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INTRODUCTION

Congenital Heart Defects

A normal heart is comprised of arteries, veins, valves, and chambers that work
together to circulate blood throughout the body. Abnormalities in any part of the
chambers (atria or ventricle), major vessels, or valves can change the normal flow of
blood through the heart and body sometimes resulting in life threatening conditions if left
untreated. Congenital heart defects (CHD) describe a number of structural and functional
heart abnormalities in various portions of the heart that are present at birth. CHD are the
most common type of birth defect affecting eight out of every 1,000 newborns ** "2,
causing more deaths in the first year of life than any other birth defect. Interestingly, 10%
of stillborn infants display heart abnormalities and 20% of miscarriages are directly
related to the insufficient cardiac function of the embryo " ™. Although advances in
biomedical research in conjunction with surgical and medical treatment of children born
with CHD’s have led to an increase in adult survivorship, it is still important to
understand the mechanisms and molecular pathways that control heart development.

A subset of CHD consists of anatomical defects. These abnormalities range from
simple defects with no symptoms to the more complex characterized by severe, life-
threatening symptoms. The most common anatomical CHD’s are muscle abnormalities,
defects between the walls of the atria and ventricles (septal), and valvular defects. An
example of a muscular defect is a critical and rare CHD known as hypoplastic left heart

syndrome. This condition is characterized by the absence of a functional left ventricle. In

a normal heart, the left ventricle propels oxygenated blood from the heart through the



aorta controlling systemic circulation. In contrast, the right ventricle is responsible for
pulmonary circulation therefore its level of pressure is considerably lower than that of the
left ventricle. In hypoplastic left heart syndrome, the right ventricle has to compensate for
the absence of the left ventricle. The right ventricle is not equipped to perform the task of
the left ventricle to supply blood to the systemic circulation. Consequently, hearts of
children born with this type of defect are unable to supply an efficient amount of
oxygenated blood to the body 24,

During heart development, endocardial cushions form in the atrioventricular (AV)
canal, which will give rise to mature valves and septa in the heart. These endocardial
cushions are responsible for separating the central parts of the heart near the tricuspid and
mitral valves (which separate the atria from the ventricle). It is important to note that AV
canal defects, or endocardial cushion defects, occur in 7.3% of all congenital heart
malformations and approximately 4 per 10,000 live births *.

Normal mature valves consist of leaflets that open and close with each heartbeat
ensuring that blood flows unidirectional through the heart’s four chambers. There are
three basic anatomical valvular defects: stenosis, atresia, and regurgitation % !,
Stenosis is the thickening of the valve leaflets causing them not to fully open. Because of
this valvular stiffening, not enough blood flows through the valve. Valve atresia is the
complete closure of the valve resulting in an obstruction of blood flow. Babies born with
valve atresia usually have a shunt implanted in order to correct the flow of blood. Lastly,

regurgitation refers to a valve that does not close properly. These “leaky” valves allow

blood to seep backwards into chambers causing a sub-maximal amount of blood moving



throughout the heart and arteries, which in turn, forces the heart to work harder and
affects its ability to pump blood.

The underlying cause of many congenital heart defects is largely unknown;
However, there are data suggesting a genetic basis of CHD’s, especially valvular defects.
For example, approximately 50-60% of children born with Down Syndrome also have an
AV defect ®. In order to identify new therapeutic targets for treating, detecting, or
repairing valvular defects it is necessary to have a detailed or extensive understanding of
the early genetic signaling events that regulate and guide cardiac valve formation. My
thesis research focuses on determining molecular pathways required for early valve

formation.



Early Heart Development and Valvulogenesis

A developing heart is the first organ to start functioning in a developing embryo.
Proper embryonic assembly of specific cells and tissue interactions are required for
correct formation and maturation of a vertebrate heart. In proper valve development the
molecular cues that orchestrate cell transformation, migration and extracellular matrix
composition, and physical cues are derived from the myocardium % ** 18 Unlike any
other organ system in the embryo, the cardiovascular system requires synchronal function
and formation from molecular and physical cues for the embryo to survive *.

Figure 1 depicts a brief depiction of the general process in early heart
development. Inductive signals from the primitive heart streak commit primordial cells to
form the precardiogenic mesoderm (Figure 1A). A section of mesoderm migrates to
either side of the Henson’s node to form the heart fields at initial stages of heart
development (Figure 1B) *. The heart primordia fuses on each side of the midline of the
embryo and forms an incomplete heart tube consisting of two concentric epithelial
layers(Figure 1C), the endocardium and myocardium (Figure 1D) “. These layers are
separated by an expanded extracellular matrix known as cardiac jelly (CJ) **°. Ninety-five
percent of the extracellular matrix in the cushions is derived from the myocardium .
Myocardium secreted glycoaminoglycans, chrondroitin sulfate and hyaluronan promote
swelling in the acellular space which aids in the formation of the cardiac cushions of the
atrioventricular canal and outflow tract (OFT) **2* 133 The heart tube eventually forms
indentations separating differentiating populations of cells and visible contractions within
the tube. Distinct morphological regions within the heart tube include the atria, ventricle,

and outflow tract **2. The valve-forming region of the heart develops from mesenchymal



outgrowths, which arise in the extracellular matrix between the inner epithelium of the
primitive heart tube and the outer myocardium. Valve formation is initiated when a
subset of endocardial cells in the atrioventricular cushion (AVC) change shape and
invade the cardiac jelly in a process termed epithelial to mesenchymal transformation or
EMT (Figure 1D-F). This process is also initiated a few hours later in the OFT. The
cushion mesenchyme originates from the endocardial cell layer by EMT * and is initiated
by Bone Morphogenic Proteins (BMPs) emanating from the myocardial cell layer **°.
Common transcription factors that have been identified to be integral for cushion
formation include Twistl 0% 198198 Thyx20 2193 50x9 * M1 and NFATc1 *. Twistl and
Thx20 promote an undifferentiated mesenchymal phenotype in cells transforming from

the epithelial stage '®®

. BMP induces Sox9 activity, which is required for proper
expression of the proteoglycans that characteristically make up the spongiosa layer of
developing valves and the loss of Sox9 results in valvular defects at birth as well as later
in life "o 1,
As endocardial cushions continue to expand these regions form the AV and
conotruncal segments of the heart tube. The mesenchymal cells in these regions later
contribute to the mature valves as well as the membranous septa (atrial and ventricular)
of the heart during valvulogenesis **°. Because of their key location, abnormalities in
endocardial cushion formation contribute to various cardiac malformations including
atria and ventricular septal defects and defects involving the great vessels.

As development continues, the heart tube begins to loop and bulges, representing

the incipient ventricular and atrial chambers, appear on the outer surface of the loop.

These compartments become more distinguishable as the heart tube continues to loop and



can be identified as primitive heart chambers; the left (LV) and right (RV) ventricle,

atrioventricular (AV) canal, sinoatrial (SA) segment and conal (C) segment **

(Figure
1E). Clonal expansions of myocardial cells in the lumen of the ventricle begin to project
into the lumen in a process called trabeculation . At the same time, there is a
development of large intercellular spaces between myocyte coupled with a decrease in
cardiac jelly in the ventricular segment ”’. The result of cardiac looping is an S-shaped
heart tube in which the originally caudal inflow part of the heart (atrium segment) is now
at a position dorsal to the outflow tract (Figure 1E). The outflow track leads directly into
the aortic sac, which eventually matures into the aortic arch system %. As the common
ventricle begins to divide into left and right chambers, the outflow tract retains its tubular
appearance and the conus arteriosus segment connects it to the ventricle %. Septation of
the OFT is a complex process involving coordination of heart tube morphogenesis, EMT,
myocyte programmed cell death, and an in-growth of neural crest cells 3 1%.

The AVC of the heart matures to form the mitral and tricuspid valves separating
atrium from ventricles on the left and right side of the heart respectively. Separation
prevents a reverse flow of blood from the ventricle to the atrium during systole.
Transformed mesenchymal cells within endocardial cushion participate in and undergo
valvular cusp morphogenesis, which is characterized by a detailed process involving
cellular elongation and programmed cell death *”. Cell density in the cusp varies during
development and is associated with an increase in cell proliferation to apoptosis ratio **.
In addition to changes in cellular density, there is an altered hemodynamic load

accompanied by ECM stratification and somatic growth during early growth and

maturation of the developing heart ***. As the aortic and pulmonary semilunar valves



begin to form, they are primarily composed of proteoglycan and lack any distinguishable
layers *. As these valves mature, cellular proliferation and the semilunar valves evolve
into a trilaminar leaflet consisting of three layers; fibrosa, ventricularis, and spongiosia*®.
The hemodynamic load increases as the embryo matures, resulting in an increase in
collagen and elastic fiber content and the collagen becomes more aligned and less
disorganized ®. As development progresses, the aortic pulmonary septum, outflow
septum, interventricular septum, AV septum, and primary atrial septum come into

alignment with each other, resulting in the completion of the four-chambered heart *.



Figure 1. Early Heart Development.
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Figure 1. Early heart development. Diagram of early stages in
the formation of the heart fields and the heart tube in chicken
embryos. A-B. Cells committed to a heart cell lineage migrate
from the primitive streak during stages 2-3 (A) to either side of the
Henson’s Node to form to cohorts of precardiac mesodermal cells
of heart fields. B. During stages 4-6, the Right Heart Field (RHF)
becomes dominant to the Left Heart Field (LHF). C. Depiction of
the cardiogenic mesoderm. The primary heart field is depicted to
show the cells types that will arise from various regions as follows:
A- atria, V- Ventricle, CT- conotruncus. The green line represents
the secondary heart field. D. At Hamburger-Hamilton (HH) stage
10, inductive signals allow for the formation of the primitive heart
tube. There is a visible outer myocardial cell layer (Myo) and a
luminal endocardial cell layer (Endo) separated by an extracellular
matrix layer called the cardiac jelly (CJ). The outflow tract (OFT)
region is visible as well as the inflow region of the sinus arteriosus
(SA). E. At HH stage 12, the heart tube generates a constricted
right-sided bend where primitive chambers can be distinguished.
The Atrioventricular cushion (AVC), right ventricle (RV), left
ventricle (LV) and conus (C) become evident. F. By HH stage 14,
continued looping of the heart brings the atrium in close proximity
to the outflow track. The heart tube consists of a common atria,
ventricle, AV canal and OFT. Secretion of ECM from the
myocardium displaces the endocardium creating endocardial
cushions of the AVC and OFT. G. At HH stage 16, inductive
signals begin to secrete from the myocardium causing a subset of
cells in the endocardium of the valve forming regions of the
change shape and invade the -cardiac jelly and undergo
mesenchymal transformation in a process termed EMT. H. By
stage 18, epithelial cells in both the AVC and OFT cushion are



undergoing EMT to create mesenchymal cells that migrate into the

endocardial cushions.
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Endocardial Epithelial to Mesenchymal Transformation

Endocardial EMT is a critical step in valvular development characterized a
subpopulation of cells from the inner endocardial cell layer transforming into invading
mesenchymal cells that contribute to the tissues of the valves and septa of the adult
heart'®* 2% Specifically, EMT is an orchestrated process in consisting of cell-cell
separation, hypertrophy, extension of filopodia, cytoskeletal rearrangement, reorientation
of the Golgi, a flux of intracellular calcium and increased cellular mobility % 9 12> 154,
Epithelial cells are polarized cells displaying keratin filaments that intimately interact
with each other through membrane-associated specialized junctions such as adherens

junctions, cytokeratins, and desmosomes ¢

as well as intercellular tight junction
components occludin and claudins *®. Induction of EMT results in epithelial cells losing
these specialized junctions and acquiring mesenchymal characteristics and markers.
Phenotypically, mesenchymal transformed cells have a “flattened” appearance compared
to the cuboidal shape of epithelial cells.

