence or (K)

presence of AdTcf21. Scale bars represent indigatghifications.
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Figure 2-15. Sox9 expressionia21-null hearts at E14.5

Sox9-expressing cells were detected and quantifjetinmunohistochemistry in control
and Tcf21-null hearts at E14.5. Numbers of Sox€ells in each compartments were
counted both in left (Lv) and right ventricles (RWjom the images of three
nonconsecutive sections=4). Subepicardium was defined as the two- to toade

depth layer underneath epicardium.
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Figure 2-16. Epicardial reporter genes expressigrimary epicardial cultures

Embryonic hearts of indicated genotypes were isdlaat E12.5 and cultured for
designated time. Heart explants were removed frben dulture at day 3. Promoter
activity of reporter genesacZ or GFP was detected by the staining fdigalactosidase

activity or by antibody staining against GFP, retpely.



45

100- == Pdgfro
- Pdgfra + TGFp
” 80- =i Tcf21
s -+ Tcf21 + TGFp
o 60- Dermo
o
S 40-
X ;
=2
° 20+
u 1 1 1 1 1
0 3 B ] 12 15

Figure 2-17 Dynamic expression of epicardial gengsimary epicardial cultures
Expression oPdgfra, Tcf21, Dermo (Twist2) was traced in primary epicardial cultures for
14 days with or without the presence of T8&&FThe promoter activity oPdgfra and
Tcf21 were detected by reporter gene expressing, GFPlaa#l respectively, and
Dermo™® was traced by detecting YFP expression. Percgnession of the genes was

calculated from the three images and normalizedttd number of DAPInuclei.
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Figure 2-18. Primary cultured epicardial cells frécf21-null hearts

(A, B) Embryonic hearts of indicated genotype were tsoland cultured for three days.
After removing heart explants, primary epicardiell were cultured for two more days
before taking images or stained for (@)xatenin and phalloidinQ) Hearts from wild-
type embryos were co-cultured with eitfief21-heterozygote or mutant hearts. Cultures

were stained fop-galactosidase activity to detect lacZ expression.
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Figure 2-19. Nedd9 rescues defect3ai21-null primary epicardial cells

(A) The mRNA expression diledd9 and Shail were measured in primary epicardial

cultures with or without TGFL by gRT-PCR. B) Expression of Nedd9 was measured by
immunoblotting in primary epicardial cultures oirpary thymocyte cultures under the

indicated conditions. NTC, non-transduced contfG). Bright-field images of primary

cultured epicardial cells after treatment of vediol TGB1, or after transduction with

adenovirus expressing Nedd9.
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Figure 2-20Nedd9 andSnail expression

(A, B) The Nedd9 and Snail expression were measured by qRT-PCR in MEC dfier t
treatment of all trans retinoic acid (atRA) or T&F or after transduction with

adenovirus expressing GFP, Nedd9 or Tcf21 (Capsulin
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Figure 2-21. Focal adhesion formation by overexgiogsof Tcf21
Epicardial cultures were transduced with eithera&dl or AdTcf21 for two days before
stained for the phospho-focal adhesion kinase (gFAEXxillin or vinculin. Nuclei were

visualized by DAPI (blue).
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Figure 2-22Tcf21-expressing cells in multiple organs

(A-E) Tcf21-expressing cells in heart (Hrt), kidney jKddrenal gland (Ag), spleen (Sp)
and liver (L) was detected ifcf21®#* mice at indicated age from P1 to P185. The
promoter activity ofTcf21 allele was visualized by detectiftygalactosidase activity.
Note that the whole-mount images in B, D and E dmaye the staining close to surface

due to the limited penetration of a fixative arairsihg solution.



Table 2-1. Down-regulated genesTei21-null epicardial culturés

Genes Fold changes Genes Fold changes
Slc38a5 11.95 8430408G22Rik 1.75
Mfap4 5.17 Ltbp4 1.75
Collal 3.38 1500015010Rik 1.73
Pdela 3.20 Snail 1.73
Rgs5 3.11 Ptgds 1.71
Col3al 3.08 Srpx 1.64
Zbtb8 2.93 Ly6a 1.63
Kcnell 2.87 Reln 1.62
Nedd9 2.83 Moxd1 1.61
Dcn 2.77 Nrarp 1.60
Serpingl 2.68 Prrx1 1.60
Ptn 2.56 Bcatl 1.60
Olfml1 2.39 Mrvil 1.59
Dpepl 2.33 Mgll 1.58
Sphk1 2.23 Gucyla3 1.58
Sox9 2.12 Meox2 1.57
Amhr2 2.05 Notch3 1.57
Spon2 2.05 Lum 1.57
Pdgfra 2.02 Pdgfrb 1.56
Sulfl 1.96 Mmp1l6 1.55
Cldn5 1.91 Meox1 1.53
Rgs4 1.90 Sytl2 1.53
Wdfyl 1.87 Tnxb 1.52
Ckm 1.78 Lpard 1.52
Ddx3y 1.77 Tnc 151

® The Microarray experiments were performed by Christof@raith and Banu Eskiocak.



CHAPTER THREE
NF1 FUNCTION IN EPICARDIUM AND EPCARDIAL-DERIVED CE LLS

DEVELOPMENT

Seung Tae Baek and Michelle D. Tallquist. Nfl Isrépicardial derivative expansion by
regulating epithelial to mesenchymal transition praliferation.Development. 2012

Jun;139(11):2040-2049.

Summary

The epicardium is the primary source of coronargcuéar smooth muscle cells
(cVSMCs) and fibroblasts that reside in the compamgtocardium. To form these
epicardial-derived cells (EPDCs), the epicardiundargoes the process of epithelial to
mesenchymal transition (EMT). Although several slgrg pathways have been
identified that disrupt EMT, no pathway has beermporeed that restricts this
developmental process. Here, we identify neurofibrol (Nfl) as a key mediator of
epicardial EMT. To determine the function of Nflritg epicardial EMT and the
formation of epicardial derivatives, cardiac fibladis and cVSMCs, we generated mice
with a tissue-specific deletion of Nfl in the epitiam. We found that mutant epicardial
cells transitioned more readily to mesenchymalkdellvitro and in vivo. The mesothelial
epicardium lost epithelial gene expression and foecanore invasive. Using lineage
tracing of EPDCs, we found that the process of E&Turred earlier in Nfl mutant

hearts, with an increase in epicardial cells entethe compact myocardium. Moreover,

53
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loss of Nfl caused increased EPDC proliferation rmasdlted in more cardiac fibroblasts
and cVSMCs. Finally, we were able to partially neseethe excessive EMT caused by
loss of Nfl by disrupting Pdgir expression in the epicardium. Conversely, Nfl
activation was able to inhibit PDGF-induced epi@r&MT. Our results demonstrate a
regulatory role for Nfl during epicardial EMT andbpide insights into the susceptibility

of patients with disrupted NF1 signaling to cardissular disease.

Introduction

The epicardium, the outer epithelial layer of theath, is a cell population that
undergoes epithelial to mesenchymal transition (EEBIIring development (Lie-Venema
et al., 2007). Around embryonic day (E) 13.5, asstitof epicardial cells lose their
epithelial characteristics but gain mesenchymapemies to migrate into the heart to
differentiate into coronary vascular smooth muscklls (cVSMCs) and cardiac
fibroblasts (Dettman et al., 1998; Manner et alQ2 Mikawa and Gourdie, 1996).
Several growth factors including transforming grhowfactor B (TGH3) (Mercado-
Pimentel and Runyan, 2007; Xu et al., 2009b) atdofilast growth factor (FGF)
(Pennisi and Mikawa, 2009) have been implicatethénEMT process of epicardial cells
during heart development, but little is understadzbut signals that limit the EMT
process. Identification of such pathways will pa®vinsights into the complex regulation
of EMT during heart development. Because many egefsame signaling pathways have
also been suggested to play a key role in cardiagsis, it may also provide insights into

pathological EMT.
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Recent findings show that disruption of Ras-mitogetivated protein kinase
(MAPK) signaling results in several syndromes eitliij congenital heart defects
including Costello (Aoki et al., 2005), LEOPARD (Kiaridis et al., 2006), cardio-facio-
cutaneous (Niihori et al., 2006) and Noonan (Sckubét al., 2006) syndromes. Loss of
neurofiboromin 1 (Nfl), a Ras-GTPase activating giro{ GAP), leads to hyperactivation
of Ras and its downstream components (CichowskiJa#ls, 2001; Martin et al., 1990;
Xu et al., 1990). While mutations Nfl are best known for causing neurofibromatosis
type 1 tumors of the skin and nervous system (Lyaroth Gutmann, 2002), patients with
Nf1l mutations also have an increased risk for cardicwar disorders (Lin et al., 2000).
Studies in mice have significantly advanced ourensiinding of Nfl function during
heart development. Inactivation Nf1 causes lethality at mid-gestation with severethear
defects including malformation of the outflow traatthinned myocardium, a ventricular
septal defect (VSD), and enlarged endocardial onshiBrannan et al., 1994; Jacks et al.,
1994). Loss ofNfl in vascular smooth muscle cell (VSMC) leads to adomormal
proliferative injury response (Xu et al., 2007)darardiomyocyte-specific inactivation of
Nf1 results in pathological hypertrophy and heartufailin adult mice (Xu et al., 2009a).
Nf1l-null endocardial cushion cells exhibit abnormal ENLakkis and Epstein, 1998),
and endothelial-specific deletion Nfl recapitulates many of the cardiovascular defects
of Nf1l-null mouse suggesting an indispensable role of iNféndothelial cells during
EMT (Gitler and Epstein, 2003).

Therefore, we investigated the function of Nfl wicardial development using
CrelloxP technology to inactivat®lfl in the mouse epicardium. We found that loss of

Nfl results in increased EMT and epicardial derieells (EPDC) proliferation, leading
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to a substantial expansion of this cell populatibat includes cardiac fibroblasts and
cVSMCs. Our data point to a regulatory role for Ntilthe process of EMT and suggest
the possibility that patients with disruption of INfmay be more prone to cardiac

complications such as fibrosis and coronary ardésgase.

