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Abstract

Congenital Heart Disease (CHD) is the most frequent and deadly birth defect. Patients with CHD that survive
the neonatal period often progress to develop advanced heart failure requiring specialized treatment including
cardiac transplantation. A full understanding of the transcriptional networks that direct cardiac progenitors during
heart development will enhance our understanding of both normal cardiac function and pathological states.
These findings will also have important applications for emerging therapies and the treatment of congenital heart
disease. Furthermore, a number of shared transcriptional pathways or networks have been proposed to regulate
the development and regeneration of tissues such as the heart. We have utilized transgenic technology to isolate
and characterize cardiac progenitor cells from the developing mouse heart and have begun to define specific
transcriptional networks of cardiovascular development. Initial studies identified Tdgf1 as a potential target of Nkx2-
5. To mechanistically dissect the regulation of this molecular program, we utilized an array of molecular biological
techniques to confirm that Nkx2-5 is an upstream regulator of the Tdgf1 gene in early cardiac development.
These studies further define Nkx2-5 mediated transcriptional networks and enhance our understanding of cardiac

morphogenesis.
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Introduction

Congenital Heart Disease (CHD) afflicts approximately 1% of live
births and accounts for the largest incidence of birth defects [1,2].
Furthermore, the incidence of CHD may be more than 10 fold greater
in nonviable embryos (i.e. spontaneously aborted fetuses or stillbirths)
[1-3]. Cardiac development is a complex, well-orchestrated event that
includes the specification, proliferation, migration and differentiation
of cardiomyocytes that become electrically coupled and ultimately
form a functional syncytium. Although recent advances have begun
to unravel the anatomical defects associated with CHD, the molecular
networks that accompany these perturbations are incompletely
defined [4,5]. In addition, CHD contributes significantly to advanced
heart failure in the pediatric and adult population and these patients
require aggressive pharmacological and mechanical therapies and/
or orthotopic heart transplantation. Developmental studies are
paramount to the emerging field of regenerative medicine, as many
of these embryonic transcriptional networks are also important
during repair and regenerative responses in the injured adult heart.
Elegant studies utilizing genetically modified mouse models have
demonstrated the essential roles for transcription factors and signaling
molecules at discrete stages of heart development. Nkx2-5 is one of the
earliest markers of the cardiac lineage as it is abundantly expressed in
the cardiac progenitors that form the cardiac crescent (E7.75) [6,7].
This homeodomain transcription factor (i.e. Nkx2-5) is expressed
throughout development and in the adult. Embryos lacking Nkx2-5
are lethal (E9.5-E11.5) due to growth retardation and abnormalities
of the left ventricular chamber of the developing heart [6,7]. The
association of NKX2-5 mutations with human CHD further highlights
the importance of Nkx2-5 in cardiac development [8-13]. These defects
associated with NKX2-5 mutations appear to identify a role for Nkx2-5
early in cardiac morphogenesis as well as a later role in maintaining
myocyte lineage identity.

Tdgf1 (Cripto), the prototypic member of the EGF-CFC (epidermal
growth factor-like-cripto-FRL-1-cryptic) family of EGF-like molecules
is also an important signaling factor during cardiogenesis. The earliest
embryonic Tdgfl expression is observed in the inner cell mass of the
blastocyst [14]. As murine embryogenesis proceeds, Tdgf1 expression

becomes limited to the mesodermal progenitors which include the
cardiac progenitors. At E8.5, Tdgfl expression is further restricted to
the myocardium of the developing heart tube and by E9.5 expression
is very localized and limited to the cells of the truncus arteriosus in
the developing heart [15,16]. Tdgfl continues to be expressed within
the truncus arteriosus until E10.5, after which expression is relatively
absent in the developing and adult heart [14]. Tdgfl null embryos
are lethal by E7.5 due to defects in axial organization and formation
of mesodermal derivatives [17,18]. These Tdgfl mutant embryos also
exhibit defects in cardiac morphogenesis as they lack expression of
myocardial differentiation genes Mlc2v and a-Mhc [18,19]. The critical
role for Tdgfl during cardiogenesis was further evident as the TdgfI-
/- mESCs lacked the ability to form contracting cardiomyocytes [19].

In the present study, we further define the Nkx2-5 dependent
molecular program in early cardiac development. We establish that
Tdgfl is a direct downstream target of Nkx2-5. Collectively, these
studies enhance our understanding of molecular networks that govern
discrete stages of early cardiogenesis.

Materials and Methods
FACS and transcriptome analyses

We utilized the previously generated Nkx2-5-EYFP transgenic
mouse model and isolated cardiac progenitors from the E7.75 cardiac
crescent following 0.25% Trypsin/EDTA (Invitrogen) digestion
and FACS analysis [20]. Using a MoFlo Flow Cytometer (Beckman
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Coulter), EYFP labeled cells were collected directly into Tripure
(Roche) and RNA was extracted and amplified as previously described
[20]. Oligonucleotide array hybridizations were carried out according
to the Affymetrix protocol as previously described and published
[20,21].