Scientists have traditionally used two experimental approaches to study early
valve formation: the explanted cushion culture collagen gel system (Figure 2) and single
gene disruption studies in mice. Both techniques have contributed greatly to promoting
our understanding the molecular and cellular regulation of the beginning stages of valve
formation. In mice, initial cardiovascular development occurs between embryonic day (E)
8 and 14, which corresponds approximately to gestational days 20-56 in humans *.

Cardiovascular development in chicken (Gallus gallus) parallels mice and humans

between Hamburger-Hamilton (HH) stage 7 (24 hours) and stage 14 (53 hours).
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EMT of the AVC is studied extensively in avian systems using the in vitro
collagen gel assay. Here, the AVC is excised from the growing heart tube between 53hr
and 72hr in ovo, which is followed by the opening of the tube to expose the inner surface.
The explant is place endothelial side down on Type | rat-tail collagen gels with the
endocardial surface in direct contact with the gel (Figure 2) " **°. The explanted
myocardium compacts and beats on the surface of the collagen gel while simultaneously
forming an outgrowth of endocardial cells on the surface as well. The myocardium is
capable of beating for several days in culture. If left undisturbed, a subset of epithelial
cells undergo a tightly regulated process of EMT and migrate several microns into the
collagen gel. Using this assay, transformation can be divided into three steps based on
cell morphology and position inside the gel. Epithelial cells lose their tight junction,
down regulate the expression of E-cadherin and separate from the epithelial sheet and
elongate (on the surface of the gel) in a step termed activation. Next, these elongated,
activated mesenchymal cells migrate into the collagen gel in a step termed invasion.
Lastly, these invaded mesenchymal cells travel through the gel in a migration step.
Therefore, these three steps — activation, invasion and migration — constitute EMT
(Figure 2). EMT is quantified by measuring mesenchyme production, which consists of
counting the number of transformed cells that enter the gel.

Explants can be removed from precise regions of the heart tube to determine if
molecules are required, sufficient, or both for EMT. Requirement in this context is
defined as an exogenous molecule that is essential for EMT. Whereas sufficiency is a
molecule or inhibitor that elicits an effect, stimulates EMT, in the absence of the addition

of other factors. Endocardial cells in ventricular explants do not normally undergo EMT
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(non-transforming) in the collagen gel assay and can be used to determine if the addition
of certain molecules is sufficient to induce EMT. On the other hand, we can use normally
transforming endocardial cells of the AVC to formally address if the addition (or loss) of
a molecule, inductive signal, or interaction are required for EMT. This ability to score for
gain-of-function (sufficiency) and loss-of-function (requirement) of candidate molecules
provides a powerful system in which to assay for molecules that regulate EMT. In
addition, the time course of this in vitro cushion explant interaction mimics the onset of
EMT as it occurs in vivo 3. Thus, the three-dimensional collagen gel culture assay is an
attractive model for analyzing the molecular and cellular mechanisms involved in the

control of EMT.
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Figure 2. In Vitro Collagen Gel Explant Assay
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Figure 2. In vitro collagen gel explant assay. AV explants are
excised from HH stage 14 hearts and placed endocardial side down
on rat-tail collagen | gel. After 12hrs of incubation, endothelial
cells can be seen migrating onto the surface of the collagen gel. By
24 hrs, activation is observed as endothelial cells on the gel surface
characterized by cell hypertrophy and loss of cell-cell contact. By
48 hrs, activated cells have begun undergoing transformation into
mesenchymal cells that migrate into the collagen | gel matrix.
(From Birth Defects Res C Embryo Today. 2003 Feb;69(1):58-72.)
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Growth factor signaling in endocardial cell transformation

Common transcription factors that have been identified to be integral for cushion
formation include Twistl 1%% 168193 Thx20 1193 5ox9 3 M NFATc1 *°, Slug/Snail **¢,
Msx1 and Msx2 2. Twistl and Tbx20 promote an undifferentiated mesenchymal
phenotype in cells transforming from the epithelial stage.*® The growth factor BMP2
induces Sox9 activity in mesenchymal cells, but not endothelial cells, of endocardial

cushions 3

Induction of Sox9 activity is required for proper expression of
proteoglycans that characteristically make up the spongiosa layer of developing valves ***
and also for expression of ErbB3 3, which is needed for proliferation and differentiation
of endocardial cushions. Mice with germline inactivation of Sox9 die by E12.5 and
display hypoplastic endocardial cushions that fail to complete EMT suggesting a role for
Sox9 during initial stages of valvulogenesis °.

A second important family transcription factor induced by BMP-signaling during
heart development is the Snail family, Snail (Snail) and Slug (Snai2). Each gene encodes
zinc finger—containing transcriptional repressors that trigger EMT during embryonic
development and tumor progression, in part by regulating expression of junction proteins
such as E-cadherin **°. The expression of Snail is required for proper valve development
since conditional deletion of Snail at E8 results in lethality by E9.5, at prior to the
initiation of cardiac cushion EMT, partially due to severe cardiovascular defects **”. Slug

is expressed in the cardiac cushions at E13.5 % %

, in endothelial cells and the
mesenchyme of the AVC and OFT from the onset of EMT at E9.5 and is essential for

initiating EMT %
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Msx1 and Msx2 are closely related transcription factors with well-documented
roles as both downstream effectors and upstream regulators of BMP signaling™® % .
Both are shown to function redundantly in multiple tissues and organs during vertebrate

development, including the heart %% &

where they regulate expression of genes required
for AVC morphogenesis 2. Mice lacking both copies of Msxlor Msx2 develop outflow
tract defects including double outlet right ventricle (DORV) and pulmonary atresia or

stenosis? 8!

associated with excessive proliferation of cardiac neural crest, endothelial
and myocardial cells in the mutant OFT between E10 and E11 %.

Use of the in vitro collagen gel assay has aided in establishing the role of
Transforming Growth Factor B (TGFf) superfamily members in the process of regulating
EMT **° and playing pivotal roles in the control of differentiation, proliferation, and state
of activation of many different cell types. TGF’s, activins, BMP’s, Vg-related proteins

126

and growth differentiation factors (GDFs) ~ are structurally related cytokines that make

up the larger TGFp superfamily.

134, 170

TGF is shown to function in growth stimulation * and inhibition , cell

49. 68, 148 "anoptosis > %, and receptor production .

differentiation >, ECM stimulation
There are three TGFP ligands, -1, B2, and B3. TGFB2 and B3 have distinctly different
expression patterns during EMT in the developing heart ® . TGFp2 is present in both
endothelium and myocardium before and after EMT whereas TGFp3 is only present in
the myocardium before EMT and in the in the endothelium at the initiation of EMT *°.
Signaling by TGFP superfamily members is essential for endocardial cell EMT in

the AVC. There are three types of TGFP receptors identified, Type I, 1I, and Ill. The

Type I TGFp receptor is also known as TGFBR1 or ALKS5 (Activin-like receptor kinase
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5). The Type Il receptor is commonly referred to as TGFBR2. Type | and Il receptors are
single transmembrane spanning domain pass glycoproteins that contain a serine/threonine
kinase domain in their cytoplasmic region *?’. Type III TGFB receptor, TGEBR3, is a
proteoglycan that is also known as betaglycan **. TGFBR3 is composed of 120 kDa core
protein and glycoaminoglycan side chains with heparan sulfate and condroitin sulfate *°’.

Canonical TGF signaling consists of the Type Il receptor binding to TGFB1 or
TGFB3 with high affinity ** *> *. Ligand binding subsequently results in TGFBRII
phosphorylating TGFBRI leading to activation of TGFBRI kinase activity 2. Smad
phosphorylation by the activated TGFP receptor complex is a pivotal event in the
initiation of TGFp signal transduction °. The name “Smad” originates from a fusion
between Drosophila mothers against dpp (Mad) and C. elegans Sma ¥’

Functionally, Smads fall into three subfamilies - receptor-activated (R-Smads),
common mediator (Co-Smad), and inhibitory (I-Smad). The activated R-Smads recruit
and form a heteromeric complex with the common mediator Smad, and together, the
Smad complex translocates into the nucleus. Once in the nucleus, the Smad complex can
bind DNA directly or indirectly through other DNA interacting proteins and alter gene
transcription (Figure 3) ® 3 ® The R-Smads includes Smad1, Smad2, Smad3, Smads,
and Smad8, all of which are phosphorylated thus activated Type | TGFp receptors.
Smad4 is the only common mediator Smad (Co-Smad). It oligomerizes with the activated

R-Smads and mediates their translocation to the nucleus 2

. Lastly, there are two
inhibitory Smads (1-Smads), Smad6 and Smad7. The inhibitory Smads exert a negative
feedback effect by competing with R-Smads for receptor interaction and by marking the

receptors for degradation 3* ° . R- and Co-Smads share two conserved domains at the
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terminal ends termed MAD Homology (MH)1 and MH2 domains °. Smads also share
conserved B-hairpin, PY, Helix1 and loop3 motifs that are needed for interacting with
DNA or DNA-binding proteins ® *?. The L3 loop within the MH2 domain of R-Smads
determine the interaction specificity with Type I receptors ***. In addition, the I-Smads
interact with Type | receptors through their conserved MH2 domains 7,

Seven identified activin receptor-like kinase receptors (ALK) associate with
TGFB, activin, nodal or BMP ligands. Specifically, ALKS (TGFBR1) and ALKI are
associated with TGBp. Additionally, ALK1 has the ability to bind BMP ligands as well
120. 183 There are three BMP-associated ALK’s: ALK2 (Actl), ALK3 (BMPRIA), and
ALK6 (BMPRIB). The BMP-associated ALKSs signal downstream to Smadl, 5 and 7.
ALK4 (ActRIB) and ALK7 do not bind TGFp nor BMP but rather bind Activin and
Nodal leading to activation of Smad2/3 ****_ In addition to Type I receptors, BMPs also
signal through Type Il (BMPRII, ActRIl, and ActRIIB) cell surface receptors %,
Signaling commences after a BMP ligand binds a Type | receptor. In response to ligand
binding, the Type Il receptor is recruited to the Type I receptor where is phosphorylates
Type I triggering activation of it’s the receptor kinase domain. The Type | receptor can
now phosphorylate downstream effectors (Smad 1, -5, and -8; Figure 3).

The TGFp Type | receptor, ALKS5, mediates several TGF induced responses by
associating with the Type II TGFpB receptor (TGFBR2) leading to the activation of

downstream effectors, Smad 2 and Smad 3 % !

. Lai and colleagues originally
demonstrated that ALK2 and ALKS5 are expressed in AVC endocardial cells and unlike
ALKS5, ALK2 is sufficient to induce EMT and is expressed in endocardial cells of both

the OFT, Ventricle and AVC ** *® but not atria.
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Recently, missense mutations in ALK2 were identified in individuals with
atrioventricular septal defects (AVSD) supporting ALK2 involvement in EMT ", This
finding is supported by studies targeting deletion of ALK2 in the endocardium, which
resulted in smaller endocardial cushions at E10 and ventricular septal defect and impaired
AV septum and cushion formation at E14.5 .