Materials and Methods

Mice

Mice were maintained on a mixed C57/BL6 X 129SVKgmound. Mice with
Gata5-Cre transgene (Merki et al., 2005) ¥t1°7“® allele (Zhou et al., 2008) were
crossed with mice withNfl floxed (Nf1") allele (Zhu et al., 2001) to generate
Nf1"": Gata5-Cre™ (designated adif1®**®) and Nf1""; w1677 respectively. Controls
were Cre negative littermates\Nf1"" or Nf1"*) unless otherwise indicated. For epicardial

1R mice were crossed witNf1"" or Nf1"*

tracing experiments, malef1"*; Wt
female mice witrROSA26R*% (Soriano, 1999) oROSA26R“™™ (Madisen et al., 2010)
reporter alleles to generahf1™; Wt1“*=R"?* (designated ablif1""*°). Wt1°"*""? was
induced by oral administration of tamoxifen (MP Biedicals, 02156738) to pregnant
females at indicated embryonic stages and inducediiciency was traced by
ROSA26R"* (designated aB26R-*%) or ROSA26R“™™ (designated aB26R") reporter
gene expression. Tamoxifen was dissolved in sumft@eed oil (Sigma) at 20 mg/ml and
administrated to the final concentration of 0.1 peg gram body weight. Other strains in

these experiments includiglgfra” (Tallquist et al., 2003) anid-Ras(G12D)" mice (JAX

stock number 008180) (Jackson et al., 2001). Athahprotocols were approved by the
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Institutional Animal Care and Use Committee of theiversity of Texas Southwestern
Medical Center and conform to NIH guidelines forecand use of laboratory animals.
Nf1" (zhu et al., 2001) anGata5-Cre'™ (Merki et al., 2005) mice were kindly provided
by Dr. Luis Parada (UTSW, TX, USA) and Dr. PilariRuozano (Sanford-Burnham
Institute, CA, USA), respectively1°"® andWt1“*=F"? (Zhou et al., 2008) mice were
kindly provided by Dr. William Pu (Harvard, MA, USAand XLacZ4™ (Tidhar et al.,

2001) mice were kindly provided by Dr. Moshe Shificani Center, Israel).

Primary epicardial cultures

In vitro culture of epicardial cells was describpkviously (Mellgren et al.,
2008). Ventricles from embryonic hearts at E12.%ewsolated and cultured in 1:1 mix of
DMEM and M199 with 15% FBS supplemented with glusééen antibiotics, and basic
fibroblast growth factor (2 ng/mL, Sigma). Afterdle days, heart explants were removed
and cells were cultured for two additional daysmedia with reduced serum (10%).
Epicardial nature of the culture was confirmed bg teporter expression of epicardial
genesTcf21"% (Lu et al., 1998) oPdgfra®" (Hamilton et al., 2003; Smith et al., 2011)
(Figure 3-S4). Cre expressing adenovirus, kindgvigted by Dr. Robert Gerard (UTSW,
TX, USA), was added to the culture as indicated. FlWA extraction followed by qRT-

1%%© cultures was

PCR analysis, hearts were cultured on 24-well pldtess oNfl in Nf
confirmed by gRT-PCR. For immunostaining, heartsenmglaced on glass cover slips
coated with collagen type IV (Bg/cnf, R&D Systems). Collagen-coated cover slips

were prepared according to the manufacturer’s pobtéor in vitro differentiation assay,

epicardial cells were cultured for total 6 dayddaled by immunostaining.
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Tissues, staining and immunostaining

Tissues and embryos were fixed in 4% PFA overngdM®C, washed in PBS,
dehydrated and paraffin embedded. For histologinalysis, tissues were sectioned to 8
um, rehydrated and stained with hematoxylin andre¢Sigma) as previously described
(Mellgren et al., 2008). For immunostaining, antigevere retrieved in citrate buffer (pH
6.0) at 98°C for 15 minutes with temperature-cdlgido microwave (BioGenex). For
frozen embedding, hearts were fixed in 4% PFA fioe dour at 4°C then embedded in
OCT. Hearts were sectioned fih, permeabilized with 0.1% Triton/PBS (PBT), blodke
with 5% serum/PBT and stained with phalloidin (D20nvitrogen, A12379) or
antibodies against vimentin (1:500, Sigma, V6638M-MHC (1:250, Chemicon,
MAB3572), phospho-histone H3 (1:200, Upstate, 08)5ollagen IV (1:250, Chemicon,
AB748), B-catenin (1:500, BD Bioscience, 610153) aaetatenin (1:100, Abcam,
AB51032). Immunostaining for Wtl (1:50, DAKO, M356vas done with Vectastain
mouse ABC kit followed by detection by DAB (Vectoabs).

For the detection off3-galactosidase activity, hearts were fixed in 2%
formaldehyde/0.2% glutaraldehyde in PBS for 15 nd@auHearts were then washed with
PBS and stained whole mount with X-gal substratbr{no 4-chloro 3-indoxyl beta-D-
galactopyranoside, Gold Biotechnology, X4281C) mzén embedded and sectioned

followed by staining as described previously .

Whole mount confocal imaging
For whole mount immunostaining, hearts were isdlaad fixed in 4% PFA,

then permeabilized with PBT for 30 minutes, blockeith CAS Block (Invitrogen,
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008120) for 30 minutes, and immunostained f[Bcatenin (1:200, BD Bioscience,
610153). Z-stack images (9 consecutive images apgr82 um in depth, 4um each)
were taken from similar regions of the left ver&iof embryonic hearts starting from the
epicardial surface using a LSM510META (grant NIF510-RR019406-01) mounted on
Axiovert 200M (Zeiss). 3D images were reconstitutesing ImageJ software, and the
total number of cells expressing RZ6Rithin a 150pm x 150pum x 32pum area were

counted in the subepicardial space.

Coallagen gel invasion assay

Collagen gel invasion assay was done as describedteere (Boyer et al., 1999;
Potts et al., 1991) with modifications. Embryongalts at embryonic day (E) 12.5 were
isolated, and ventricles were placed and culturad1®% collagen (Roche) gels.
Collagen gels were prepared according to the maturir's suggestion. After three days,
heart explants were removed and cultured for thmeee days before fixing in 4% PFA
for 10 minutes for analysis. To detect invasionlagmen gels were frozen embedded and
sectioned followed by staining with DAPI (Roche)daphalloidin. Invasion was
identified by the presence of epicardial cells undath the collagen gel surface. For
guantification, invading cells were identified ugim fluorescent microscope (Zeiss
Axiovert 200 with a Hamamatsu ORCA-ER camera) amdhsion was calculated by
imaging each culture from the center of the cultame drawing a line where cells had
left the plane of the collagen gel (the invasiamf). For quantification, the number of
cells that had invaded the gel was divided by tital thumber of cells within the 20x

field of view from three different images (Merkiat, 2005).
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Ex vivo migration assay

Ex vivo migration assay was done as described puely (Mellgren et al., 2008).
Embryonic hearts at E12.5 were isolated and inegbaiith adenovirus expressing GFP
or Nfl gap-related domain (Miller et al., 2010)nddy provided by Dr. Robert Gerard
(UT Southwestern) and Dr. Nancy Ratner (Cincin@tildren’s), respectively. PDGF-
BB (R&D Systems), Imatinib mesylate (Sigma), AG12®gma) and U0126 (Sigma)
were added to the cultures as indicated. Afterdags, hearts were fixed in 4% PFA and
frozen-embedded, sectioned and stained for DAPL. daantification, GFP cells
underneath the epicardium were counted in a 40 éieview from five nonconsecutive

sections.

Quantification and Satistical analysis

For mesenchymal index, primary cultured epicardills were stained foo-
catenin and phalloidin as described above, ands cekhibiting a mesenchymal
morphology were identified by the loss of adhergnwxtions and cortical actin, and
robust formation of actin stress fibers (Sridurdingtr al., 2008). Mesenchymal cells were
counted and divided by the total number of celld0m field of view from three different
regions of the cultureg-galactosidase staining was quantified as prewodskcribed
(Morgan et al., 2008). Epicardial differentiatioh ssmooth muscle cells was quantified
followed by immunostaining against SM-MHC. SM-MH@sitive area was measured
and divided by DAPI positive are in three 40x fieldview images using ImageJ (NIH).
All experiments used a minimum of two independéterk, and data were analyzed by a

Student'g-test using Prism 5 (GraphPad Software).
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gRT-PCR

For quantitative real-time PCR, primary epicardalls were collected as
described above. RNA isolation and cDNA synthessendone as described previously
with slight modifications (Mellgren et al., 2008riefly, primary epicardial cultures
from three hearts of each genotype were combinédwied by RNA isolation using
Trizol (Invitrogen). cDNA was synthesized using 8tgeript Il reverse transcriptase
(Invitrogen). Gene transcription was analyzed usitandard gRT-PCR with iTAQ Sybr
Green master mix (Bio-Rad) and CFX96 instrumenb{Bad). Each sample was run in

triplicate. Sequences of primers are summarizedqusly (Smith et al., 2011).

In situ hybridization on tissue sections

Section in situ hybridization was performed as dbed previously (Schaeren-
Wiemers and Gerfin-Moser, 1993; Smith et al., 20Rljefly, embryonic hearts were
isolated, fixed in 4% PFA, frozen embedded andaeet 16um. Sections were digested
with proteinase K (1%ug/ml, Fisher Scientific, BP1700-100) followed byidérfixation
with 4% PFA and acetylated with acetic anhydridfoteehybridizing with digoxigenin-
labeled RNA probes fdedgfra (Bostrom et al., 1996);ol1al, Col3al andNfl. Sections
were then immunostained for digoxigenin (1:2000¢H 11093274910) followed by
development with BM purple (Roche, 114420740013sPRiids forCollal and Col3al
probes were kindly provided by Benoit de CrombriggMD Anderson). The plasmid
for Nfl probe was prepared from a 338 bp 3’ untranslatgibn fragment of the Nfl

gene corresponding to positions 9881-10,218 (GemeB40370.1).
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Results

Epicardial inactivation of Nfl resultsin aberrant epicardium devel opment

Loss of Nfl in cardiomyocytes or the endocardial cushions lt®sn heart
abnormalities (Gitler et al., 2003; Xu et al., 28R%ut no reports have addressed the
disrupted epicardium observedNifil null hearts (Brannan et al., 1994). To determfne i
Nfl might have a primary role in epicardial developtmene performed in situ
hybridization for Nfl transcripts.Nfl expression was detected in the epicardium,
endocardium, endocardial cushions and myocardiuElat5, but by E12.5 myocardial
expression was decreased (Figure 3-S1). Epicagmbkssion continued until E13.5, but
by E14.5-E15.5, epicardial expression was limitedat few cells in the epicardium
(Figure 3-1A, Figure 3-S1).