Electrophoretic mobility shift and chromatin immunopre-
cipitation assays

C2C12 cells, grown in DMEM media supplemented with 20%
FBS, were transfected with myc-tagged Nkx2-5 using Lipofectamine
and Plus reagent (Invitrogen). After 24 hours, nuclear extracts were
prepared and used for EMSA as previously described [22]. ChIP assays
for evaluating occupancy of the Tdfgl promoter binding by Nkx2-5
were performed as previously described [22], except that Myctagged
Nkx2-5 was transfected into C2C12 cells. Chromatin solutions were
prepared and immunoprecipitation reactions were performed using
an anti-myc and control IgG sera. Promoter occupancy of Nkx2-5 was
analyzed by amplifying the DNA fragment (314 bp) corresponding to
the Tdgfl promoter region containing three NKEs using the following
set of primers (forward: 5°- caaaacacaaggtggggttggaaagc-3’ and reverse:
5’-ttgaaccctggactgtgegtge-3’). Co-Immunoprecipitation Assays were
performed as previously described [21].

Transcriptional assays

Luciferase assays were performed as previously described [22].
Briefly, C2C12 myoblasts, in a six well plate, were transfected with
a control (pGLT-Luc) or Tdgfl-Luc constructs with or without
increasing amounts of Nkx2-5 overexpression plasmid as previously
described [22].

Generation of an inducible ES/EB system for Nkx2-5
overexpression

Doxycycline-inducible Nkx2-5 overexpressing ES cells were
generated from A2Lox ES cells as previously described [21]. Embryoid
bodies (EBs) were prepared using the hanging drop technique and
then cultured in suspension on a rotating plate beginning on day 2.
Doxycycline (1 pg/ml) was added to the culture (48 hours) to induce
protein expression and gene expression was analyzed using qRT-PCR
as previously described [21].

Statistical analysis

All p-values were calculated using Student’s t-test analysis.

Results

We have previously utilized the Nkx2-5-WT-EYFP and Nkx2-5-
KO-EYFP transgenic mouse models to identify the Nkx2-5 dependent
transcriptome of cardiac progenitors [20,21]. Selected representative
transcripts found to be enriched in the Nkx2-5-WT-EYFP population
compared to the Nkx2-5-KO-EYFP population at two stages of early
cardiac development, E8.0 and E8.5, are listed in Figure 1A. Note
that the EGF-CFC family member, Tdgf1, was one of such transcripts
enriched at both time points. Utilizing these same transgenic mouse
models, we collected the EYFP positive cardiac progenitors from the
crescent of the developing Nkx2-5 WT and KO embryos (Figure 1B).
Using qRT-PCR we confirmed that Tdgfl was also enriched (1.6 fold
+/- 0.2, p<0.05, n=3) in these earliest EYFP positive cardiac progenitors
from the Nkx2-5-WT embryo compared to the Nkx2-5-KO embryo
(Figure 1C). This Nkx2-5 dependent expression of Tdgfl appeared to
be limited to the early stages of cardiac development as at E9.0 there
was no significant difference of Tdgfl expression in the Nkx2-5-WT-

EYFP population compared to the Nkx2-5-KO-EYFP population and at
E9.5 and E10.5 there was no longer expression of Tdgf1 at the transcript
level in either the Nkx2-5-WT-EYFP or Nkx2-5-KO-EYP positive cells
(data not shown). These data support the hypothesis that Nkx2-5 acts
as an important regulator of Tdgf1 early during cardiac development.

The 10kb upstream region of the murine Tdgf1 gene was evaluated
for the presence of Nkx2-5 binding elements (NKE). Three potential
NKEs with greater than 90% prediction value as determined by
ConSite, were identified in the putative promoter region and are
highlighted in Figure 2A. EMSA revealed that Nkx2-5 binds the Tdgf]
promoter, the binding could be competed with cold competitor and
the complex could be supershifted with a myc antibody that recognizes
the Nkx2-5-myc fusion construct (Figure 2B). Using ChIP assays, we
confirmed that Nkx2-5 binds the Tdgfl promoter in vivo (Figure 2C).
We next undertook transcriptional assays to determine whether Nkx2-
5 regulates Tdgfl gene expression. We fused a 1.3 kb (-3 kb to -4 kb)
region of the TdgfI upstream fragment harboring the three previously
identified NKEs to the luciferase reporter. As shown in Figure 2D, co-
transfection of the wild type Tdgfl reporter plasmid and an Nkx2-5-
expression vector resulted in a dose dependent activation of luciferase
activity, which increased 6.5 +/- 1.1 fold, 10.2 +/- 1.3 fold and 19.4+/-
1.3 fold (p<0.05, n=3) with increasing amounts of Nkx2-5 compared
to the control (empty reporter plasmid). Moreover, mutation of the
three NKEs significantly reduced the Nkx2-5-dependent activation
of the Tdgfl promoter (4.2 +/- 0.3 fold with maximum Nkx2-5 dose;
p<0.05, n=3; Figure 2D). These results support the notion that Nkx2-5
is a direct transcriptional activator of the Tdgf1 gene.