Runyan and colleagues later showed that ALK5 was directly involved in EMT
and interacted with both TGFB activation and invasion pathways ‘%, Loss of ALK5
kinase activity leads to a reduction in mesenchymal cell formation and loss of EMT
marker expression and targeted deletion of ALK5 in the endocardium results in
embryonic lethality before E14.5 with cardiovascular phenotypes consisting of
hypoplastic endocardial cushions ™. Deletion of ALKS5 in the epicardium leads to then

disruption of myocardial vessels and muscularization of coronary arteries *'*.
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Figure 3. TGFp and BMP signaling in Endocardial EMT
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Figure 3. TGFpB and BMP signaling in Endocardial EMT.
TGEFp ligand binds to the TGFpB Type Il receptor and the ALK5
Type | receptor triggering a response along the Smad2/3 route.
Within the TGFB path, TGFBR3 (Betaglycan) modulates the
sensitivity to the ligand isoforms. BMP ligands interact with the
Type | receptors (ALK2/3/6) and the Type Il BMP receptor
(BMPR2) mediates phosphorylation of Smadl/5. Dimers of
activated Smad proteins interact with the co-Smad, Smad4. The
Smad complex translocates into the nucleus and activates the
transcription of target genes. In the cytoplasm, inhibitory Smads,
Smad7 and Smadé6 are able to prevent the activation of Smad2/3 or
the Smad1/5/4 interaction to occur. (Modified from B.P.T Kruithof
et al. Differentiation 84 (2012)89-102.)
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For the activation of the BMP pathway, Type | receptors, ALK1, ALK2, ALK3 or
ALKG®, forms a complex with the Type Il receptors. Among the BMP Type | receptors,
ALK3 and ALKS6 share structural homology "®. Studies using a Cre/lox system to target
the deletion of a floxed ALK3 found critical roles for ALK3 signaling in AV
myocardium during valve development. Defects are more severe when ALK3 is loss
completely which results in embryonic lethality due to defects in epiblast proliferation
and gastrulation *" 3!, Conversely, ALK6 null mice are viable, but have defects in the
formation of distal phalanges suggesting that BMP signaling is required for proper
chondrocyte proliferation, survival and differentiation 2**.

The Type III Transforming Growth Factor 3 Receptor (TGFBR3 or betaglycan) is
a 954 amino acid (aa), single transmembrane spanning receptor. The cytoplastic domain
consists of 43 amino acids with no known enzymatic activity * 2> % Unlike Type |
and Type Il TGFp receptors, TGFBR3 can bind all three TGFp ligands % *°°. Of the three
TGE receptors, TGFBR3 is the only one capable of high affinity binding to TGFp2 * 1"
161 " Additionally, TGFBR3 is the most abundantly expressed receptor of the three and it is
classically thought to function by presenting TGFp superfamily ligands to their respective
signaling receptors **". Upon binding TGEB2, TGFBR3 presents ligand to TGFPR2 which
then recruits and phosphorylates the kinase domain of TGFBR1 and canonical signaling
proceeds (Figure 3). TGFBR3 is also capable of interacting with BMP receptors,
specifically ALK2/3/6 ®. Upon binding BMP2, TGFBR3 presents ligand to ALK2 and
BMP-mediated signaling proceeds. In addition to interacting with ALK2, TGFBR3
associates with ALK6 through the scaffolding protein, p-arrestin2 (B-Arr2), however,

ALK3 competes with B-Arr2 to associate with TGFBR3 .
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Studies from our laboratory demonstrated that TGFBR3 is required for EMT in
vitro * and the role of TGFBR3 in EMT became an area of interest. Mice lacking both
copies of Tgfpr3 display OFT and AVC defects, and die at E14.5 due to reduced
epicardial cell invasion and failed coronary vessel development *. Additionally, the
Blobe group found that TGFBR3 regulated actin cytoskeleton rearrangement through
constitutive activation of Cdc42 and suppressed cell migration in epithelial cells
independent of ALK5 TGFBR2 **. This same study also found TGEBR3 is capable of
regulating the actin cytoskeleton and cell migration through interaction with the
scaffolding protein, f—arrestin (B-Arr) %%,

An important property of all TGFB receptors is that they are constitutively
internalized and that endocytosis is not only simply a way to dampen the signaling
response to ligands but it is also required to propagate signaling via the Smad pathway
1% Traditionally, B-arr bind to seven transmembrane spanning (7TMS) receptors and
mediate their internalization > ', Specifically, B-Arr binds 7TMS receptors after G
protein-coupled receptor kinases (GRKSs) phosphorylate the receptor **°. B-Arr2 and
TGFBR3 were co-expressed in HEK 293 cells and subcellular localization and receptor
density assays were conducted in order to determine if B-Arr has a role in regulating
receptor signaling %°. In addition to mediating receptor endocytosis, p-Arr was found to
uncouple the receptors from the G proteins and functionally link the receptors to other
signaling pathways (i.e. MAPK pathway) ®°. When TGFBR3 is expressed alone, it is
primarily localized to the plasma membrane. However, when co-expressed with B-Arr2,

nearly complete internalization of TGFPR3 is observed *° indicating that B-Arr2 is

responsible for TGFBR3 internalization.
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In order to identify the signaling components, and interaction of B-Arr2 and
TGFBR3, various structural mutants were generated. TGFBR3 lacking the 43 amino acid
cytoplasmic domain resulted in slower receptor internalization. Although the cytoplasmic
domain has no known enzymatic activity, this finding indicated that the cytoplasmic
domain was essential for receptor internalization and recycling **. Attention was given to
the last 10 residues of the cytoplasmic domain which are serine-threonine rich and
resemble the B-Arr interacting domain of the 7TMS receptors . Further mutational
analysis determined the residue 841was the specific threonine responsible for direct
interaction with B-Arr2 °. Interesting, p-Arr2 does not associate with TGFBR2 nor
promotes its internalization. However, TGFBR2 was shown to co-internalize with
TGFBR3 and B-Arr2 into intracellular vesicles . It is suggested that TGFPR2
phosphorylates threonine 841 on TGFPR3 resulting in recruitment of B-Arr2 2. Loss of
B-Arr2 enhances TGFp signaling; therefore, B-Arr2 has a role in down-regulating TGFf3
signaling. Since TGFBR3 expressing an alanine instead of a threonine at residue 841
(TGFBR3-T841A) cannot associate with B-Arr2, it was hypothesized that TGFp signaling
is not down regulated during TGFBR3-T841A mediated signaling. Consistent with this
hypothesis were studies from our laboratory that showed TGFBR3-T841A displays ligand
independent activity when overexpressed in ventricular endothelial cells which do not
endogenously express TGFBR3 (Townsend, unpublished). Cells in the ventricle do not
normally undergo EMT during the initial stages of valve development; whereas,
endothelial cell of the AVC and OFT do undergo EMT (Figure 4). We found that
overexpressing wild type receptor in the ventricle in the presence of its ligand, TGFf2,

results in EMT indicating that endocardial EMT is dependent on TGFBR3 *°. Similarly,
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when TGFBR3-T841A is overexpressed in ventricular cells, in the absence of ligand
(TGFB2), EMT is observed at a level similar to that seen with the wild type TGFBR3
(Townsend, unpublished). In the following studies, | take advantage of this constitutively
active receptor to study canonical and non-canonical downstream effectors required for

endocardial cell EMT in the AVC.
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NF-kB and Endocardial EMT

Several studies have shown that Nuclear factor kappa-light chain enhancer of
Activated B-cells (NF-xB) transcription factor family regulates many processes in the
cardiovascular system and is involved in cardiovascular diseases such as atherosclerosis,
myocardial infarction, reperfusion injury, ischaemic preconditioning, hypertrophy and

heart failure €8

Recently, the NF-xB family of structurally conserved dimeric
transcription factors has emerged as a central mediator of EMT "°. Unique to the NF-«kB
family is the presence of an N-terminal 300 amino acid region referred to as the Rel
homology domain (RHD). The RHD is required for mediating dimerization, nuclear
localization, DNA binding and docking with inhibitory IkB proteins * The RHD is
essential for mediating dimerization, nuclear localization, DNA binding, and docking
with inhibitory IkB proteins . Mammalian family members include RelA(p65), RelB, c-
Rel, p50 (NF-xB1) and p52 (NF-kB2), there are 2 homologs, Dif and Dorsal identified in
Drosophila " ¥

In non-stimulated cells, NF-xB dimers reside in the cytoplasm in its inactive form.
IxB proteins bind the RHD domain and sequester the nuclear localization signal.
Activation of NF-kB is preceded by activation of an IkB kinase (IKK) complex that in
turn phosphorylates IkB. IkB phosphorylation is followed by ubiquitination and

41, 208

subsequently, its degradation . Proteolytic processing removes the IkB proteins

enabling NF-kB dimers to translocate into the nucleus in their active form ®%.
After transport into the nucleus, NF-kB members bind DNA target sites as hetero-

or homo-dimers and control genes encoding proteins involved in cell growth (Cyclin D1,

c-Myc) % ¢ adhesion (VCAM, ICAM) ™ cell survival (Bcl-2) ** 8 and immune
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responses (1L-2/6/8) " ** 1% in cancer cells. Additionally, NF-kB also targets genes
implicated in cardiovascular development including inflammatory regulators such as
TNFa, cell adhesion molecules E-cadherin and P-selectin, metalloproteinases (MMP)-
1/3/9, and growth factors such as VEGF *®. Multiple lines of evidence suggest that many
genes involved in EMT such as epithelial markers, Snail, ZEB1/2 and Twist are regulated
directly and indirectly by NF-«xB during embryonic development.

A mainstay of EMT is the loss of E-cadherin expression in epithelial cells and
Snail has shown to be a direct repressor of E-cadherin synthesis. Studies using Snail-
deficient mice have shown that mice die at gastrulation due in part to persistent E-
cadherin expression %%, Snail is regulated at multiple levels, and studies in Drosophila
showed that Snail transcription is directly activated by the NF-kB homologue, Dorsal *.
In mammary epithelial cells, NF-kB was identified to be the upstream regulator of Snail
expression during EMT ®. NF-kB activation is also known to be associated with the
induction of ZEB1 and ZEB2/SIP1 expression in non-tumorigenic mammary epithelial
cells (MCF-10A cells) 3. Furthermore, ZEB1 and ZEB2 expression is induced when
these cells were chronically exposed to NF-kB inducer, tumor necrosis factor alpha
(TNFa) *'. Lastly, Twist (twist1) is an evolutionary conserved NF-kB target gene, which
is upregulated by NF-xB through TNF-a activation. Twist is known to be transcriptional

target of NF-xB in Drosophila & 14317

, mouse models and mouse embryonic fibroblasts.
Activation of Twist is a crucial for chronic inflammation-induced EMT *%. Additionally,
mice with depressed NF-«B activity have impairments in TWIST expression as well as

morphogenetic defects in embryonic development & 7.
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Cellular invasiveness is increased by MMP 2 and 9 by degrading components of

the extracellular matrix %

. Interestingly, NF-«xB is directly responsible for MMP-9
promoter transcription and indirectly regulates MMP-2 activity by mediating post-
translational processing in dermal fibroblasts 2. Consistent with the observed effects of
NF-xB in dermal fibroblast, transgenic mice overexpressing NF-«B display elevated
MMP-2/9 activity *.