To investigate Nfl function in epicardial developrhewe initially used two
mouse lines with constitutive expression of Cretlie epicardium, theéGata5-Cre™
(Merki et al., 2005) and thét1°"“® (Zhou et al., 2008) mouse lines. We monitored loss
of Nf1 transcript byGata5-Cre' driven recombination (referred to M&1***°) and found
little expression in the epicardium and endocardizhions at E13.5 (Figure 3-1B).
Using Wtl protein expression to track the epicardiand undifferentiated EPDCs
(Moore et al., 1999), we found that unlike contrelrts where Wflcells were restricted
to the epicardium at E12.5, Mf1®*© hearts, Wtl cells were detected in not only the
epicardium but also in the subepicardial zone (feid+1C). To determine if these cells
had adopted a mesenchymal phenotype, we stainsthfentin. Vimentin is a marker for

mesenchymal cells and often indicates that a @l indergone the process of EMT
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(Perez-Pomares et al., 1997). At E12.5, controltadaad few vimentihcells in the
subepicardium (Figure 3-1D), but noticeably, Nfil®**° hearts, there were multiple
patches of vimentincells in the subepicardium. These patches wesnafoncomitant
with a disrupted basement membrane (collagen N§ufe 3-1D). Similar patches of
vimentin-positive cells were also found whélfil expression was disrupted using a
W1 allele for recombination (Figure 3-1D).

Based on ROSAZ26 reporter activity, both of theseaggdial Cre lines recombine
in a significant number of cardiomyocytes and ia émdocardial cushions (Figure 3-S5).
Therefore, we performed the remaining in vivo ekpents employing an inducible,
epicardial specific Cre mouse\t1“**%"? (Zhou et al., 2008). First, we confirmed the
fidelity of recombination in this line to demond&eaepicardial specific Cre activity with
tamoxifen induction at E10.5 and E12.5. Single austiation of tamoxifen at E10.5
resulted in reporter genBZ6R") expression in approximately 95% of the epicardéls
after 24 hours (Figure 3-S6). Lineage tracing andsitu hybridization for Nfl
demonstrated that iNf1 conditional embryos transcripts were reduced éngpicardium
just 24 hours after induction (Figure 3-1B), thpicardial cells were exclusively tagged,
and that lineage tagged cells migrated into thetheantricles as expected (Figure 3-
S2A). The only other lineage-tagged regions wese dtrioventricular valves, where
epicardial cell contribution has been previouslported (de Lange et al., 2004). By
contrast, at these time points of induction nodgestagged cells were detected in the
cardiomyocyte population nor in the semilunar val{feigure 3-S2B,C).

To specifically examine Nfl's role in the epicamiiuwe generatedfl™:

WHLEER mjce (referred to alf1V"™®). We obtained the expected Mendelian ratios of
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animals and detected no overt phenotyp&lfif™° animals suggesting that epicardial
inactivation ofNfl by Wt1“*R™ at E12.5 did not cause embryonic nor postnatahliy.

Gross morphology of heart valves as well as hézetia Nf1""<°

mice was comparable
to controls (Figure 3-S9). Because we observed nfimiecells in the ventricles at time
points earlier than expected (Figure 3-1D), we wdrb determine if premature EMT
occurred upon loss dff1. Therefore, we traced migration of epicardial £ddibeled at
E10.5. These hearts revealed that a substantiabewupf epicardial cells were present
immediately below the basement membraneNii"™° hearts while tagged cells
remained in the epicardium in controls (Figure 3-TEhese data suggested that in the

absence of Nfl, epicardial cells migrate into tlearh earlier than expected in all three

genotypes examine®{1%<°, Nf1"": W1 andNf1V"™<©).

Loss of Nfl results in spontaneous EMT of epicardial cellsin vitro

From the above data, we hypothesized that los§bEtbuld result in accelerated
EMT. First, we tested this possibility in vitro. Vgenerated primary cultured epicardial
cells from E12.5 hearts, which uniformly expressgitardial geneslcf21 and Pdgfra
(Figure 3-S4). After 3 days of culture, without axogenous stimulus, control epicardial
cells remained a cobblestone monolayer, wiNfa*>*° epicardial cells exhibited a
mesenchymal morphology (Figure 3-2A). We invesedatwo hallmarks of EMT, the
loss of cell-cell contacts and formation of actiress fibers, by localization @-catenin
and filamentous actin, respectively. Control egl@rcells maintained cell-cell contacts,
had extensive cellular junctions, and exhibitedical actin. HoweverNf1°%¢° epicardial

cells formed extensive actin stress fibers and tlosir junctions (Figure 3-2B). These
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changes were inhibited by a Rho-associated prédease inhibitor, Y27632 (Uehata et
al., 1997), suggesting that known EMT signalinghpatys were occurring in thisfl
mutant cultures (Figure 3-S7). These results atspahstrated a cell autonomous role for
Nfl in regulating EMT.

Although morphology is commonly used as a readouEMT, changes in gene
expression from epithelial to mesenchymal can bisaised to detect the transition. We
measured the expression of epithelial markers, ss¢rt14 (Chamulitrat et al., 2003;
Ke et al., 2008nd Bves (Wada et al., 2001), by qRT-PCR (Figure 3-2C). Sistent
with a switch from epithelial to mesenchymal cetbd¢, we found that epithelial gene
expression was down regulated Mi1®*° cultures. By contrast, mesenchymal gene
expressionCol 7al (Vindevoghel et al., 1998\Mmpl0 (Wilkins-Port and Higgins, 2007),
Sox9 (Cheung et al., 2005; Sakai et al., 2006), @pd (Corallini et al., 2009; Sakata et
al., 1999; Vidal et al., 1998), was up regulatedyffe 3-2C). We also observed an
increased level of mesenchymal gene expressioatardzygous cultures.

One additional criterion for transition from an tbyelial phenotype to a
mesenchymal phenotype is invasion into a collag#r{Thiery and Sleeman, 2006). In a
collagen gel assay (Boyer et al., 1999; Potts.ei8P1), about 12% of control epicardial
cells invaded the collagen gel along the edge efctiiture (Figure 3-2D,F). INf1%°K°
epicardial cultures, about 60% of the cells inshee perimeter of the epicardial culture
had invaded into the collagen gel and formed asttiess fibers (Figure 3-2D,F).

When epicardial cells undergo EMT, they differetgti@aredominantly into two
cell types, cVSMCs and cardiac fibroblasts (Mikaaad Gourdie, 1996; Vrancken

Peeters et al., 1999). To determine if the incr@d=dT led to an increased number of
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differentiated cells in vitro, we examined the eegmion of SM-MHC, a smooth muscle
cell marker. Epicardial cultures frolf1®*° and to a lesser extehifl heterozygous

hearts possessed an increased number of SM-MH@ssipg cells compared to control
cultures (Figure 3-2E,G). In summamffl mutant epicardial cells spontaneously lost
epithelial characteristics and adopted a mesendhyhsmotype, including an increase in
mesenchymal gene expression, invasiveness, aratatiffation. It should be noted that
loss of Nfl resulted in EMT under basal culture dibons. Therefore, these cultured
epicardial cells may be poised to undergo EMT, sigaialing by Nfl could be a key

regulatory pathway inhibiting this process.

Loss of Nfl enhances EMT of epicardial cellsin vivo

To determine if the loss of Nfl had a direct effestEMT, we induced temporal
deletions ofNfl between stages E10.5 and E12.5. These embryosfdtee had wild-
type expression of Nfl until just before the stadeEMT. This tracing resulted in
efficient R26R reporter expression in a high percentage of tieasgium (Figure 3-3A).
We then quantified the number of EPDC that had atégt into the heart ventricle using
whole mount confocal microscopy at each time pdiigure 3-3 is representative of
optical sections comparing control aNfLl"™° hearts (Figure 3-S3 for images at other
time points). At E11.5, very few R26Rositive cells were detected in the control
myocardial compartment (Figure 3-3A,B, Figure 3-SBagged epicardial cells were
observed in the ventricle at E12.5 and furtherdased at E13.5 suggesting that EMT
1WF|KO

began around E12.5 in control hearts (Figure 3/Bure 3-S3). However, iNf

hearts, at each time point examined, a greater aurab R26R-positive cells were
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detected within the myocardial compartment (Figd#3B, Figure 3-S3). The existence of
migrated mutant epicardial cells at E11.5 suggestatepicardial EMT occurs earlier in
the mutant hearts, and the increase of migratechepal cells demonstrated that as in
vitro, loss of Nfl results in an increased numifetedls undergoing the process of EMT.
Because confocal imaging only allowed us to exanasiremall region and window of
migrated epicardial cells, we also traced EPDC éarh sections using two different
reporters. A similar increase in R2BRr R26F““positive EPDC was detected at E13.5
and E14.5 upon loss of Nfl at E12.5 in both thatrand left ventricle (Figure 3-4A-D).
To demonstrate that the increased EMT was a ceédnamous event, embryos was
treated with a limiting tamoxifen dose, therebyatirg hearts with a minor population of
cells lacking Nfl. We compared control aNL""™° hearts with a similar number of
tagged epicardial cells and found that the numifeceis with Cre activity (R26R
positive cells) was increased in the ventriculagiages of NF1"V"™° hearts compared to
controls (Figure 3-S10). These data further suppuat loss of Nfl leads to a cell
autonomous increase in epicardial EMT.

Recent data have suggested a potential role fod Bogpicardial EMT (Smith et
al., 2011). Sox9 expression is significantly redliceepicardial cells that fail to undergo
EMT, suggesting that Sox9 expression correlatels ggicardial EMT. In addition, Sox9
is involved in neural crest cell and endocardiadhtan EMT (Akiyama et al., 2004,
Sakai et al., 2006) and also has been shown to Hewamstream mediator of Nfl-
dependent metastasis (Powers et al., 2007). Thusxamined Sox9 expression at E12.5
and E13.5. Hearts frof1®*° mice possessed an increased number of *Sosfis

within the ventricular area at the time of EMT, E3,3supporting our hypothesis that



68

epicardial EMT was enhanced upon loss of Nfl (Feg@#S11).