To further examine our hypothesis, we complemented our in
vivo studies utilizing the Nkx2-5 null embryos with the generation
of a doxycycline-inducible Nkx2-5 overexpressing embryonic stem
(ES) cell line. Our strategy is schematized in Figure 3A and highlights
that the reverse tetracycline transactivator (rtTA) binds to the

Differential gene expression values (Nkx2-5-KO vs. Nkx2-5-WT)

Title Symbol E8.0 E8.5
ankyrin repeat domain 1 (cardiac muscle) Ankrd1 -2.00 -2.46
myosin, light polypeptide 2, regulatory, cardiac, slow Myl2 -4.00 -11.31
natriuretic peptide type A Nppa -4.92  -5.66
natriuretic peptide type B Nppb -5.66  -5.66
small muscle protein, X-linked Smpx -2.00 -6.06
teratocarcinoma-derived growth factor 1 Tdgf1 -1.87 -2.46
vascular cell adhesion molecule 1 Vcam1 -2.83 -2.64
B [

1 CINkx2-5-WT
0.5 Il NKx2-5-KkO

Fold Change
o

Tdgft

Figure 1: Tdgf1 transcript expression in WT and Nkx2-5 null cardiac
progenitor cells. (A) Selected transcripts that were significantly dysregulated
at defined developmental stages in the Nkx2-5 null background compared to
the age-matched WT cardiac progenitor cells. Note the statistically significant
downregulation of Tdgf1. (B) EYFP is directed to the cardiac progenitor
cells in the 6kbNkx2-5-EYFP:Nkx2-5-WT and 6kbNkx2-5-EYFP:Nkx2-5-
KO littermates at E7.75. Note that the WT and Nkx2-5 mutant embryos are
indistinguishable at E7.75. Individual EYFP positive embryos are dissociated
and sorted using flow cytometry to collect EYFP positive and negative cells,
respectively. RNA is isolated, amplified and gRT-PCR performed from EYFP
positive cells of age matched Nkx2-5-WT and Nkx2-5-KO littermates. (C)
qRT-PCR of Tdgf1 in WT (open bar) and null (black bar) cardiac progenitors
of the cardiac crescent confirming decreased Tdgf1 transcript expression in
the Nkx2-5-KO cardiac progenitors vs. the Nkx2-5-WT controls.
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tetracycline responsive element (TRE) to induce Nkx2-5 expression
only after the addition of doxycycline. Using these engineered ES
cells, embryoid bodies (EBs) were formed using the hanging drop
technique. Overexpression of Nkx2-5 after induction with doxycycline
was confirmed at both the RNA and protein level (Figure 3B). Using
these engineered ES cells, embryoid bodies (EBs) were formed using
the hanging drop technique. Nkx2-5 expression was induced for 48
hours at days 2-4 of EB formation, EBs were harvested on day 6 and
RNA and protein were extracted from induced and control EBs. qRT-
PCR analyses revealed that the induction of Nkx2-5 expression results
in 31.1 +/- 1.9 fold increase in Tdgfl expression (p<0.5, n=3; Figure
3C). Western blot analysis also confirmed increased protein expression
of Tdgfl after induction of Nkx2-5 expression (Figure 3D). These
overexpression studies further support the hypothesis that Tdgfl is a
direct downstream target gene of Nkx2-5.

Discussion

We have previously identified the transcriptome of cardiac
progenitors utilizing the Nkx2-5-WT-EYFP and Nkx2-5-KO-EYFP
transgenic mouse models [20,21]. Employing these same transgenic
mouse models, we confirmed that at the early stages of cardiac
development, prior to E9.0, Tdgfl expression is reduced in cardiac
progenitors in the absence of Nkx2-5. Previous in-vitro studies of