NF-kB induces mesenchymal markers such as vimentin and metalloproteinases.
Mesenchymal cells are largely composed of proteins from the large intermediate filament
(IF) family. Vimentin is a member of the IF family partially responsible for the structural
integrity of mesenchymal cells and often it is described at end stage dedifferentiation in
EMT *. It was recently shown that TGF induced EMT was mediated by NF-kB
signaling. Loss of TGFp or NF-kB signaling resulted in a loss of vimentin expression as
well as loss invasive capacity in prostate cancer cells.

TGFBR3-T841A was further characterized by Blobe and colleagues where they
found a role for NF-xB signaling through its interaction with B-Arr2 2. Previously, it
was shown that B-Arr2 functions by negatively regulating NF-kB through interacting
with IxBa thus preventing its phosphorylation by IKK ?®. The Blobe group sought to
investigate if TGFBR3 contributes to the negative regulation of NF-kB activation
mediated by B-Arr2. They demonstrated that, unlike the wild type receptor, TGFBR3-
T841A was unable to increase neither TGFp-induced nor basal level IkBa expression %,
Their results support a role for f-Arr2 in mediating the effects of TGFBR3 in suppressing
NF-kB signaling.in cancer cells °’. | am interested in exploring if NF-kB activity is

directly associated with TGFP signaling through TGFBR3 in endocardial cushions. This
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information will be valuable for better understanding the molecular signaling pathways
downstream of TGFBR3.

Summary

| am interested in the molecular pathways downstream of the TGFBR3 that are
involved in valve formation. Preliminary findings from our laboratory have demonstrated
requirements for specific ALK involvement during EMT using siRNA in the in vitro
collagen gel system. We have established that ALK 2 and 3 (ALK2/3) are both required
and sufficient for EMT while ALKS5 is required but not sufficient® ®. As a second
independent approach, I extended these findings using a small molecule inhibitor specific
to ALK2/3 and | demonstrated that both ALK2 and ALK3 are downstream of TGFBR3.
In addition, | used siRNA in the collagen gel assay to establish if there is a requirement
for Smads known to be downstream of specific ALKs. Therefore, | targeted the TGFp-
associated Smads, Smad2/3, and BMP-associated, Smad1/5, and revealed that each is
required for EMT. These data are consistent with our prior observations that both ALK5
and ALK2/3 are required for EMT in the AVC and, specifically, required for TGFBR3-
mediated endocardial cell EMT.

In addition to a role for ALK and Smad signaling, | also asked if NF-kB signaling
was required for endocardial cell EMT in the AVC. To address this question, I used small
molecule inhibitors directed to the NF-xB pathway and measured EMT using the
collagen gel assay. My experiments revealed that different small molecule inhibitors with
independent mechanisms of action each significantly inhibited endocardial cell EMT.
Furthermore, | wanted to determine if NF-xB activity was downstream of TGFBR3. To

address this question, | took advantage of gain-of function, ventricular explant assays
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(outlined in Figure 4) and overexpressed full-length TGFBR3 in ventricular endothelial
cells in the presence of NF-«B inhibitors. | found that the inhibition of NF-«xB signaling
resulted in a significant decrease in TGFR3-mediated endocardial cell EMT. To the best
of our knowledge, this is the first demonstration of a requirement for NF-«xB signaling in

TGFBR3-mediated endocardial cell EMT.
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Figure 4. Viral gene transfer into the endocardium of the tubular heart
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Figure 4. Viral gene transfer into the endocardium of the
tubular heart. Hamburger—-Hamilton (HH) stage 10 to 12 chicks
are dissected onto Whatman rings and injected with virus
expressing either GFP or a gene of interest. These embryos are
incubated for 24 hours on egg agar. The atrioventricular cushion
(AVC) or ventricle (Vent) are excised, cut lengthwise, and
explanted endocardial side down onto a collagen | gel. After 48
hours incubation, the explants are fixed and the total number of
GFP positive transformed cells (in green) in the gel are counted.
Loss of function can be scored as a reduction in the number of
transformed cells in gels incubated with AVC explants. Gain of
function is scored as the increase in the total number of
transformed GFP-positive cells in gels incubated with Ventricular
explants. Endo, endocardium; Myo, myocardium; Gel, Rat-tail
collagen 1. (Used with permission of author ; Birth Defects Res A
Clin Mol Teratol. 2011 Jun;91(6):511-25)
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Materials and Methods
Collagen Gel Assay
AVC or Ventricles are excised from HH stage 16 chicken embryos. Explants are
placed endocardial side down on a collagen gel previously pre-incubated with media as
described by Bernanke and Markwald **. Explants are placed endocardial side down on a
collagen gel previously pre-incubated with media as described in Bernanke and
Markwald !, Explants are then incubated at 37°C, 5% CO, for 48hrs prior to 4% PFA

fixation (Figure 3).

Gene Target by siRNA

AVC or ventricular explants from stage 16-18 were collected in 100ul room
temperature (RT) M199 medium for each treatment condition. For transfection, first 4ul
of siPORT NeoFX (Ambion) was incubated with 96ul M199 medium to a final volume
of 100ul for 10 minutes (min) at RT. Next, the appropriate final concentration (for 300ul
total volume) of siRNA derived from 21bp RNA (target sequence) was added to a final
volume of 100ul. These two tubes were mixed and incubated for 15 min at RT to allow
SiIRNA complexes to form. This was followed by the 200ul mixture being added to the
100l containing AVC or ventricular explants, and this solution was incubated at 37 °C,
5% CO, for 45 min. Explants were then placed on conditioned collagen gels and
incubated under the same conditions for 48hr. After 48hr, explants were fixed in 0.8%
formaldehyde, 0.05% glutaraldehyde or 4% PFA for 5 min at RT and washed twice with
PBS. Fixed explants were scored for number of mesenchymal cells invading the gel. For

control siRNA, a scrambled 21-oligonucleotide template containing the same number of
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the bases of the siRNA target gene that did not BLAST to any gene in the chicken
genome, 5’(AGACTGT CGCGTGCTCTGTCC)3’ was used as previously described *2°.
siRNA targeted to TGFBR3 was used as a positive control for inhibition of EMT, 5’
(GGAAGUAAAUCUACUUGAATT) 3’. Two independent siRNA constructs against
each chicken Smad (1, 2, 3, 4 and 5, and ALK (2, 3 and 5) were designed using Silencer

Select custom siRNA (Ambion). The siRNA target sequences are listed in Table 1.

Cell Death Assay

Explants that previously were harvested from Stage 16 chick embryos were
placed on collagen gels. After 48h, explants were incubated with 2uM lysotracker
(Invitrogen) for 15min at 37°C while rocking, washed for 15 min with phosphate
buffered saline, incubated with DAPI (1:1000) for 5 min, and washed a final time.
Explants were fixed in 4% PFA and followed by mounting on a slide. Lysotracker and
DAPI positive cells were photographed under appropriate filter settings and
corresponding photomicrographs were overlaid. The total number of lysotracker positive
cells were counted and expressed as a percentage of a given population of DAPI positive

cells.

Proliferation in AVC

BrdU: AVC explants were excised from HH Stage 16 chick embryos and
incubated on collagen gels for 48 h, incubated with 1mM BrdU (Roche) for 1 h, and fixed
with 4% PFA. Explants were washed 3 times with PBS and permeabilized with 0.5%

tritonX-100. Antigen retrieval was accomplished with 2 M HCL. Explants were blocked
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with 5% normal donkey serum and 0.05% PBST for 1h and incubated with monoclonal
Alexafluor 594 conjugated BrdU antibody (1:50 dilution, Invitrogen) overnight. Explants
were rinsed 3 times with PBS and stained with DAPI (dilution 1:1000) for 5 min. Stained
explants were imaged with a fluorescent microscope. For each explant, approximately a
hundred random cells were counted and scored for the presence of BrdU staining in the
nucleus.

Histone H3 Phosphorylation: AVC explants where excised as described and fixed

with 4% PFA after 48 hours incubation. Explants were washed 3 times with PBS and
permealized with 0.5% triton-100. Next, explants were blocked with 5% normal donkey
serum and 0.05% PBST for 1hr at 4° prior to overnight incubation with primary antibody,
mouse monoclonal phospho-Histone H3 (Serine 10) antibody (monoclonal, 1:300,
Sigma). Explants were washed 3 times with PBST and incubated with secondary
antibody, Goat anti-mouse 1gG conjugated with Cy3 (1:50, Jackson Laboratories)
overnight at 4°C. This was followed with explants being rinsed 3 times with PBS and
stained with DAPI (1:1000) for 5 min. Stained explants were imaged with a Fluorescent

scope (Nikon) and cells were digitally counted with Image J software.

Construction of Adenoviral Constructs

Adenoviruses were generated using the pAdEasy system ®%. All concentrated
viruses were titered by performing serial dilutions of the concentrated virus and counting
the number of GFP-expressing 293 HEK cells after 18-24 h. Titers of virus ranged
between 10 to 10* pfu/ml. Injections were adjusted to achieve infection of 20-50% of

endocardial cells.
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Viral Injections and Collagen Gel Assays

Stage 10-12 chick embryos were harvested onto Whatman paper rings and
immediately injected with adenovirus in the heart lumen. Injections were performed
using 20-50 pulses, approximately 50ms each, delivered by a picospritzer. Fast Green
Dye (Sigma) was used to monitor injection of the virus. Immediately after injection, the
embryos were placed on egg agar and incubated at 39°C. After 24 h, ventricular or AVC
explants were excised from the infected hearts and placed in culture as described
previously *°. After 48 h, the explants were fixed in either 0.8% formaldehyde, 0.05%
glutaraldehyde or 4% PFA. GFP expression by virally infected cells was observed on an
inverted fluorescent microscope. The phenotype of each GFP-expressing cell was

determined and scored as epithelial, activated, or transformed as described *° (Figure 4).