To determine how loss of Nfl impacted the prolifiea and survival of
epicardial cells and EPDC at later stages of dgweémt, we inactivated Nfl at E12.5
and quantified the number of proliferating cellhigppho-histone H3cells) within the
R26R -positive epicardial and EPDC population. At E1&& saw a modest increase in
proliferation ofNfl-deficient epicardial cells (Figure 3-4E). At thenge stage, a similar
number of the EPDC in both control and mutant Iseasre in mitosis (Figure 3-4E).
However, we found at later stages, Nfl-deficienDERexhibited increased proliferation
(Figure 3-4E). Because alterations in cell survivedre reported in Nfl-deficient
endocardial cushions (Lakkis and Epstein, 1998),ewaminedNf1""° and Nf1°°
hearts for apoptosis using an antibody for cleazaspase 3 at various time points from
E12.5 to PO and observed no difference in apoptaticnumbers in control and mutant

hearts.

Epicardial inactivation of Nfl results in expansion of cardiac fibroblast and cVSMC in vi
VO

Because enhanced epicardial cell EMT and EPDCferation were observed,
we reasoned that there might be an expansion of(EFA3 cardiac fibroblasts and
cVSMC are the predominant populations of cells \a=ti from the epicardium, we
determined how loss of Nfl impacted these cellsngJé situ hybridization for three
genes that identify cardiac fibroblas@gllal, Col3al andPdgfra (Smith et al., 2011),
we found an increased number of cardiac fibroblastautant hearts when compared to

controls (Figure 3-5A,C). Similar expansion @l1al- or Pdgfra-expressing cells was
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also detected iMNf1°°*© hearts (Figure 3-S12). Collagen | is also expdse some
VSMCs (Ponticos et al., 2004), therefore, it iselik that this particular probe
overestimated the number of fibroblasts, but the déearly demonstrated an obvious
increase in non-vessel associatedllal-, as well asCol3al- and Pdgfra-expressing
cells. This increase in cell numbers was not reteti to the cardiac fibroblast lineage. We
utilized theXLacZ4™ mouse (Tidhar et al., 2001) that expresses a auldealizedp-
galactosidase in VSMCs and efficiently tags cVSMMeligren et al., 2008). We found
that loss of Nf1 also resulted in an expansiorhefMSMC lineage of cells (Figure 3-5B).
Not only were more cVSMCs detected at E17.5, baltiticrease also appeared to lead to
an extended and a more highly branched cVSMC-caatbslork of coronary vasculature

(Figure 3-5D).

Nf1 regulation of Ras signaling plays a role in PDGF-induced epicardial EMT

It is established that loss of Nfl leads to prokmh@ctivation of the Ras-MAPK
pathway in cardiomyocytes and VSMC (Cichowski aack3, 2001; Xu et al., 2009a; Xu
et al., 2007). To determine if activation of ERK1& responsible for EMT in Nfl-
deficient epicardial cells, we inhibited the MARmM#se pathway and measured EMT by
ex vivo migration assay (Mellgren et al., 2008).eTépicardium of E12.5 hearts was
labeled by adenoviral GFP transduction, and mignatif GFP-expressing epicardial cells
into the myocardium was quantified. In control heaGFP cells were restricted to the
epicardium, howeveNf1®*° hearts possessed an increased number of GfB within
the myocardium suggesting enhanced abilityNéE-null epicardial cells to leave the

epicardial layer (Figure 3-6A,B). The increased natign was abolished when hearts
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were cultured in the presence of U0126, an inhilmfdoth MEK1 and MEK2 (Figure 3-
6A,B). These data suggest that activation of ERK$ponsible for EMT in Nfl-deficient
epicardial cells.

Loss of Nfl alone does not lead to extended adtivaif Ras. Upstream signals
are required to initiate Ras signaling, then inabeence of Nfl, Ras remains in its active
state (McCormick, 1995). We have recently repotted PDGF receptor signaling is an
essential component of epicardial EMT. Pdgfand Pdgfe are expressed in the
epicardium and inactivation of these receptorspicadial cells disrupts the process of
EMT (Mellgren et al., 2008; Smith et al., 2011). determine if PDGF signaling could be
one pathway upstream of Ras-Nfl signaling, we itdibPDGF receptor tyrosine kinase
activity in Nf1°°¢© epicardial cells. Imatinib mesylate, a potent lifoir of both Pdgfu
and Pdgf, inhibited the EMT phenotype caused by loss of iXfthe epicardial culture
EMT assay (Figure 3-S8) and in the ex vivo migmatid epicardial cells (Figure 3-6A,B).
Similar results were observed using AG1296, anatitgébitor of the PDGF receptors.

Next, we tested if Nfl Ras-GAP activity could negally regulate PDGF-
induced EMT in the ex vivo migration assay. Stintiola with PDGF-BB induced
epicardial cell migration into the myocardium, haee adenoviral transduction of the
Nfl GAP-related domain (Nf1-GRD) (Hiatt et al., 2QMiller et al., 2010) significantly
reduced PDGF-BB-induced EMT (Figure 3-6C,D). Cosedr, we determined if
activation of Ras induced epicardial EMT using apiéal cultures fronK-Ras(G12D)"*
embryos. This transgene expresses a Cre-induailziegenic form of K-Ras (Jackson et
al., 2001). While control cultures had intact ciijunctions with cortical actin, whet-

Ras(G12D) expression was induced, the epicardial culturandaractin stress fibers and
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lost cellular junctions similar toNf1" cultures (Figure 3-6E). SimilarlyK-
Ras"*:Wt1“*R™* hearts had an increased number of Wtglls in the myocardial
compartment. This suggests that activation of Res eesults in increased epicardial
EMT in vivo (Figure 3-6F,G).

Finally, we determined if loss dPdgfra signaling could partially rescue the
excess EMT observed in tif1""™° heart. As loss of Pdgfr specifically affects only
cardiac fibroblast progenitor EMT (Smith et al.,12), we predicted that loss of Pdyfr
in an Nf1"™° mutant background would lead to a reduction in EPéntering the
epicardium compared to aif1""“° mutant that possessed Pdgsignaling. Consistent
with our previous dataNf1""™ ° hearts had more Wtlcells present within the
myocardium compared to wild-type controls, howeganultaneous inactivation of both
Pdgfra andNf1 resulted in a significant reduction of migratediWtells (Figure 3-6F,G).
One reason that we may only observe a partial ees€uheNf1""™° EMT phenotype
could be the presence of VSMC progenitors whidh estpress Pdgfs (Mellgren et al.,
2008; Smith et al., 2011) and should continue telexcess Ras signaling due to loss of
Nfl. Consistent with the data above, detection afdiac fibroblasts in these animal
suggest that the expansion of cardiac fibroblagtthe loss of Nfl was partially rescued
by further loss of Pdgfra. In conclusion, our réswhow that Nfl is a key regulator of
epicardial EMT and that this increased EMT as wslln increased rate of proliferation

results in expansion of cardiac fibroblasts and \CSM
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Discussion

EMT is an essential process that plays a significale in embryogenesis during
gastrulation, heart development, and neural crebtfermation (Thiery et al., 2009).
There is now very compelling evidence that EMT msessential component of tumor
metastasis (Thiery et al., 2009; Yang and Weinb2@af)8). Because the best-known
activity for Nfl is its GAP activity, it is assumetiat loss of Nfl leads to abnormal
signaling of Ras. A further link with EMT can thée drawn because Ras signaling can
induce EMT. One mechanism is by cooperating with FEGto promote Snail
transcriptional activity (Horiguchi et al.,, 2009antla et al., 2002). Another is by
activating MAPK and Rac, potentially leading tordjgtion of epithelial junctions (Edme
et al., 2002). In fact, many of the EMT-inducingliéies of epidermal growth factor and
hepatocyte growth factor have been directly linkedRas activity (Boyer et al., 1997,
Herrera, 1998). Here, we provide evidence that lfshifl increases EMT in mouse
epicardial cells, suggesting a possible ‘regulatotg’ for Nf1 in Ras-driven EMT.

Interestingly, loss of Nf1l does not lead to peesistEMT. Instead, the EMT we
observed is only amplified by occurring earlier andre robustly, as might be expected
by its signaling role downstream of Ras. Nfl does initiate signaling (McCormick,
1995). Other factors must be upstream to actiiadeRas-MAPK pathway. Epicardial
EMT is distinct from neural crest cell EMT in thanly a subset of cells become
mesenchymal, suggesting that the inductive signatgionally localized and controlled
temporally, thus providing an explanation for wipioardial EMT in the absence of Nfl

is still partially restricted. Indeed, we have sinativat by inhibiting one of these potential
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upstream growth factor pathways, PDGF (Mellgrealgt2008; Smith et al., 2011), we
can block the effects of loss of Nfl. Interestinghcreased neointima formation Nfl
heterozygote mice can also be mitigated by Imatirbtment suggesting a possible role
for PDGF signaling on exaggerated vascular injesponse by the loss Nfl (Lasater et
al., 2008). Because inhibition of MAPK also bluntbé effect of loss of Nfl on EMT, it
likely that Nfl attenuates these inductive signatdy in the epicardial cells that have
been stimulated to undergo the process of EMT.