A B probe: Tdgf-NKE
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Figure 2: Nkx2-5 binds to and activates Tdgf1 expression. (A) Identification
of three potential NKEs in the 10kb upstream region of the Tdgf1 gene. (B)
Sequence of oligonucleotides used for the EMSA is shown where wild type
(WT) and the corresponding mutated (Mut) NKE are in red. Competition
studies included increasing amounts of unlabeled WT probe (containing the
NKE) or the same unlabeled probe with the NKE mutated (Mut). 32P-labeled
WT (NKE) oligonucleotide probe was used for the EMSA and revealed a
stable Nkx2-5-DNA (NKE) (lane 2) that could be competed with WT cold
competitor (lanes 3-4) but not with Mut cold competitor (lanes 5-6). The
complex could be supershifted with anti-myc serum (lane 7). (C) ChIP assay
for binding of Nkx2-5 to the Tdgf1 promoter. Anti-myc but not the control
antibody is capable of IP of the Tdgf1 promoter from C2C12 cells expressing
myc-tagged Nkx2-5. (D) A 1.3 Kb Tdgf1 promoter harboring wild type (WT)
or mutated (Mut) NKEs was fused to luciferase (luc) reporter gene and was
transfected into C2C12 myoblast cells with or without increased amounts of
the Nkx2-5 expressing plasmid. Fold change represents luciferase activity
normalized to renilla expression; *, p<0.05, n=3.
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Figure 3: Nkx2-5 overexpression in ES/EB system results in increased
levels of Tdgf1. (A) Integration of Nkx2-5-expressing vector, pLoxNkx2-5,
into the X chromosome of the Ainv15 ES cells to place the cDNA of Nkx2-5
under the control of tetracycline responsive element (TRE). Upon addition of
doxycycline (+ Dox), reverse tetracycline transactivator (rtTA) binds to the
TRE and induces Nkx2-5 expression. (B) Increased expression of Nkx2-5
RNA and protein in EB cells following the induction with Dox for 48hrs is
confirmed; *, p<0.05, n=3. (C) Analyses of fold change in the expression of
the Tdgf1 transcript using qRT-PCR following the induction with doxycycline
(Dox) for 48hrs (day 2-4) of EB formation; *, p<0.05, n=3. (E) Western blot
analysis confirms increased expression of Tdgf1 in EBs overexpressing
Nkx2-5 following the induction with Dox for 2 days (day 2-4) vs. control EBs.

cardiac myocyte differentiation in P19 cells have also identified Tdgf1
as a downstream target of Nkx2-5 [23].

Using Embryoid Body (EB) differentiation assays, Embryonic Stem
(ES) cells have the capacity to differentiate to all mesodermal-derived
lineages, including a hematopoietic, endothelial, cardiac and skeletal
muscle cell which faithfully recapitulates development [24-26]. EB
developmental transcript profiles of Tdgfl1 reveal expression of Tdgfl
in ES cells. The Tdgfl expression continues in early EBs peaking at EB
day 4, and then is rapidly downregulated [16]. Nkx2-5 expression is
first noted at EB day 4 with the emergence of the cardiac progenitors
and maintains its expression throughout cardiac development [23,27].
Thus, although there is overlap in expression, initial Tdgfl expression
is significantly earlier than that of Nkx2-5 leading to the hypothesis that
although initiation of Tdgfl expression is Nkx2-5 independent, the
maintenance of Tdgf1 in developing cardiomyocytes is dependent upon
Nkx2-5. Several examples of this type of transcriptional regulation have
previously been described in cardiogenesis; most notably, the Nodal
dependent initiation of Pitx2c expression, with Nkx2-5 dependent
maintenance of Pitx2c expression at later stages of development in the
absence of Nodal signaling [28].

Our underlying hypothesis is that Nkx2-5 transcriptionally
activates the Tdgfl gene and the Tdgfl gene plays an essential role
in not only specification but also maintenance and differentiation of
early cardiac progenitors. Although Tdfgl null ES cells fail to develop
beating cardiomyocytes, the cells do express early cardiac transcription
factors such as Nkx2-5, Mef2 and Gata4 [19]. Consistent with the
early transient expression of Tdfgl during differentiation of wild-type
mESCs, it was shown that the time point of adding recombinant soluble
Tdgf1 protein, its concentration and the duration of exposure to this
signaling factor are critical parameters that determine the efficiency
of obtaining beating cardiomyocytes [16]. These findings suggest
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that Tdgfl is involved in the transition from myocardial specification
to differentiation. Tdgfl has also been shown to be highly expressed
in many cancers including breast, pancreatic, ovarian and colon
carcinomas [29]. Further studies exploring Tdgf1’s oncogenic potential
has shown that in vivo, Tdgfl induces cell proliferation, reduces
apoptosis, and increases cell migration [30]. These properties however
also may be important in its function during embryonic development
and cardiogenesis.

CHD significantly contributes to embryonic lethality and advanced
heart failure in the pediatric and adult population. An enhanced
understanding of the regulatory mechanisms of the cardiac progenitor
cells and the signaling pathways that promote cellular proliferation
will serve as a platform for therapies directed towards advanced heart
failure. In our current study we utilized multiple techniques to confirm
that Tdgfl is a direct downstream target of Nkx2-5. These studies
suggest new insights into molecular mechanisms by which Nkx2-5 and
Tdgf1 cooperatively regulate cardiac development.
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