Ligand and Inhibitor Addition

A working concentration of 200pM Recombinant human (rh) TGFB2 was
purchased from R & D Systems. Ligand addition occurred 12h post placement of
explants on collagen pads to allow for attachment of explants. Inhibitors were added to
conditioning media to preincubate 12h prior to placement of explants on collagen pads,
following removal of media at the time of explant placement. Working concentrations
were as follows: 2.5uM ALKS inhibitor, 2.5SB431542 (Sigma) served as a positive
inhibitor control; 2uM ALK?2/3 inhibitor, DMH1 (generous gift from Dr. Charles Hung);

Nf-kB inhibitors, 10uM BMS 345541 (Calbiochem) and 2uM SN50 (Enzo).
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Smadla

Smad1lb

Smad2a

Table 1. siRNA Target Sequences

5’(GGAGUUCGCUCAGCUCUUATT)3’

5’(GCAGGGAGAUGAAGAAGAATT)3’

Smad2b

5’(GGAUUGAACUUCAUCUGAATT)3’

Smad3a

5’(CCACCUCCAGGAUAUAUCATT)3’

Smad3b

5’(GGAUGUAACUUGAAUAUUUTT)3’

Smad4a

5’(GGAUGUGCACGAUUCGGAUTT)3’

Smad4b

5’(CAAUGUCCAUCGCACCGAALt)3’

Smadb5a

5’(GCUAUUACCUGGAUCGGGALt)3’

Smad5b

5’(GCAAUACAAUGAUCCCUCATT)3’

ALK?2a

5’(GGUUUGCUCUCAAAUGUUATT)3’

ALK2b

5(GCAGAUUUAUUGG ACCAUULt)3’

ALK3a

5’(GGUUAGCAAUGGUAUAGUALt)3’

ALK3b

5’(GAUUAACAGUGAACAAUGALt)3’

ALKb5a

5 (GGAGGAAGCUUGAAGUACAL)3 ¢

ALK5Db

5’(GCUACGACAUGAAAACAUULt)3’

5 (GGAUAUUGCUGCCUUUUAALt)3
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RESULTS

Endocardial cell EMT requires Smads

TGFp-stimulated EMT can be Smad-dependent or Smad-independent® ¢, To

determine if Smad signaling is required for endocardial cell EMT, we initially targeted
the common mediator Smad4 . AVC explants were incubated on collagen gels as
previously described (materials and methods) with two independent siRNA constructs
targeting either Smad4 or TGFBR3, or control siRNA. Cell transformation was scored by
morphology and position in gel. Epithelial cells are cobblestone shaped and present on
gel surface. Elongated, transformed cells are present inside the gel. We have previously
shown that TGFBR3 is required and sufficient for endocardial cell EMT in vitro;
therefore, we used siRNA targeted to TGFBR3 as a positive control and siRNA with the
G-C content matched to Smad4 constructs as a negative control. Both independent
SiRNA constructs to Smad4 decreased the number of transformed cells by 40%.compared
to control (Figure 51). The siRNA transfection agent (SiPORT NeoFX) alone did not
decrease the level of endocardial cell EMT (Figure 5J). These data demonstrate that
endocardial cell EMT at least partially requires Smad4.

To exclude toxicity of the transfection reagent, first, we examined SiRNA
incubated explants with LysoTracker®, a red-fluorescent dye used to identify dead cells.
The total numbers of lysotracker positive cells in each siRNA group (Figure 6A, C, E, &
G) were counted as a percent of the total number of DAPI positive cells per explant
(Figure 6B, D, F & H). In control incubated explants, 3.4% of total cells were

lysotracker-positive. Incubation with siRNA targeted to TGFBR3 or Smad4 resulted in an
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approximately 5% and 3% increase in lysotracker-positive cells, respectively. This
modest increase in cell death is not large enough to explain the observed decrease in
endothelial EMT seen with specific siRNA’s.

In a separate parallel experiment, explants were screened for changes in cell
proliferation in response to transfection reagent. The percentage of BrdU positive cells
were scored as a percentage of DAPI positive cells (Figure 6J). The addition of control or
specific SIRNA to AVC explants did not significantly alter cell proliferation. Overall,
these data demonstrates that NeoFX has a modest effect on cell death and no effect on
proliferation. The magnitude of the effect of NeoFX on cell death and proliferation
cannot explain the differences seen in cell transformation after incubation with Smad 4
SiIRNA.

Both ALK2 and ALKS3 have been shown to be required and sufficient for
endocardial EMT % % 1% while ALK5 (TGFBR1) kinase activity is required but not
sufficient'®® 18 Therefore, in order to determine if Smads downstream of the specific
ALKSs are required for endocardial EMT, we targeted Smads 2 and 3 (downstream of
ALKS5) and Smads 1 and 5 (downstream of ALK2/3) in AVC explants. We delivered 2
different SIRNA constructs targeted to either Smad 1, 2, 3, or 5 to AVC explants from
stage 14 embryos, and scored as previously described. The targeting of Smad 2 and 3,
resulted in an average decrease in EMT of 36% and 47% respectively, compared to
control (Figure 7). This decrease is similar to that seen by targeting of Smads 1 and 5,
which revealed an average decrease of 39% and 51% EMT compared to control. Each of
the Smads known to be downstream of these ALKS is required for endothelial EMT

supporting the hypothesis that ALKSs 2, 3, and 5 are required for endothelial EMT.
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Figure 5. Smad4 is required for endocardial cell EMT
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Figure 5. Smad4 is required for endocardial cell EMT. A - G
Representative brightfield photomicrographs of AVC explants
after 48 hours post incubation with two independent siRNA’s
targeting Smad4 (E-H), TGFBR3 (C, D) or control siRNA(A, B).
Continuous sheets of cuboidal epithelial cells radiating from the
myocardium (M) are visible on the surface of the collagen gel (A,
C, E, & G). Cells that separated, elongated and invaded into
collagen gel can be visualized (B, D, F, & H) and scored as
transformed cells. I. Quantification of the number of transformed
cells. Data are derived from 3 independent experiments normalized
to GC content-matched control siRNA that do not interfere with
any known chicken gene. Targeting of TGFBR3 by siRNA was
used as a positive control for sSiRNA-mediated inhibition of EMT.
Two independent siRNA’s targeting Smad4 inhibited endocardial
cell EMT. The number of transformed cells is significantly reduced
in explants incubated with siRNA targeted to Smad4 examined (n),
total number of cells, and median number of transformed cells +
SEM (compared to cells incubated with control siRNA) are listed.
Control (n = 21; total number of cells in gel 6111; Normalized to
100 + 18), TGFBR3 (n = 26; total number of cells in gel 4493;
normalized median = 60 + 11) Smad4a (n=22; total number of
cells in gel 3961; normalized median = 56 + 16) and Smad4b
(n=28; total number of cells in gel 4779; normalized median = 62
+ 11). Two-tailed Student’s t-test (control vs. specific SIRNA)
generated p-values <0.05 (*) for TGFBR3, Smad4a and Smad4b. J.
Transfection agent (siPORT NeoFX) alone does not affect the
number of transformed cells. Explants were incubated on collagen
gels either in the absence (Control) or in presence (NeoFX) of
transfection agent. Control (n = 29, total number of cells = 7,937
Normalized to 100 + 18); NeoFX (n = 30, number of cells in gel =
7,448, normalized median = 91 + 20)
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Figure. 6. Targeting Smad4 with siRNA increases cell death but does not alter cell
proliferation
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Figure. 6. Targeting Smad4 with siRNA increases cell death
but does not alter cell proliferation. A-H: AVC explants were
stained with LysoTracker® (A, C, E, & G) to identify dead cells
and counterstained with DAPI (B, D, F & H) to measure total
number of cells. LysoTracker-positive cells are indicated by the
white arrowheads. 1: Incubation with gene specific SiRNA
modestly increases cell death when compared to control. In control
incubated explants, 3.4% of total cells were lysotracker-positive.
Incubation with siRNA targeted to TGFBR3 or Smad4 resulted in a
5% and 3% increase in lysotracker-positive cells, respectively.
(*p<0.05). The number of AVC explants examined and cells in
each category are as follows: Control (n = 21; total number of cells
6111; lysotracker cells = 208; percent positive = 3.4), TGFBR3 (n
= 26; total number of cells 4493; lysotracker cells = 385; percent
positive = 8.6) Smad4a (n=22; total number of cells 3961;
lysotracker cells = 228; percent positive = 5.6) and Smad4b (n=28;
total number of cells 4779; lysotracker cells = 310; percent
positive = 6.4). J: Incorporation of BrdU is unchanged between
explants incubated with either control sSiRNA or siRNA targeted to
TGFBR3 or Smad4. The number of AVC explants examined (n),
total number of cells, and percent positive BrdU cells + SEM s
listed below Control (n = 24; total number of cells in gel 3874,
BrdU cells = 74; Percent BrdU = 1.9 = 0.4), TGFBR3 (n = 30; total
number of cells in gel 4321; BrdU cells = 81; Percent BrdU = 1.8 =
0.4) Smad4a (n=27; total number of cells in gel 4186; BrdU cells =
70; Percent BrdU = 1.7 + 0.3) and Smad4b (n=26; total number of
cells in gel 3910; BrdU cells = 65; Percent BrdU = 1.4 £ 0.4).
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Figure 7. Receptor Smads are required for endocardial EMT
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Figure. 7. Receptor Smads are required for endocardial EMT.
AVC explants were incubated with either control siRNA or siRNA
targeted to TGFBR3 and Smads 1, 2, 3 or 5. Cells were scored as
previously described with two independent siRNA constructs
identified as “a” or “b” to each specified Smad. Quantification of
targeted cells in the collagen gel is depicted. Data are derived from
3 independent experiments normalized to control SiRNA.
Targeting TGFBR3 by siRNA is presented as a positive control.
The number of AVC explants examined and cells in each category
were as follows: control (n = 31; total number of cells in gel
4,588), n = number of explants; , TGFBPR3 (n = 29; total number of
cells in gel 2,297); Smadla (n = 40; total number of cells in gel
4,216); Smadlb (n = 47; total number of cells in gel 4,357);
control (n = 29; total number of cells in gel 4,551); , TGFBR3 (n =
32; total number of cells in gel 2,979); Smad2a (n = 38; total
number of cells in gel 3,407); Smad2b (n = 42; total number of
cells in gel 4,728); control (n = 38; total number of cells in gel
5,499); , TGFPR3 (n = 39; total number of cells in gel 2,796);
Smad3a (n = 39; total number of cells in gel 3,002); Smad3b (n =
36; total number of cells in gel 2,856); control (n = 25; total
number of cells in gel 3,355); , TGFBR3 (n = 23; total number of
cells in gel 1,926); Smad5a (n = 27; total number of cells in gel
2,198), and Smad5b (n = 29; total number of cells in gel 1,686).
Two-tailed Student’s t-test (control vs. specific SIRNA), TGFBR3:
p = 0.00003; Smadla: p = 0.006; Smadlb: p = 0.0004; Smad?2a: p
=0.000005; Smad2b: p = 0.002; Smad3a: p = 0.0000006; Smad3b:
p = 0.0000008; Smad5a: p = 0.0004, and Smad5b: p = 0.0000008.
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ALK2 and ALKS are required for endocardial cell EMT

We have previously shown using specific siRNA that ALK2 and ALK3 were
required for endothelial EMT in the AVC . As a second independent approach to
identify the role of these ALKSs in endocardial cell EMT, we used a small molecule
inhibitor, specific to ALK 2 and 3, DMH1 (4-(6-(4-isopropoxyphenyl) pyrazolo (1, 5-a)
pyrimidin-3-yl) quinolone) *°, developed by Dr. Charles Hong of Vanderbilt University.
DMHL1 is an analogue derivative of the BMP inhibitor Dorsomorphin. Unlike
Dorsomorphin, DMH1 lacks targeting VEGF signaling. DMH1 acts as a competitive
inhibitor at the ATP binding site of the kinase domain of ALK2 and ALK3 *°. DMH1
showed no inhibition of kinase activity of ALKS5 (TGFBR1), VEGF Type Il receptor
(VEGFR2), AMP-activated protein kinase (AMPK) or platelet-derived growth factor
receptor-p (PDGFRp) .

We analyzed EMT in AVC explants incubated with DMH1 (2uM). The ALK5
inhibitor, SB431542 (2.5Mm), was used as a kinase inhibitor control in all the following
experiments. A decrease of 60% was observed in DMHL1 incubated explants compared to
vehicle incubated explants (Figure 8A). This decrease in the number of transformed cells
was similar to that seen in explants incubated with then ALK5 inhibitor (SB431542).
These data further support the hypothesis that ALK2 and ALK3 are required for EMT.