Cardiovascular disease is a frequent cause of déathpersons with
neurofibromatosis 1 who are less than 30 yeargRédmussen et al., 2001). While some
of this lethality is attributed to congenital abmalities (Friedman et al., 2002; Lin et al.,
2000), our findings also point to the possibilihat an increase in the proliferation of
epicardial-derived noncardiomyocyte lineages map aontribute to some of the heart
abnormalities. As was the case with EMT, loss ofl Nfid not lead to excessive
overgrowth of these cells under normal circumstanck is likely that local
environmental cues ultimately determine the difféisgion and survival of EPDC. For
example, endothelial cells, which secrete PDGFnliiga are important regulators of
cVSMC migration and proliferation (Tomanek, 200%imilarly, local limitations of
growth factor production by these cells might actdor the lack of excessive cVSMC
proliferation. Therefore, loss of Nfl results ie@ntrolled expansion of EPDC rather than
massive hyperplasia. This phenomenon would be fscgint of what occurs with Nfl-
mediated tumorigenicity, where disruptions in thengenvironment are necessary for
tumor progression (Zhu et al., 2002). Nonethelkssause loss of Nfl is often linked to

increased proliferation (Lynch and Gutmann, 20@Riking a pathological response to
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heart injury, Nf1-deficient cells may respond mmbustly by enhanced proliferation and
fibrotic activity. Most Nfl patients would be hapisufficient in somatic cells, but our
data and others suggest that even cells with reldNéE protein may have elevated levels
of GTP-bound Ras thus leading to increased sigmalimd downstream cellular events
(Atit et al., 1999; Ingram et al., 2000). In sumgpave demonstrate that epicardial loss of
Nfl results in early and increased EMT which leadsthte expansion of cardiac
fibroblasts and cVSMC. We were able to mitigate itt@eased EMT by altering PDGF
signaling which has recently been implicated ircemial EMT (Smith et al., 2011pur
work indicates that EPDC, along with endocardiaivd®l valve cells, and
cardiomyocytes, are sensitive to perturbations fih &ttivity. Further investigations will
be required to determine what the long-term outeonfahis EPDC expansion means to

physiology of the heart under pathological and patitological conditions.
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Figure 3-1. Disruption of epicardial developmentidigs of Nf1 in epicardium
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(A,B) Nf1. mRNA expression was detected by in situ hybridireain heart sections of the
indicated genotype\f1"™° mouse embryos were maternally induced with taneoxiér
Cre activity at E12.5 for 24 hours before procegp¢El2.5— E13.5). The boxed regions

are shown at higher magnification in the inse®y. I(nmunohistochemistry (IHC) for the
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epicardial marker Wt1. Arrowheads indicate increaigevasion of Wtl cells. 0) IHC
for vimentin and collagen IV in embryonic heartstloé indicated genotype. Arrowheads
indicate expansion of epicardial cells into theeqibardium. Bottom panels are higher
magnifications of left and right ventricle. Arrowdicates epicardium.Ej R26R
fluorescence in heart sections of the indicateatygre. Oral tamoxifen administration is
indicated by the stage of administration followed the stage of isolation (E105
E12.5). Arrows indicate epicardium. Arrowheads dadé migrated epicardial cells
(below the basement membrane, collagen V). Rt nigntricle; Lv, left ventricle; epi,
epicardium; myo, myocardium. Scale bars: %09 in A,B; 100um in A,B insets; 200

pm in C,D top; 5Qum in D bottom; 25um in E.
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Figure 3-2. Loss of Nfl in epicardial cells resiitts phenotypic change to mesenchymal
cells in vitro

(A,B) Seventy-two hour primary cultured epicardial dtbm E12.5 mouse hearts. (A)
Brightfield images. (B) Cultures stained for admsrgunctions -catenin) and actin
stress fibers (phalloidin). Nuclei were detectedhwbDAPI. (C) mMRNA expression of
epithelial Bves, Krt14) and mesenchymafgx9, Col7al, Mmpl10, Opg) genes. gRT-PCR

was used to quantify gene expression in primargaggial cell cultures. Data were
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compared with control cultures represented by &llmesof 1.0. For each gene, at least
five independent experiments were quantified iplitate. Values are mean * s.d.
*P<0.0001. D) Embryonic hearts of the indicated genotype weréued on collagen
gels to measure invasion. Actin stress fibers wtamed with phalloidin and nuclei were
detected with DAPI. Arrows indicate the center loé heart explants and white dashed
lines delineate the invasion front. Invasion of capdial cells was detected by
fluorescence microscopy after sectioning (bottdRed dashed lines indicate the collagen
gel surface and arrowheads indicate invading cflsDifferentiation of epicardial cells
into smooth muscle cells was detected by IHC for-MC. Actin and nuclei were
visualized with phalloidin and DAPI, respectivelfr) Quantification of invasion of
epicardial cells into the collagen gel. Values anean = s.d. P<0.0001. G)
Quantification of VSMC differentiation. The SM-MHf{luorescent area was normalized
to the nuclear area. Data are mean zrsxhlues are indicated in parenthesés<(.001;

** P<(0.005; **P<0.05. Scale bars: 50m in A,B,D; 100um in E.
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Figure 3-3. Early and increased EMT in vivo upoa libss of Nfl in epicardial cells

(A) Representative whole-mount confocal optical sestiof the indicated genotype.
Induction by tamoxifen was at E11.5, hearts weobated at E12.5 and whole-mount-
stained forB-catenin to distinguish individual cellz.stack images were taken from the

epicardium (defined asjim) using a confocal microscope. Nine consecutivages of 4
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pm optical thickness spanning a total of B2 were taken in similar regions of the heart
left ventricle. Examples at 4, 12 and 28 depth are shown. Boxed regions indicate the
area used for quantification (1pon X 150um). An orthogonal view of the indicated y-
axis (y) of eachz-stacked image is shown to the left. Arrows indicakamples of
migrated cells in the heart ventricular region.ddheads indicate cells in the epicardium.
See Figure 3-S3 for examples of the full panehwdges at each tracing time point. Scale
bar: 50um. (B) Quantification of R26Rpositive cells in the myocardial region of hearts
at the indicated tracing time points. The numberR@6R -positive cells in the left
ventricular region of the myocardial area (45® X 150 um X 32 um) was counted
using ImageJ. Data are mean *+ sidvalues are indicated in parenthesd2<(.0001;

** P<0.0005.
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Figure 3-4. Migration and proliferation of EPDCseafinactivation oNfl in vivo

(A,C) R26R (A) and R26M%“ (C) epicardial lineage tracing was used to idgntif
migrated epicardial cells in hearts of the indidatgenotype. Induction with tamoxifen
was at E12.5, and heart sections were imaged f6RRfBuorescence at E13.5 (A) or
stained for3-galactosidase activity at E14.5 (C). In C, thedibxegions are shown at

higher magnification in the insets. Arrowheads inlésignate EPDCs expressing R26R
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Scale bars: 10um. (B,D) Quantification of migrated R26Fpositive or R26KR**
positive EPDCs in A and C, respectively. Imagesanaken from similar regions of heart
in both left and right ventricles with a 40X or 20Id of view and counted for R26R
positive or R26R*positive cells within the myocardial ventriculaaliv Data are mean
+ s.d.n values are indicated in parenthese®<0.0001; **#<0.001; ***P<0.005. E)
Quantification of Wtl lineage-tagged cellular pf@lation. Embryos were maternally
induced with tamoxifen at E12.5. Heart sections evenmunostained for phospho-
histone H3 (pH3) to detect mitotic cells. The pHBmatd cells were counted in
epicardial or myocardial regions and normalizedh® total number of Tomataells in
epicardium (Epi) or myocardial ventricular wall (B@). Nuclei were visualized with
DAPI for quantification and images were taken frsimilar regions of heart in both left
and right ventricles with a 20X field of viem values are indicated in parentheses.
*P<0.01; **P<0.05; ns, no significant difference. Ry, right trigle; Lv, left ventricle;

FOV, field of view.
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Figure 3-5. Expansion of EPDCs upon loss of Nfthaepicardium

(A) In situ hybridization at E18.5 for cardiac fibtabt marker genesC6llal, Col3al
and Pdgfra). Mouse embryos were induced with tamoxifen at.&l1&nd hearts were
isolated at E18.5. The boxed regions are shownigiieh magnification in the insets.
Scale bars: 500m; 100um in insets. B) Whole-mount3-galactosidase staining (blue)
of XLacZ4 hearts for detection of VSMCs. Tamoxifen was adstiaied maternally at
E12.5 before heart isolation at E17.6) Quantification of the area positive fGollal,

Col3al or Pdgfra in A from 20X field-of-view images taken in simileegions of the left
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ventricle. D) Quantification of multi-branched (three or mo8})IC-coated vessels in B.
Data are mean + s.d. values are indicated in parenthesd?<3.001; **P<0.005. Ra,

right atrium; La, left atrium; Ry, right ventricley, left ventricle; FOV, field of view.



A Vehicle

Control

N]‘j GSKO

w

40x FOV

Normalized migrated

= o

(5) (3)

GFP cells!
1

Imatinib -+

C

uo126 - -

Normalized migrated
GFP' cells/40x FOV

PDGF-BB -

Imatinib

(3)

rE%a

——— %k —

[ Control
- Nr',‘h,\kfl

U0126

Wiele reERT2

+

AdGEP
AdNf1-GRD

i

66x FOV

K-Ras"";
v‘ i!th“(ll

~
s
-

»
]

*‘

N[]WTiKo

Nf1"?

Pdgfra™;  Pdgfra"";
NfywKo Wi [CreERT2

T S*** 1
_ r n
80 1 i oy — '
% = rkkk =yr=skkk =
T
60 1
40 1
—_
(3)
201 I (3)
@] @] |3
0 T T L]
x-  C . Qe
I AL TR LY
RIS 4ot gt
W R g el

85



86

Figure 3-6. Regulation of epicardial EMT by Nf1.