To exclude toxicity of small molecule inhibitors, we examined AVC explants
with LysoTracker® to measure cell death after the explants were incubated in the
presence of vehicle, SB431542 or DMHL. Explants were counterstained with DAPI after
LysoTracker® incubation prior to fixation and mounting. The total numbers of

LysoTracker®-positive cells were counted as a percent of the total number of DAPI
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positive cells in a field of view (minimum of at least 100 DAPI positive cells). There was
no significant change in cell death between vehicle and the small molecule inhibitor
incubated groups. (Figure 8B). We also wished to determine whether the observed
change in EMT was due to endothelial cell proliferation. We measured phosphorylation
of Histone H3 to determine cell proliferation *°. In attempting to determine whether the
observed change in EMT was due to endocardial cell proliferation, we measured
phosphorylation of Histone H3 to determine cell proliferation *®. The percentage of
phosphorylated Histone H3 (P-Histone 3) positive cells were calculated as a percentage
of total number of cells. We observed no significant changes in cell proliferation (Figure
8C).

Since TGFPR3 mediates EMT, we next wanted to determine if ALK2 and ALK3
were required downstream of the Type III TGFp receptor. Ventricular endocardial cells
overexpressing GFP alone do not transform in the ventricle however when TGFBR3 is
overexpressed in the presence of TGFP2 ligand, there is a significant increase in
transformed cells. The increase in ventricular endocardial overexpressing TGFBR3 cell
was decreased by 18% when incubated with DMH1. This data not only shows that ALK2
and ALKS3 are required for endocardial EMT but that this requirement is downstream of

TGFPBR3.
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Figure 8. A Small Molecule Inhibitor of ALK2/3 (DMH1) Blocks Endocardial EMT
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Figure 8. A Small Molecule Inhibitor of ALK2/3 (DMH1)
blocks Endocardial EMT. A. Small molecule inhibitor specific to
ALK2 and ALK3 decreased endocardial EMT in AVC by 50%.
Specific ALKS inhibitor, SB431542, is used as a positive control
for small molecule inhibition of EMT. Data are derived from 3
independent experiments normalized explants incubated with
vehicle. Quantification of the total number of explant and total
number of transformed cells and normalized median + SEM are as
follows: Vehicle (n=31, total transformed cells = 9913; normalized
median to 100% + 22.1), SB431542 (n=31, total transformed cells
= 4528; normalized median = 40.2 £14.1), DMH1 (n=31, total
transformed cells = 4472; normalized median = 47.2 £ 9.9). B. Cell
death is not significantly changed between explants incubated with
small molecule inhibitors targeted to ALK 2, 3 or 5 compared to
those incubated with vehicle alone. In vehicle incubated explants
and average of 2.2% of total cells were lysotracker-positive.
Incubation with SB431542 and DMH1 resulted in no significant
change in endocardial EMT. The total number of AVC explants
examined (n), total number of DAPI and lysotracker positive cells,
and average percent positive lysotracker cells + SEM are as
follows: Vehicle (n = 56; total DAPI positive cells 11525;
lysotracker positive cells = 256; average percent positive
lysotracker = 2.2 £1.9), SB431542 (n = 45; total DAPI positive
cells 6882; lysotracker positive cells = 210; average percent
positive lysotracker = 2.9 +2.1), and DMH1 (n=35; total DAPI
positive cells = 4544; total lysotracker positive cells = 95; average
percent positive lysotracker = 2.2 £.5). C. The percentage of cells
that stain positive for phosphorylated Histone 3 (P-His3) is
unchanged in explants incubated with either vehicle or ALK 2, 3 or
5 small molecule inhibitors. The number of AVC explants

examined (n), total number of DAPI and P-His positive cells, and
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average percent positive P-His cells £ SEM are listed. Vehicle (n =
38; total number of DAPI positive cells = 5130; P-His positive
cells = 70; Average percent positive P-His = 1.1 £ 0.3); SB431542
(n = 48; total number of DAPI positive cells = 9636; P-His positive
cells = 87; Average percent positive P-His = 0.9 £ 0.1) DMH1 (n =
33; total number of DAPI positive cells = 9548; P-His positive
cells = 161; Average percent positive P-His = 1.7 £ 0.5). D. The
effect of DMH1 on ventricular endocardial cell EMT. The average
percent of total GFP-expressing cells are scored as epithelial,
activated or transformed. Median percent + SEM are depicted
(n=3). Overexpression of full length TGFPR3 in ventricular
endocardial cells along with the addition of 250pM TGFB2 was
used as a positive control for endocardial cell EMT. Expression of
TGFBR3 in ventricular cells induced a statistically significant
increase (50%) in transformed cells and a concomitant decrease in
epithelial cells (44%) when compared to ventricular endocardial
cells expressing GFP alone. The addition if the ALK2/3 inhibitor,
DMHL1, resulted in a significant decrease of 18% in the number of
transformed cells. * = p<0.05. The total number of GFP positive
cells and SEM are listed in table 2.
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Ligand-independent activation of TGFBR3 requires ALK2/3

Previous work from our laboratory has shown that an amino acid substitution at
residue 841 within the cytoplasmic domain of TGFBR3 (TGFBR3-T841A) results in
ligand-independent activation of endocardial cell transformation (Townsend, unpublished
2008). In order to determine if the ligand independent activity of TGFBR3-T841A
requires both ALK2 and ALK3 (ALK2/3), we targeted each with either a small molecule
kinase inhibitor or specific sSiRNA in ventricular endocardial cell explants.

TGFBR3-T841A was co-overexpressed with GFP in ventricular endocardial cells
and EMT was measured by scoring the percentage of total GFP-positive cells as
epithelial, activated or transformed. Preliminary data from our laboratory has shown
ALKS5 Kinase activity is required for ligand-independent cell transformation (Townsend,
unpublished 2008). The number of transformed cells expressing TGFBR3-T841A from
explants incubated with the ALKS5 kinase inhibitor, SB431542 (2.5uM), decreased by
50% compared to explants incubated with vehicle alone (Figure 8A). These data are
consistent with our preliminary findings suggesting ALKS5 kinase activity is required for
endocardial cell EMT. Therefore, we used the ALK5 kinase inhibitor as a positive control
in the following studies. Ventricular endocardial cells that overexpress TGFBR3-T841A
incubated with 2uM of the ALK2 and 3 specific kinase inhibitor, DMH1, showed a 41%
decrease in the number of transformed cells when compared to explants incubated with
vehicle alone (Figure 9A). These results demonstrate the ligand-independent cell
transformation induced by TGFBR3-T841A requires ALK2 or ALK3 kinase activity.

As a second independent approach to identify a role for ALK 2 and ALK3 activity

in ligand-independent cell transformation we used siRNA to target ALK 2 or ALK3. We
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used two independent constructs of siRNA targeted to ALK5 as a positive control and
SiRNA with the G-C content matched to ALK2/3 siRNA constructs as a negative control.
Ventricular explants were infected with adenovirus that overexpressed TGFBR3-T841A
and scored as described. The targeting of ALKS5 resulted in an average decrease of 29%
in transformed cells compared to endocardial cells overexpressing TGFBR3-T841A
(Figure 9B). Targeting of ALK2 and ALK3 with 2 independent siRNA constructs
resulted in an average decrease of 21% and 34%, respectively when compared to control
SIRNA (Figure 9B). These results support our previous findings that ALK2 ALKS3 are
required downstream of TGFBR3. Furthermore, since siRNA is specific for ALK2 or
ALK3 whereas DMH1 inhibits both, these results demonstrate that both ALK2 and

ALKS3 are required for endocardial cell EMT.
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Figure 9. Ligand-independent receptor action requires ALK2 and ALK3
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Figure 9. Ligand-independent receptor action requires ALK2
and ALK3. The average percent of total GFP-expressing cells
scored as epithelial, activated or transformed. Medians percent +
SEM are depicted (n=3). A. The effect of DMH1 on in ventricular
endocardial cell EMT. Overexpression of TGFBR3-T841A in
ventricular endocardial cells without the addition of TGFB2 is used
as a positive control for endocardial cell EMT. Expression of
TGFBR3-T841A in ventricular cells induced a statistically
significant increase (52 £ 3.5%) in transformed cells and a
concomitant decrease in epithelial cells (50 + 1.2%) when
compared to ventricular endocardial cells expressing GFP alone.
The addition of the ALK2/3 inhibitor, DMH1, resulted in a
significant decrease of 41% of transformed cells. * = p<0.05. The
total number of GFP positive cells and SEM are listed in table 1.
B. ALK2 and ALK3 are required downstream of TGFBR3-T841A
for endocardial EMT. Targeting of ALK5 by two independent
constructs of siRNA was used as a positive control for siRNA-
mediated inhibition of EMT Two independent siRNA’s separately
targeting ALK2 or ALK3 resulted in of 21% and 34% decrease,
respectively, in transformed cells when compared to ventricular
explants incubated with GC content-matched control siRNA. The
total number of GFP positive cells and SEM are listed in table 2. (*
= p<.05 to GFP, I = p <.05 to GFP and TGFBR3-T841 + control
SiRNA)
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The Role of NF-kB in endocardial cell EMT

RNA-Seq transcriptional analysis of the AVC during stages of EMT revealed
major network nodes associated with TGFp and NF-kB signaling networks. We wished
to determine if NF-xB signaling was required for EMT in vitro, and if so, was NF-xB
signaling downstream of TGFBR3. Two structurally and mechanistically different small
molecule inhibitors of Nf-kB, BMS-345541 and SN50, were used to determine if NF-xB
activity was required for endocardial cell EMT. AVC were incubated with 10uM BMS,
an IkB kinase inhibitor, or 2uM SN50, a nuclear transport inhibitor, these agents
decreased EMT by 89% and 51% respectively when compared to vehicle incubated AVC
(Figure 10A).

Given the well-defined role of NF-kB in regulating cell proliferation & % 18 191
and apoptosis * ' we examined AVC explants incubated with BMS or SN50 and
measured changes in proliferation and cell death. Cell death is measured in AVC explants
by staining with LysoTracker® 48hrs post incubation in the presence of vehicle,
SB431542 or DMHL1. Explants were counterstained with DAPI after LysoTracker ®
incubation prior to fixation and mounting. There was a small, but significant change in
cell death between vehicle and inhibitor incubated groups (Figure 10B). However this
modest increase in cell death (BMS; 1.4% and SN50; 3%) cannot account for the drastic
decrease in transformed cells (Figure 10A). Another area of exploration that surfaced was
to determine whether the observed change in EMT was due to endocardial cell

proliferation. We measured phosphorylation of Histone H3 to determine cell

proliferation. The percentage of phosphorylated Histone H3 (P-His3) positive cells were
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calculated as a percentage of total number of cells. We observed no significant changes in
cell proliferation (Figure 10C).

Given that we validated our results from the transcriptional analysis, which
suggested that NF-xB was required for AVC transformation, we next determined if Nf-
kB activity is downstream of TGFBR3. Full length TGFBR3 (TGFBR3-FL) receptor was
co-expressed with GFP in ventricular endocardial cells and EMT was measured by
scoring the percentage of total GFP-positive cells as epithelial, activated, or transformed.
Overexpression of TGFBR3-FL in ventricular endocardial cells with the addition of
ligand (TGFp2) resulted in 47+6% transformed cells compared to ventricular endocardial
cells overexpressing GFP alone. Ventricular explants expressing TGFBR3-FL with the
addition of TGFB2 and 10uM BMS or 2uM SN50 resulted in a significant decrease in the
number of transformed cells when compared to the addition of ligand alone.
Transformation was decreased by 32+7% and 35+6% respectively. These data show that

Nf-«B activity is required for TGFBR3-mediated EMT (Figure 10D).
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Figure 10. NF-xB is required for TGFBR3-mediated endocardial EMT
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Figure 10. NF-kB is required for TGFBR3-mediated
Endocardial EMT A. Incubation of AV cushion explants with
two structurally different small molecule NF-«kB inhibitors, BMS-
345541 (BMS) and SN50, decreased endocardial EMT in AVC by
89% and 51% respectively compared to vehicle. Specific ALK5
inhibitor, SB431542, is used as a positive control for small
molecule inhibition of EMT. Data are derived from three
independent experiments normalized explants incubated with
vehicle. The number of AVC explants examined (n), total number
of cells, and median number of transformed cells + SEM
(compared to cells incubated with vehicle) are listed. Vehicle
(n=32, total transformed cells = 7538; normalized median to 100 £
26%), SB431542 (n=37, total transformed cells = 3163;
normalized median = 31.4 £13%), BMS (n=34, total transformed
cells = 748; normalized median = 10.8 + 3.4%) SN50 (n=36, total
transformed cells = 3978; normalized median = 48.5 + 11.4%). B.
Cell death is not significantly changed between explants incubated
with small molecule inhibitors targeted to Nf-kB pathway
compared to those incubated with vehicle alone. In vehicle
incubated explants and average of 4% of total cells were
lysotracker-positive. Incubation with SB431542 resulted in no
significant change in endocardial EMT. However, incubation with
BMS or SN50 resulted in a 1.4% and 3% increase. The total
number of AVC explants examined (n), total number of DAPI and
lysotracker positive cells, and median percent positive lysotracker
cells £ SEM are as follows: Vehicle (n = 33; total DAPI positive
cells 6701; lysotracker positive cells = 250; median percent
positive lysotracker = 3.4 +£0.6), SB431542 (n = 35; total DAPI
positive cells 5098; lysotracker positive cells = 225; median
percent positive lysotracker = 3.8 +1.2), and BMS (n=28; total
DAPI positive cells = 3258; total lysotracker positive cells = 132;
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median percent positive lysotracker = 4.8 £0.9) SN50 (n=34; total
DAPI positive cells = 4568; total lysotracker positive cells = 317,
average percent positive lysotracker = 6.5 £1.4). C. The percentage
of cells that stain positive for phosphorylated Histone 3 (P-His3) is
unchanged between explants incubated with either vehicle or small
molecule inhibitors targeted to ALK5 or the Nf-kB pathway. The
number of AVC explants examined (n), total number of DAPI and
P-His positive cells, and average percent positive P-His cells *
SEM are listed. Vehicle (n = 25; total number of DAPI positive
cells = 7845; P-His positive cells = 152; Average percent positive
P-His = 2.4.1 + 0.5); SB431542 (n = 32; total number of DAPI
positive cells = 8372; P-His positive cells = 216, Average percent
positive P-His = 2.5 + 0.6), BMS (n = 31; total number of DAPI
positive cells = 5991; P-His positive cells = 177; Average percent
positive P-His = 2.8 £ 0.5), SN50 (n=31; total DAPI positive cells
= 8599; total lysotracker positive cells = 195; average percent
positive lysotracker = 2.3 £1). D. The effect of Nf-xB inhibitors on
ventricular endocardial cell EMT. The average percent of total
GFP-expressing cells are scored as epithelial, activated or
transformed. Median percent + SEM are depicted (n=3).
Overexpression of full length TGFBR3 in ventricular endocardial
cells along with the addition of 250pM TGFB2 was used as a
positive control for endocardial cell EMT. Expression of TGFBR3
in ventricular cells induced a statistically significant increase
47+6% in transformed cells and a concomitant decrease in
epithelial cells (44%) when compared to ventricular endocardial
cells expressing GFP alone. The addition if the Nf-kB inhibitors,
BMS and SN50, resulted in a significant decrease of 32+7% and
35+6% respectively of transformed cells. * = p<0.05. The total

number of GFP positive cells and SEM are listed in table 2.
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Table 2: Statistical Analysis of GFP-Positive Cells Counting Data

Total Number of
AVC Number | Number of | Number of Transform
Figure or Condition N of GFP | Epithelial | Activated ed Cells
Vent Positive | Cells (%0) Cells (%) (%)
cells
GFP, Vehicle 1061 294 198
Vent | (HCL/BSA), | 37 1553 64.7 123
DMSO ey | (805159 | G
ng%ﬁ 306 266 938
8D Vent TGFp2. 35 1510 203 (1745L8%) 623
Vehicle +1.9%) T +2.8%)
TGFpBR3, 422 319 524
250 pM
Vent 38 1265
TGFp2, 2uM BLox | (aze15m) | o
DMH1 .0%) +3.0%)
GFP, Vehicle 875 332 233
Vent | (HCL/BSA), | 36 | 1440 60.5+ 16.7+
DMSO (50%5 (23.8+2.0%) (15%3
TGFBR3- 505 264 1698
Vent T841A + 42 2467
+ +
Vehicle (5%30 ;| ao7sLaw) (56%30 ;
9A : '
TGFPR3- 1162 444 312
Vent T841A + 41 1918
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DISCUSSION

These studies expand our understanding of the signaling mechanisms that regulate
TGFBR3-mediated endocardial cell EMT. Specifically | have identified a requirement for
Smads associated with both TGFp (ALKS5) and BMP (ALK2/3) signaling in this process.
In addition, I used recently developed, specific small molecule inhibitors to demonstrate a
role for ALK5 and ALK2/3 in both AVC transformation and in endocardial cell
transformation of cells expressing a ligand-independent form of TGFBR3. These results
extend our understanding of the signals downstream of TGFBR3 that regulate EMT by
identifying a requirement for Smads and confirming prior studies that have implicated
both ALK5 and ALK2 in endocardial EMT.

Canonical TGF signaling occurs through a heteromeric receptor complex
composed of the Type II receptor, TGFPR2, and the Type | receptor, ALK5 > ALK5
phosphorylates Smad2 and Smad3 (Smad2/3). The selectivity of Smad2/3
phosphorylation by ALKS5 is ensured by the kinase domain-embedded L45 loop, which is
thought to serve as the docking site for Smad2/3 > ' *'. Following the association of
phosphorylated Smad2/3 with Smad4, the complex translocates to the nucleus to
modulate transcription of TGFp-responsive genes to produce a cellular response (Figure
3). TGFP superfamily members, BMP’s, also propagate signals through Type I receptors.
BMP’s activate ALK?2/3 which subsequently activate Smadl % Smads ', and Smad8 '
(Smad1/5/8). Although several studies address the fidelity of TGFf activation of
Smad2/3 and BMP activation of Smad1/5/8, and these Smads are often referred to as

TGFp- or BMP-Smads, it is now recognized that this strict distinction is not correct.
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Studies examining the effects of TGFB on endocardial cell proliferation and migration
revealed that TGFB can activate Smad1/5 as well as Smad2/3 to regulate these processes”

Studies of angiogenesis revealed that TGF had often opposing actions and that
this cytokine could either stimulate or inhibit endocardial cell proliferation and
migration.”® *?. These data presented a serious obstacle to both the understanding of
angiogenesis and possible mechanisms of TGFf signaling. These observations stimulated
experiments designed to address this biological conundrum and identify how TGFf
stimulates these processes in one context, yet inhibits them in another. A critical
observation that revealed the mechanism responsible for these disparate effects was that,
in endocardial cells, TGFB-induced stable Smad2 phosphorylation and a more transient
phosphorylation of Smad1/5 2. Minimal TGFp-induced phosphorylation of Smad1/5 is
seen in non-endocardial cells ®. A major difference in receptor expression between
endothelial and non-endothelial cells is the presence of the Type | receptor, ALK1, in
endothelial cells. ALK activates Smadl/5 downstream of TGFB . Activation of ALK1
is associated with increased endothelial cell proliferation and migration whereas ALK5
activation decreases endothelial cell proliferation and migration. ALK1 activation
opposes ALK5-mediated effects **. The ability of TGFp to induce activation of “BMP
Smads” contrasts with the canonical view of TGFp signaling. Further elucidation for
ALK1 activation was performed in ALK5 null endothelial cells. These experiments
revealed that ALK1 activation could not occur without ALKS5 catalytic activity. ALK5
activity was subsequently shown to be required for the recruitment of ALK1 into a
signaling complex *!. This ALK5-dependent, ALK1 recruitment and activation is termed

the lateral signaling model.
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The relative contributions of ALK1 and ALKS5 signaling define the response of
endothelial cells to TGFP. Constitutive active (ca) forms of ALKI1 or ALKS5 were
introduced into non-endothelial cells and Smad phosphorylation was analyzed. caALK1
phosphorylated Smad1/5 whereas ALKS5 resulted in phosphorylation of only Smad2 2.
Functionally, TGFp-activated ALK1 and ALKS5 have opposing effects on endothelial
cells; TGFB/ALKI resulted in cellular proliferation and migration whereas TGFB/ALKS
resulted in loss of cellular proliferation. Thus, the balance of the endothelium is regulated
by the ratio of ALK5 to ALK1 °'. A similar example is found in the regulation of
parasympathetic responsiveness in atrial cells. In this model, TGF is suggested to
predominantly activate ALK2, the ALK most similar to ALK1, to enhance
parasympathetic responsiveness at an early embryonic stage while TGFp later in

197

development signals predominantly through ALKS5 to inhibit this response . It is

tempting to speculate that TGFp activation of ALK2 in atrial cells occurs in a manner
consistent with the lateral signaling model >,

The TGFp co-receptor, endoglin, is required for lateral signaling in endothelial
cells.’®* Specifically, endoglin participates in ALK1 activation and the loss of endoglin
result in TGFB stimulating only the canonical signaling pathway, Smad2/3. Endoglin
shares structural and functional similarity with TGFBR3. Both receptors contain similar
cytoplasmic domains, which are phosphorylated at specific Ser/Thr residues and contain
a consensus PDZ-binding motif at the carboxyl terminus. Both endoglin and TGFBR3
associate P-Arr2 2 1% and GIPC 3 1% 18 B Arr2 interacts with the distal portion
(Threonine 841) of the conserved cytoplasmic domain (residue 841) to regulate the

104

internalization of TGFPR3 % and endoglin . We previously determined that TGEBR3
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cytoplasmic domain interaction with GIPC, which occurs via the last three residues of the
cytoplasmic domain, was required for both TGFB- and BMP-stimulated EMT in
endocardial *** and epicardial cells **°. Endoglin promotes TGFp-mediated Smad1/5/8
signaling and inhibits endothelial cell migration through interactions with GIPC.*® Prior
studies in our laboratory, and studies | report here, suggest that EMT is dependent on
both ALK2 and ALKS activity as well as the Smads known to be downstream of each.
Townsend et al. found that ALK?2/3 upstream of BMP-activated Smad1/5 are required for
endocardial EMT ®°. siRNA targeted knockdown of ALK2 and ALK3 separately in
ventricular endocardial cells overexpressing TGFBR3 determined that both receptors are
downstream of TGFPR3 ?°. | used a second independent approach to confirm this
observation. Therefore, | took advantage of an ALK2/3 specific kinase small molecule
inhibitor, DMH1, to further the requirements of ALKs upstream of BMP-associated
Smads during valve development. Consistent with our previous findings using siRNA,
characterization of this small molecule inhibitor in endocardial cells relative to
endocardial EMT demonstrated that ALK2/3 are both downstream of TGFPR3 and
required for AVC cushion cell transformation ¥ % % The role of several ALKs
downstream of both endoglin and TGFBR3, and the structural homology shared between
both, provides a solid foundation upon which to propose that each regulates cell behavior
by modulating the balance of ALK signaling.