(A,C) Representative GFP fluorescence images of theivex migration assay. E12.5
mouse hearts were cultured and epicardial cellse wabeled by adenoviral GFP
transduction. Arrowheads indicate epicardial caljration. Arrow indicates epicardium
(epi); myo, myocardium. (A) Hearts were treatechvdfuM imatinib mesylate (a potent
inhibitor of both Pdgim and PdgfB) or U0126 (an inhibitor of both Mekl and Mek?2)
where indicated. Hearts were cultured for 2 day®rbeanalyzing migration by GFP
fluorescence. (C) Hearts were cultured in the preseor absence of Nfl GAP-related
domain (Nf1-GRD) adenovirus. After 18 hours, recarabt PDGF-BB was added to a
final concentration of 20 ng/ml. Hearts were thentured for 2 more days before
analyzing migration by GFP fluorescendd,¥) Quantification of migration in A and C,
respectively. Migrated GFPcells were quantified and normalized by multiptyiby
adenoviral transduction efficiency (GFEells in epicardium/total number of epicardial
cells in a 40X field of view). Data are mean + sidialues are indicated in parentheses.
*P<0.0005; *<0.001. E) Representative fluorescent images of primaryasdial cell
cultures. E12.5 hearts of the indicated genotypeewsolated and cultured on collagen-
coated coverslips for 3 days. Heart explants wieea removed and adenovirus for Cre
expression (AdCre) added to the cultures. Afteagsd cells were fixed and stained with
phalloidin and antpB-catenin antibody to visualize actin stress fibarsd cellular
junctions, respectively. Nuclei were detected vid#aPI. (F) IHC for Wtl in left ventricle
of the indicated genotype. Images were taken iGXafield of view and Wtl cells in the
subepicardium and ventricle were quantified. Arreatis illustrate cells that would be

guantified. Cropped images of quantified regioressirown. Induction by tamoxifen was



87

at E12.5 and hearts were isolated after 24 ho@sQuantification of Wtl cells in F.
Wt1" cells in the myocardial compartment of the lefitviele were counted in 66X field-
of-view images. Data are mean + sadvalues are indicated in parenthesd®<(.0001;
** P<0.001; ***P<0.05; ns, no significant difference. FOV, fieldviéw. Scale bars: 200

pm in A; 50um in C,E,F.
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b A A

E. 3

Figure 3-S1. Nfl expression in embryonic mousethear
Nfl mRNA expression was detected in heart sectiortkeatndicated stages by in situ
hybridization. The boxed regions are shown at highagnification in the insets. Scale

bars: 1 mm; 10@um in inset.
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Figure 3-S2. Epicardial cell tracing by1=R"

(A) R26R fluorescence images at indicated stages aftet“ "™ induction by
tamoxifen. B) R26R fluorescence images at E18.5. Nuclei were detewitid DAPI.
Arrows indicate the R26Rpositive cells in heart valves. Tv; tricuspid v&\WMv; mitral
valve, Pv; pulmonary valve, Av; aortic valveC)(Immunostained images for cardiac
troponin T (CTNT) and YFP in the indicated genotypé¢ E15.5. Oral administration of

tamoxifen to pregnant females occurred at E12.&8leSgars: 20Qum in A; 100um in B;

20umin C.
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Figure 3-S3. Early and increased epicardial migreit Nf1""“° hearts

Representative whole-mourtstack images of indicated genotypast1“=<" was

induced by tamoxifen at E10.5, E11.5 or E12.5 azatts isolated after 24 hours. Hearts

were whole-mount-stained fg-catenin to distinguish individual cellg-stack images

were taken starting at epicardial cells (designate@um) using a confocal microscope

(total of nine images of gm optical thickness spanning g depth) in similar regions

of the left ventricle. The orthogonal view was usedetermine if the same cell appeared

in more than two consecutive images, and it wag colinted once in this circumstance.

Boxed areas indicate regions used for quantificafidoOum x 150um) starting at the 4

pm image. Scale bar: 50n.
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Figure 3-S4. Epicardial genes expression of prinegigardial cultures.

(A, B) Embryonic hearts of indicated genotypes wereaisol at E12.5 and cultured for 3
days as described in Material and Methods. Ideatifon of epicardial gene expression
was detected by (A) staining fop-galactosidase activity forTcf21%“ or (B)

immunostaining against GFP fBdgfra®". Nuclear was visualized by DAPI. Scale bars,

100pum.
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B-galactosicase

Figure 3-S5. Th&ata5Cre™ activity in Nf1°°“© hearts.
The Gata5Cre™ activity in the hearts of indicated genotype attBlwas visualized by
detectingB-galactosidase activity. Arrow heads indicate eaddial cusion regions. Ry,

right ventricle; Lv, left ventricle.
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Figure 3-S6. Epicardial expression of R26Bporter.

(A) Schematic representation of temporal restrictbiCre labeling with"Wt1“=R"? py
tamoxifen B) Ventral view of hearts of the indicated genotyps#$1"/™ (Nf1"*:
WELCEERTZ ) - NFLWTKO (NFL™: Wi1© =R pregnant females were induced with
tamoxifen at E10.5, and embryonic hearts were tiedlat E11.5 for R26Rfluorescence

imaging. Higher magnification of boxed regionshewn.
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e (YA

Figure 3-S7Inhibition of EMT phenotypes by Y27632 M1 mutant epicardial cultures

t-catenin

Fluorescence images of primary epicardial cultwkesdicated genotype. Hearts were
isolated and placed in for 3 days with or withdwe presence of Y27632 (1@/ml, Rho-

associated protein kinase inhibitor). Cultures wen fixed and stained for actin stress
fiber (phalloidin) and adherens junctiorss-¢atenin). Nuclei were detected with DAPI.

Scale bar, 5am.
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Figure 3-S8. Regulation of EMT mediated by PDGFHghaling inNfl null epicardium

E, Primary epicardial cell cultures in the presencalmgence of indicated inhibitors were
immunostained foo-catenin to visualize cellular junctions. Nucleireedetected with
DAPI. F, Epicardial cells with disrupted cellular junctiorere counted and normalized to
the number of DAPInuclei. Scale bar, 5Am. n values are indicated in parentheses.

*P<0.0001, *#<0.005, **P<0.01.
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Figure 3-S9. Normal development of heart valvelsfif™©

(A) Hematoxylin and eosin stained images of heartiser at E18.5. Arrow heads
indicate aortic valves (Av). Scale bar, 1 mm. Pulary valve (Pv), tricuspid valve (Tv)
and mitral valve (Mv) are shown. Ry, right venteicLv, left ventricle. Scale bars, 200
pm. (B) Heart to body weight of 1 month old mice of iratied genotype. Tamoxifen was
administrated maternally at E12.5 for cre actividata are represented as mean #nsd.

values are indicated in parentheses.
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Nﬂ ‘L’n’T‘iH.:-!; R26RT

I\.\fl WTI'KO; R26R?

E12.5 — E13.5

Figure 3-S10. R26Repicardial lineage tracing with low-dose tamoxifeduction

Embryos were induced at E12.5 with low-dose tansax{2.5ug per gram-body-weight),
and hearts were isolated and sectioned touf® after 24 hours at E13.5. Three
consecutive sections are shown. Arrows indicate RR2®sitive cells in myocardial
compartment. Dotted lines separate the epicardiom the subepicardium. Scale bars,

50 um.
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Figure 3-S11. Sox9 expressionNfiL**° hearts

A, B, Representative images of heart sections at (®)FAand (B) E13.5 immunostained
for Sox9. Sox9 expression was detected in the epica and beneath the epicardial
layer as well as in the endocardial cushions (aneasls). Boxed regions (a-d) are shown
under higher magnification. Scale bars, 100. C, D, Quantification of Sox9cells in
epicardium and myocardial ventricular wall at (C}255 and (D) E13.5. Values are

shown as means + salvalues are indicated in parentheses.
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Figure 3-S12. Expansion of cardiac fibroblast meskeNf1°“° hearts

A, In situ hybridization at E17.5 f&@ol1al andPdgfra. Scale bar, 50Qim. Right panels
show higher magnifications of boxed regions. S¢ele 100um. B. Quantification of
Collal- or Pdgfra-expressing cells in 20X field of view (FOV). Scdtar, 50um. n

values are indicated in parenthesesP0.01.
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NI, Pdgfra™; NI Pdgfra™; — NfI""; Pdgfra";
Wt 1 ++ Wt 1 CreERT2/+ Wt 1 CreERT2/+

Collal

Col3al

Figure 3-S13. Partial loss of cardiac fibroblagpamsion in Nf1"™° hearts by
inactivation ofPdgfra

Pregnant females were induced with tamoxifen at.E=Hhd embryonic hearts were
isolated at E18.5. Cardiac fibroblasts were detkblg in situ hybridization ofCollal

andCol3al.
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Table 3-1. Recovery dff1; Gata5Cre™ embryos and offspring

Age N Isolate Expectel
E12.t 61Z 15¢€ 15:
E13.t 121 25 30
E14.t 53 1C 13
E15.¢ 85 24 21

E16.5- E18.t 13C 3C 33
PC 26 6* 7

* pups were born but expired within 12 hours




CHAPTER FOUR

NF1 AND CARDIAC FIBROBLASTS FUNCTION IN ADULT HEART S

Introduction

Cardiac hypertrophy is an adaptive process thaturscdn response to
pathological and physiological stress. However, tasued overload can cause
hypertrophic cardiomyopathy that predisposes piiem develop heart failure. During
cardiac hypertrophy, cardiomyocytes undergo compgledctural remodeling including
enlargement of individual cells and rearrangemdnmoscle fibers. Numerous reports
have shown the role of non-muscle cells in botldiear hypertrophy and heart failure.
Cardiac fibroblasts have a pivotal function in duaptive response of hearts to pressure
overload. Collagen-rich ECM is derived from cardifiloroblasts and its excessive
accumulation correlates with impaired heart functiand cardiac failure. Cardiac
fibroblasts interact with cardiomyocytes and affdwtir function (Takeda et al., 2010;
Teekakirikul et al., 2010). Upon stress, they pemlgrowth factors, such as periostin,
endothelin-1 and cardiotrophin-1, which have bed&ows to induce hypertrophic
responses (Harada et al.,, 1997; Kuwahara et af9;1@ka et al., 2007). Cardiac
fibroblasts also affect proliferation of cardiomytes in developing hearts (leda et al.,
2009). However, the role of cardiac fibroblastsimyiiadaptive responses remains unclear.

This chapter summarizes pilot studies on 1) thesiotggical role of EPDCs
during cardiac hypertrophy; 2) the function of Niftld Pdgfa in EPDCs, particularly in

cardiac fibroblasts. It is worth noting that 1) sonesults are preliminary and would need

102



103

further validation with more of animals and repe&sthe genetic backgrounds of the
animals are different and have not been back-ctdosseugh generation to rule out any
effects of strain differences. However, resultscdesd in this chapter will provide
essential data to optimize the mouse models tcstigate the role of Nfl during cardiac
hypertrophy response specifically in cardiac fitlash Nf1""™° mouse model was
initially tested to study the role of EPDCs in respe to pressure overload or
isoproterenol treatment. A mouse model with cardibioblast-specific inactivation of
Nfl was generated using tHef21'°® allele. Finally, mouse models to study specific

functions ofNfl in cardiac fibroblast have been generated andiated.

Material and Methods

Mice

Mice were maintained on a mixed C57/BI6 X 129SVHgaound. The strains used in the
experiment includePDGFRa" (Tallquist et al., 2003)PDGFRS' (Richarte et al., 2007;
Schmahl et al., 2008]cf21'“® (Acharya et al., 2011Nf1 floxed (Nf1") (Zhu et al., 2001),
WSR2 (Zhou et al., 2008) an@ata5Cre™° (Merki et al., 2005). Reporter strains used
in the study includeROSA26R** (Soriano, 1999) oROSA26R“™™° (Madisen et al.,
2010). All animal protocols and experiments werpraped by the UTSW IACUC and
conformed to National Institutes of Health guideBnfor care and use of laboratory
animals. All procedures described in this studyensgproved by the Institutional Animal
Care and Use Committees of UT Southwestern Medegiter and conformed to NIH

guidelines for care and use of laboratory animals.
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Tamoxifen induction

Mice were induced embryonically by oral administmat of tamoxifen (MP
Biomedicals, 02156738) to pregnant females at atdt embryonic stages. For postnatal
induction, intragastric injection was used for thize at P7 or earlier or oral gavage for
older mice. Tamoxifen was dissolved in sunfloweeds®il (Sigma) at 20 mg/ml and

administrated to the final concentration of 0.1 peg gram body weight.

Mouse models of cardiac hypertrophy

Cardiac pressure overload model induced by TAB performed as described
previously (Rockman et al.,, 1991). After anestleatizy intraperitoneal injection of
avertin, mice underwent either a sham operationase subjected to TAC. Isoproterenol
(25 mg/kg/day) or saline were administered usingaig& minipumps (Alzet) implanted
subcutaneously. Mice were sacrificed after threekseafter TAB or 2 weeks after

isoproterenol administration.

Histological analysis

Hearts were isolated in the Krebs buffer (118 mMCN&.7 mM KCI, 2.5 mM
CaCh, 1.2 mM KHPGQ, 1.2 mM MgSQ, 25 mM NaHCQ and 11 mM Glucose) and
fixed in 4% PFA or 10% buffered formalin for 2 dagis4°C and paraffin embedded. For
histological analysis, tissues were sectioned tpn® rehydrated and stained with
hematoxylin and eosin (Sigma), masson’s trichromgarosirius red.

For the measurement of cardiomyocyte cross-set¢tamea, heart sections were

deparaffinized and incubated with fluorescencewgaied wheat germ agglutinin
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(Sigma). Mean cardiomyocyte cross-sectional areadetermined using ImageJ.

BrdU incorporation assay

BrdU (Sigma) was injected into the peritoneum 3sdbagfore harvesting hearts.
Hearts were processed for paraffin embedding. Antgwere retrieved in citrate buffer
(pH 6.0) at 98°C for 15 minutes with temperaturatagled microwave (BioGenex).
BrdU-positive nuclei were visualized by andibodgising followed by DAB (Vector

Labs).

Results and Discussion

Altered cardiac stress response in Nf1*"™° mice

In the previous chapter, we have shown that logdfbfin the epicardium during
heart development leads to an expansion of EPDGEL™® mice. To investigate how
the expansion of EPDCs affected postnatal headtifum we examined the hearts from
Nf1"V"™° mice postnatally. As shown in Figure 4-1, the sifethe hearts ofNf1"™C
animals was comparable to that of controls andignifecant difference was found in the
amount of EMC by Masson trichrome staining. Funtim@ne, no sign of cardiomyocytes

lWTI KO

hypertrophy was detected If animals. These results suggest that the physiology
of the heart was maintained even with excess ERIDErg development.

Under stress conditions, such as cardiac injutyypertension, hearts undergo a
series of homeostatic responses to adapt to thesstfo understand the physiological

role of EPDCs during stress conditions, two cardiaess models were utilized to induce
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cardiac hypertrophy: thoracic aortic banding (TAB)3-adrenergic agonist isoproterenol
treatment. TAB operation increases pressure iptbgimal aorta and commonly used to
induce cardiac hypertrophy (Errami et al., 200&yFet al., 2004; Hill et al., 2000).
Isoproterenol-induced cardiac hypertrophy is whbwacterized model of cardiac
hypertrophy associated with fibrosis and myocariighaemia (Brodde, 1988; Szabo et
al., 1975; Taylor and Tang, 1984).

First, we examined hearts after three weeks of TA8.shown in Figure 4-1,
hearts ofNf1"™° mice show stress responses to a greater extemtctimdrol mice. No
differences were observed in heart size, ECM dépasand cardiomyocyte hypertrophy
between control andif1"™° hearts under sham conditions. However, under ki T
condition, hearts fronNf1""™° animals were enlarged with increased ECM depusitio
and the cellular size of cardiomyocytes was alsoemsed, suggesting thkif1"™<°
hearts were more responsive to induction of cargamyte hypertrophy.

Next, we examined cardiac hypertrophic responseer afteatment with
isoproterenol for two weeks. Saline treatefl"™  hearts were similar to controls in
heart size, ECM deposition, proliferation rate, aaddiomyocyte hypertrophy (Figure 4-
2, Figure 4-3 and Table 4-1). Control mice respdnte isoproterenol as reported
previously, with a significant increase in heartesimore ECM deposition, and increased
proliferation. Cardiomyocyte hypertrophy was alggn#icantly increased compared to
saline treated controls. However, no significafffedences in heart size, ECM deposition
and cardiomyocyte hypertrophy were found\ii1"™*° hearts treated with isoproterenol
compared to saline treated group. These resultgestithat isoproterenol-induced cardiac

leﬁ KO

hypertrophy response is abolishedN animals. Interestingly, itNf1""™° hearts,
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increased proliferation was observed in heartsedeaith isoproterenol (Figure 4-3).

REC mice

Altered cardiac stress response in PDGF
Previously, our lab reported that lossRolgfra or Pdgfrb in epicardium results in
specific loss of cardiac fibroblasts or cVSMCs pexdively. To understand how the loss
of EPDCs affects heart function during cardiac hypehic response, we investigated
the Pdgfra; Pdgfrb; Gata5Cre™° (PDGFR™®) mouse model after the treatment of saline
or isoproterenol for two weeks (Figure 4-4, Tabld)4 As reported previously, no
significant difference in heart size and functioasadetected when treated with saline.
Treatment of isoproterenol induced cardiac hypphyoin control mice as described in
the previous section. However, when treated Wiolj1|)riﬁ;terenol,PDGFREKO mice have
multiple fibrotic lesions in the hearts and alsowECM deposition to a greater extent
than control mice. These results are in sharp ashto the TAB treated mice described
by Christopher Smith (unpublished data) wh&BGFR™° mice had less fibrotic
response compared to control when operated for TARSse results can be explained by
two possibilities. First, cardiac fibroblasts artdrogeneous and have multiple origins
other than epicardium. Robust fibrotic response hinige explained by different
responsiveness of each cardiac fibroblast subptipnga The non-resident cardiac
fibroblasts may contribute to the fibrotic respomsePDGFR™® hearts. Second, non-
fibroblast populations within hearts might be rasgible for matrix deposition in
PDGFR™® hearts. Further studies are needed to investthatdeterogeneity of cardiac
fibroblasts and contribution of resident cardiabrdblasts during cardiac stresses

responses. Interestingly, expansion of Tcf21-limetagged cells was noticed in TAB-
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operated hearts (Caroline Sung, unpublished) stiggebat epicardially-derived cardiac
fibroblasts do expand in response to injury. It Wi interesting to test whether similar

expansion can be observed after isoproterenohtieet

Mouse modelsto study the function of Nfl in cardiac fibroblasts

"™ mouse can be attributed to either

Altered responses to cardiac stres$\i
the expansion of EPDCs or lossNffL in EPDCs. Embryonic phenotypeshiffl-loss can
be ruled out by inactivatintifl durring adult stage. To inactivate Nfl in the adGlre
was activated by oral administration of tamoxif@® (mg/kg/day) in two month old
control and Nf1"™° mice for five consecutive days. After 4 monthsarte were
examined for the cells expressiiRP6R’ reporter gene. As shown in Figure 4-5,
Wt1*RT_|ineage-tagged cells were detected predominantlihé epicardium and also
within the myocardial region. As reported previgusit1“*=<"-lineage-tagged cells were
also detected in most of the glomeruli suggestirag the tamoxifen induction was highly
efficient. We then examined the heart size and E@jbsition of adult-induceldf1V"™°
mouse model. As shown in Figure 4-6 and Table #el significant difference was
detected in heart size between control and additéed Nf1"™° mice. MTC and
picrosirius red staining also showed similar levafiollagen deposition. These results
suggest that the loss Nfl in the Wtl-lineage cells of heart in the adult dat result in
any detectable differences. However, we observédreinces in the numbers and the
types of tagged cells between embryonic inductiod adult induction. Embryonic

induction mostly tagged epicardial cells and EPDEswever, endothelial cells seem

also tagged by adult induction.
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The Nf1Y"™° mouse model that was described in previous sectias expansion
in both cardiac fibroblast and VSMC. To test theasel scenario and understand the
1iCre

specific role of cardiac fibroblasts during cardragertrophic responsécf2 allele

was utilized to generatefl™; Tcf21'“"® mice. By postnatal administration of tamoxifen,
Nfl was specifically inactivated in the cardiac fidagt population but not during
embryonic development. The Cre was activated blyaatministration of tamoxifen (0.2
mg/kg/day) in two month old control atd1™: Tcf21'°"** mice for five consecutive days.
Heart function was measured by echocardiogram ffterweeks later. Hearts were then
isolated to measure the total amount of collagehyaroxyproline assay. No significant
difference in fractional shortening and hydroxyprelwas found between controls and
NFf1"": Tcf21'°"** mice (Figure 4-7). However, we need to verify linel of Nf1 deletion

in cardiac fibroblasts before drawing any defiritenclusions. The results above may

indicate a major role of EPDCs in the cardiac stresponse.