In addition to the R-Smads, | also examined the role of the common mediator
Smad, Smad4. AVC explants displayed a modest increase in cell death when exposed to
siRNA targeted to either TGFBR3 or Smad4. Sanchez, et al. demonstrated that TGFBR3

stopping point null epicardial cells in culture displayed a significant increase in apoptosis
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180 consistent with our observation of increased cell death in explants exposed to SIRNA
targeted to TGFBR3. However, alterations in apoptosis are not seen in Smad4-deficient
fibroblasts *™*. Despite these disparate results concerning Smad4, the observed small
increase in cell death in AVC explants cannot explain the observed decrease in
endocardial cell transformation. Although some studies have found that Smads regulate
cell proliferation in cancer cell lines *”’, we saw no change in proliferation in endocardial
cells lacking Smad4 expression (Figure 6J).Whether this finding is related to the degree
of Smad4 loss in specific experiments or differences in the role of Smad4 in specific cell
lines is not known.

Our laboratory has previously established that TGFBR3 is required for EMT in
vitro *°. I took advantage of a ligand-independent form of TGFBR3 to further probe the
downstream signals required for TGFR3-mediated EMT. A threonine at residue 841
within the cytoplasmic domain of TGFBR3 is required for B-Arr2 association with the
receptor and subsequent down regulation as well as aiding in Smad-independent
signaling pathways ?°. Specifically, B-Arr2 interaction with TGFBR3 promotes focal
adhesion formation and drives a5 integrin trafficking, function, and localization to sites
of adhesion in breast cancer tissues. Interactions of an endocytotic vesicle encapsulated
TGFBR3 with B-Arr2 correlates with an increased survival rate in cancer patients
compared to those that have a decreased level of TGFBR3/p-arr2 presence “*°. When
DNA encoding the threonine at residue 841 is mutated to an alanine (TGFBR3-T841A),
the receptor cannot associate with B-arr2 and it is hypothesized that TGFB canonical

signaling is not downregulated °.
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Studies from our laboratory showed that TGFBR3-T841A when expressed in
ventricular endocardial cells results in EMT in the absence of ligand demonstrating
ligand-independent activity of the receptor (Townsend, unpublished; Fig. 9). | report that
both DMH1 and specific sSiIRNA inhibits ligand-independent EMT in the presence of
TGFBR3-T841A in ventricular endothelial cells. Therefore, the ALK’s required for
TGFBR3-T841A-mediated EMT are the same as those required for EMT stimulated by
ligand and wild type receptor.

The relevance of the finding that ALK2 is required for endocardial cell EMT and
subsequent valve development is demonstrated by results in both mouse and human.
Deletion of ALK2 from endocardial cells results in a failure of endocardial cell EMT.**?
In humans, single nucleotide defects encoding ALK2 and ALK3 were found in patients
with AVC and septum defects * ¥, Additionally, atrial and septal defects found in
humans diagnosed with Down Syndrome are also associated with defects in found in
ALK2 ¥ Together, these observations demonstrate a critical role for ALK2 signaling in
both AVC and mature valve defects in humans and mice. Considering that TGFBR3
regulates ALK2, this raises the possibility that alterations in TGFBR3 expression or
activity could be responsible for some AVC defects in humans. Indeed, TGFBR3 is
located on a region of human chromosome 1 that links to AVC defects in humans **.

These results suggest that we must understand the signaling mechanisms
downstream of TGFBR3 in order to better understand EMT in the developing heart valve
if we are to understand human valvular disease. Therefore, we generated gene regulatory
networks for valve forming regions of both mouse and chicken using RNA-seq analysis.

RNA-seq analysis is transforming our understanding of transcriptomes by revealing
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important information about transcript diversity, sequence, and structure. We used RNA-
seq analysis to study the transcriptomes of specific portions of the developing heart tube
to provide a comprehensive picture of gene expression. We identified genes that were
required for EMT by comparing transcriptional profiles between regions of the heart that
undergo EMT (AVC and OFT) to regions that do not (ventricle). Genes with a two-fold
increase in expression in AVC/OFT compared to ventricles were identified as candidates
for involvement in endocardial EMT in both chicken and mouse. To gain a better
understanding of how these genes may potentially interact we built gene regulatory

networks using Ingenuity Pathway Analysis software (www.ingenuity.com). Shown is a

representative network for mouse cushion enriched genes (Figure 11A). TGFB was
identified as a nodal point as were central nodes formed around genes known to be
required for EMT such as SOX9, and BMP (Figure 11A).

Our screen generated an additional node centered on the transcription factor, NF-
kB (Figure 11A). As with the TGFf node, we found close links to NF-kB and known
EMT genes such as mouse genes MSX2, TWIST1, and SMAD7 (Figure 11B). Incorrect
regulation of NF-«B is linked to cancer, inflammatory diseases, septic shock and
improper immune development #°" '8! Alternatively, a role for NF-kB in inducing EMT

in corneal endothelial tissue has recently been explored 2.

Another recent finding
indicated NF-kB to aid in inhibiting endothelial cell migration within the aorta *.
However, a role for NF-xB role in EMT has yet to be established. Therefore, | took a
small molecule inhibitor approach to disrupt NF-xB signaling in endocardial cushions

and determine if this pathway is required for EMT. Our generated RNA-seq dataset

suggested that NF-«xB is linked to TGFp, therefore in addition to determining NF-xB
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requirement for endocardial EMT; | was also interested in identifying if the TGFBR3 is
also required for NF-xB mediated EMT.

| used the in vitro collagen gel assay to test the requirement of NF-kB for
endocardial EMT in AVC. Using two structurally and mechanistically different specific
NF-kB inhibitors, SN50 and BMS-345541 (BMS), | found that NF-kB is required for
AVC endocardial EMT and that this requirement is downstream of TGFBR3. Previous
studies by Hernandez-Gutierrez and colleagues demonstrated that chemical inhibition of
NF-xB activation, by BAY-11-7085 (an irreversible inhibitor of IkBa

phosphorylation)'*

, in chicken embryos affected cardiovascular resulting in outflow
track defects; mainly double outlet right ventricle (DORV) and great artery stenosis °°.
BMS is a highly selective inhibitor of IkB Kinase (IKK) that binds at an allosteric site of
the enzyme and blocks NF-kB-dependent Transcription '*’. SN50 works by blocking
activated NF-kB transport into the nucleus. Specifically, SN50 is a synthetic peptide that
contains a nuclear localization sequence (NLS) of NF-«kB, which in turn inhibits
translocation of the NF-kB active complex into the nucleus *2,

Data presented here demonstrates a requirement for NF-xB in AVC EMT and that
this requirement is downstream of TGFBR3. It is not known whether TGFf or BMP
ALKs are required along with TGFBR3 and NF-kB for endocardial EMT (Figure 12).
This is the first study using small molecule inhibitors (BMS and SN50) in endocardial

cells to demonstrate that NF-kB is a downstream target of TGFBR3 and required for

EMT.
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FUTURE DIRECTIONS

This study identifies additional questions to be addressed. In my experiments
using full-length TGFBR3, TGFB2 ligand was used to activate the signaling complex.
Since other ligands bind TGFBR3, including BMP2, to drive cell invasion, future
experiments could address the role of BMP2 in TGFpR3-mediated NF-xB activation. If
the findings using BMP2 vyield results similar to those reported here, this data would
support our previous work identifying shared pathways between BMP and TGFp in the
regulation of endocardial cell EMT. | was able to demonstrate that TGFR3 engineered
to have a threonine to alanine substitution at position 841 (TGFBR3-T841A) phenocopied
the wild type receptor in exhibiting a requirement for ALK2/3 in mediating endocardial
cell EMT. However, it would be interesting to determine if TGFBR3-T841A could also
activate the NF-kB pathway. Our model suggests that NF-kB is required for EMT and
that this requirement is downstream of TGFBR3. This model could be tested by using an
NF-«B reporter in ventricular endocardial cells. Ventricular endocardial cells have TGFp
canonical signaling pathway components with the exception of TGFBR3. These cells do
not undergo EMT in response to TGFB. TGFpB-dependent activation of an NF-xB
signaling reporter in ventricular endocardial cells would suggest that NF-xB activity is
independent TGFBR3. If NF-kB activity cannot be stimulated in ventricular endocardial
cells, this suggest that TGFBR3 may be required. The introduction of TGFBR3 into
ventricular endocardial cells could be used to formally address a requirement of NF-xB
reporter activity for TGFBR3. These additional experimental approaches would

significantly clarify our understanding of TGFR3-dependent, NF-«xB signaling.
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identifies regulators of endocardial EMT.
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Figure 11. Gene regulatory networks generated from cushion
enriched-gene lists identifies regulators of endocardial EMT.
A. Gene regulatory networks were generated with Ingenuity
software using 2-fold cushion-enriched genes in chick & mouse. A
representative mouse network is depicted. Lines denote
interactions between genes observed in the literature across all
systems, with solid lines reflecting a direct interaction & dotted
lines denoting an indirect interaction. Gene names over shapes
denote nodes. Green nodes have decreased expression and red have
increased expression B. Transcriptional network depicting genes
known to be downstream of NF-kB which had increased
expression in the AVC & VEN.
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Figure 12. Model of TGFBR3-mediated Endocardial EMT.
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Figure 12. Model of TGFBR3-mediated Endocardial EMT. All
receptors are depicted localized to the endothelial plasma
membrane. Upon binding TGFB2, TGFBR3 presents ligand to the
Type 1l receptor, TGFBR2 which then forms a heterocomplex with
the Type | receptor, TGFBRI/ALKS. The Type | receptor
phosphorylates Smads 2 and 3 which form a complex the co-
mediator Smad, Smad 4. The complex translocates into the nucleus
and we measure the effect by EMT. A small molecule inhibitor
specific to ALK5, SB431542, blocks downstream signaling, thus
blocking EMT. Targeting Smad2, 3 or 4 with siRNA also blocked
EMT. A small molecule inhibitor specific to ALK2 and ALKS3,
DMH1, blocked BMP mediated EMT in the AVC. SiRNA
targeting the BMP Smads, Smad 1 and 5, also blocked EMT. Two
structurally and mechanistically different NF-xB small molecule
inhibitors, SN50 and BMS, both blocked EMT in the AV cushion.
NF-xB is downstream of the Type III TGFp receptor however
whether NF-«xB interacts with BMP or other TGFp receptors is an

area of interest.
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