110

A Sham TAB B

25108

Control NfIWTKO  Control ~ NfIWTKO
P ) r‘b-

2.0:40°%

1.5:40%

5.0x<10%

0
Control NfIWTKO Control NfI"TKO

Sham TAB

Fibrosis area (pixels)

20

15 3

HW/TL (mg/mm)

Control NfI"° Control NfI "0
Sham TAB

D NEM Nf1WTiKO E

1.5x10¢

1.040*

Comroi NFIWHED. Control NEIVIRG
Sham

Sham

N -

Cross-sectional area
(pixels)

o

Figure 4-1. Cardiac stress response induced bgymesverload

Control and\f1*™° mice are subjected to sham or TAB operation fodldvay isolation
of hearts after 21 daysA) Representative images of Masson trichrome-stahesft
sections from mice with indicated genotypes. Higigmification images are also shown.
(B) Quantification of fibrosis area in (A). Imagessimilar region in heart left ventricle

were taken and ECM-stained area (blue stainingke wrantified by normalized with
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total tissue area using ImageJ softwafg) Heart weight (HW) to tibia length (TL)
(mg/mm). D) Representative cross-sectional images of hedtt vientricles. Cell
membrane was visualized by incubating tissue sextigth fluorescence-labeled WGA.

Nuclei were visualized by DAPIE) Mean cross-sectional area in (D).
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Figure 4-2. Attenuated fibrotic responseNii*/™° mice

Control and\Nf1""™° mice are subjected to treat saline or isoprotériemd.4 days. A, B)
Representative images of Masson trichrome-stainegt hsections from mice with
indicated genotypes. High-magnification images af@own as insets. C( D)
Representative picrosirius red-stained sections-trmgnification images are shown as

insets. ldentification numbers for individual mi@e shown on the images. See Table 4-1.
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Figure 4-3. Cardiomyocyte hypertrophy and prolifieraafter treatment of isoproterenol
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(A) Confocal fluorescence images of heart sectioms fsaline or isoproterenol treated
mice of indicated genotypes. Sections were stdimethembrane (wheat germ agglutinin)
and nuclei (DAPI). Mean cross-sectional area wasrdened for each condition. 100 to
200 cells were counted from the three non-consexiutiagesri=4). B) Tissue sections
were stained for BrdU using anti-BrdU antibody amwdinter stained with H&E. Mean
BrdU incorporation was calculated by normalizingdBF nuclei over total number of

nuclei among non-cardiomyocyte population.
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Figure 4-4. Fibrotic response BDGFRF hearts after treatment of isoproterenol
Control andPDGFRF® mice are subjected to treat saline or isoprotéréarol4 days.
Representative images of Masson trichrome- (MTC)piorosirius red-stained heart
sections were shown. High- or low-magnification gea are shown as insets.

Identification numbers for individual mice are shoan the images.
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Figure 4-5. Postnatal tracing \ot1“*=""2

Nf1 fl/+’- Wt1CreERT2/+; R26RIaCZ/+

(A) Mice were induced with tamoxifen for 4 days arehtts and kidney were isolated
three weeks later followed by staining fdigalactosidase activity. Whole-mount (upper
panels) or sectioned (lower panels) images are sh@®y Mice of indicated genotypes
were induced with tamoxifen for 5 days and headsawsolated 4 months later followed
by fluorescence imaging for R26Rxpression. Whole-mount (upper panels) or seatione

(lower panels) images are shown.
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Figure 4-6. No sign of fibrotic response of posatigtinducedNf mous heart
Control andNf1"V™° mice are treated with tamoxifen for 5 days. A#temonths, hearts
were isolated, sectioned and stained with picrnasired. Low-magnification images are

shown as insets.
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Two month-old mice were induced with tamoxifen (2f3gabody-weight) for five

consecutive days. After four weeks, mice were sibgeto echocardiogram to measure

(A) fractional shortening followed by (B) hydroxytgine measurment. The amount of

hydroxylproline was normalized to tissue weighy/ng). n values are indicated in

parentheses.
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Table «1. Heart siz: of Nf1"™° or PDGFR™® mice

Figure Sex # Genotype Tamoxifen Treatment BW(g HW(@mg) TL(@mm) HW/BW HW/TL
F 123 NI gy CreERT2 Isoproterenol 24.4 1423 17.1 5.83 8.32
F 126 NP gy CreERTE Tsoproterenol 23.2 137.5 17.0 593 8.09
M 80 N ypp] CreERT Tsoproterenol 335 162.4 17.3 485 9.39
M 81 NfIMT gy CreERT Isoproterenol 319 167.4 17.5 524 9.57
M 128 NP pre] CreERT* Saline 29.4 147.4 17.0 5.01 8.67
M 127 NP ppg] CreERT2* Saline 29.4 136.9 17.2 4.66 7.96
F 84 NI prp] CreERT* Saline 22.6 130.0 17.1 5495 7.60
. F 83 NP ] CreERTE ) Saline 225 1125 17.2 5.00 6.54
EREESrE F 74 N W — Isoproterenol 28.5 172.0 17.6 6.04 9.77
F 75 NFF® wer Isoproterenol 26.1 158.2 17.5 6.07 9.04
M 92 NfF wel™* Tsoproterenol 33.9 181.6 17.8 536 10.20
M 93 NF Wil Isoproterenol 324 171.6 17.3 529 9.92
F 88 NP Wt Saline 25.0 113.7 17.0 455 6.69
F 132 NP et Saline 22.6 108.3 17.5 4.79 6.19
M 73 NP Wl Saline 324 164.2 17.4 5.07 9.44
M 69 NFFR wert Saline 30.4 157.9 17.3 5.19 9.13
M 235  Pdgfra"” Pdgfib™" Gata3Cre™ Tsoproterenol 29.2 220.8 17.0 755 12.99
) F 243 Pdgfra™ Pdgfib™ Gata5Cre'® Isoproterenol 28.7 164.1 17.6 571 9.32
Figuedd b 284 Pagha™ Pdgfb™ GataSCre'® ’ Isoproterenol  25.7 1509 176 5.88 857
F 295 Pdgfra"" Saline 24.0 116.3 17.5 485 6.65
F 431 N wer™* = 22.1 1233 17.8 558 6.93
Figured-6 M 463 NfFE g SremrTe i - 24.5 160.2 18.0 6.54 8.90
F 465 N g ] CreERT* - 20.1 116.6 17.7 5.80 6.59
F 233 NfI'® e OeERTY* = 21.3 116.6 17.2 547 6.78

BW, body weight; HW, heart weight; TL, tibia lenc



CHAPTER FIVE

DISCUSSION

EMT and epicardial fate specification

Clonal analysis of individual epicardial cells (GEme Sung, unpublished)
suggests that Tcf2l-expressing epicardial cells iaitgally multipotent contributing
initially to both cVSMCs and cardiac fibroblastsowkver, Tcf21 becomes restricted to
the cardiac fibroblast lineage at later developrlerdtages suggesting that fate
specification in Tcf21 expressing cells occurs ptiw or at the time of EMT. In the
absence of Tcf21, cardiac fibroblast progenitoi$ tta undergo EMT resulting in a
significant loss of cardiac fibroblasts suggestniineage-specific function for Tcf21 in
epicardial development. It is interesting to ndtattTcf21 expression is also enriched in
adult cardiac fibroblast population suggestingpitssible function in cardiac fibroblast
homeostasis. Due to postnatal lethalityTof21-null animals, a conditional approach is

suggested to study its’ role in the adult hearts.

Tcf21 and Pdgfra in cardiac fibroblast development

A striking similar role for Pdgfx function during epicardial EMT and cardiac
fibroblast development has been reported in thep8mith et al., 2011. Although some
evidence such as reduction of Pdgéxpressing cells ificf21-null heart support genetic
interaction betweeficf21 andPddfra, it is still not clear whether one regulates thieea
Reduction of Pdgfr-expressing cells ificf21-null hearts might be simply explained by

loss of cardiac fibroblast population in the Tcfalitant mice. Again, acf21 conditional

120
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mouse would be useful to address this questioivim v

Although many studies report their function in $egizing ECM and wound
healing, fewer focus on their developmental progerd cellular origin, especially for
the cardiac fibroblasts. One of the difficultieshe absence of well-defined markers. The
body of work described in the Chapter 2 establisheproducible methods for the
detection of embryonic and postnatal cardiac fitasis, and also revealed the utility of
Tcf21'°® and Pdgfra as a tool and a marker gene for its detection.cipeand
reproducible methods for the cardiac fibroblased&on will allow us to mine new genes
that are involved in the developmental process, alad make it possible to study its

function during the pathological process of he&tdse.

Nflin epicardial EMT

In the paper Baek and Tallquist, 2012, we have rtedothat loss oNfl in
epicardial cells results in earlier and increas®iTEhat leads to expansion of cardiac
fibroblasts and cVSMCs. Although the long-term efffef Nfl-loss and EPDC expansion
during normal physiology has not been addresseatktail, no significant difference in

heart function was detected hf1""<°

mice. This can be, in part, explained by the
molecular function of Nfl, as a negative regulatbRas. Simple assumption is that the
absence of Nfl might have no effect unless the iRastivated. ThusNf1V™© hearts
will more likely respond differently under conditis where Ras is activated. Interestingly,
EPDC-expansion by the loss of Nfl also did notaffeeart size and function.

It has not been addressed whetkfr mutant epicardial cells undergo EMT even

after the normal window of EMT, in part, due to thmitations of the current reagents. It
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will be interesting to test wheter In the absentéNfi, the process of EMT occurred
earlier with an increase in epicardial cells emgthe compact myocardiumt1< " js
expressed in both epicardial cells and a subpdpualatf undifferentiated EPDCs. Thus,
it is impossible to distinguish the cells that naigr before tamoxifen induction and
expressingM1 from the cells that had newly migrated that had Nf. An inducible
Cre that is only expressed in epicardial cells eaféer E15.5 will allow us to address the
question properly. For this purpose, the generatibm TrkB-CreERT2™ mouse line,
where TrkB is only expressed in the epicardium watiesmpted, however, no founders

showed consistent and efficient labeling of epicard

In summary, the work presented here reveals keyiatwed of epicardial EMT,
Nfl, Pdgfra and Tcf21, and their functions in EPDCs formation especiatiycardiac
fibroblasts. Assuming the significance of cardigcdblasts during heart pathogenesis, a
better understanding of its developmental procdéssanld certainly contribute to the
improvement of therapies of injured hearts and pttential utility for cardiac

regeneration.
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