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ABSTRACT OF THE THESIS

The Role of Bone Morphogenetic Protein 10 (BMP10) and Crossveinless 2 (CV2)

in Cardiomyogenesis

by

Mark Raymond Cubberly

Master of Science in Physiological Science
University of California, Los Angeles, 2013
Professor Kristina Bostrom, Co-Chair

Professor Alan Garfinkel, Co-Chair

The formation of the heart, cardiomyogenesis, is highly regulated to ensure proper
formation and function. The objective of this study was to examine the role of bone
morphogenetic protein (BMP) signaling in cardiomyogenesis. In order to accomplish this, we
used an adipocyte-derived multipotent cell model termed dedifferentiated (DFAT) fat cells
which readily differentiate into cardiomyocytes. Specifically, we investigated the effects of
treating DFAT cells with BMP10 and crossveinless-2 (CV2), a BMP inhibitor. BMP10 is

expressed exclusively in the heart and activates the activin receptor-like kinase 1 (ALK 1) which

il



is a BMP receptor that induces expression of cardiogenic factors such as Nkx2.5 through the
SMAD signaling pathway. CV2 was investigated because it has been shown to modulate BMP
signaling. We chose to examine BMP10’s role in cardiomyogenesis because it is structurally
similar to BMP9, which regulates vascular cell differentiation, and is expressed early in the
developing heart. We hypothesized that BMP10 induced proliferation of cardiac progenitor cells

and CV2 induced their differentiation.

We demonstrated that CV2 binds directly to BMP10 and inhibits BMP10 from initiating
SMAD signaling using co-immunoprecipitation and a luciferase reporter gene assay. We showed
that BMP10 treatment induced proliferation of DFAT cells using a *H-thymidine proliferation
assay, whereas CV2 proliferation levels were similar to those produced by control treatments.
However, CV2 induced differentiation of DFAT cells into cardiomyocytes, as demonstrated by
the induction of expression of cardiomyocyte markers by real-time PCR. Expression levels of
Nkx2.5 and troponin I, which are early and late cardiomyocyte markers, respectively, were
studied. Treatment with BMP10 showed an increase in Nkx2.5 expression at Day 7 after
treatment, whereas CV2 treatment showed an increase in troponin I expression at Day 14. These
results were corroborated by immunohistochemistry studies using antibodies against troponin I,
which indicates the presence of cardiomyocytes, and a-myosin heavy chain (a-MHC) which
indicates the presence of muscle tissue. The results indicated that BMP10 increased the number
of early cardiomyocyte progenitor cells, whereas CV2 induced differentiation of DFAT cells into
cardiomyocyte-like cells that were electrically active and beating. Taken together, these results
supported a model where cardiomyogenesis occurs via a two-step mechanism. First, BMP10
increases the pool of cardiac progenitor cells. Then, once the progenitor pool has been expanded

sufficiently, CV2 inhibits BMP10 and triggers cardiomyocyte differentiation.

il



Our findings may improve our understanding of the mechanism involved in
cardiomyogenesis and enhance our ability to generate cardiomyocytes from DFAT cells or other

stem cells.
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INTRODUCTION

In embryonic development, the heart is the first organ to form and function (Olson et al.,
2004). The function of the heart is to pump blood and its corresponding nutrients to the tissues
throughout the body. This task must carry on without cessation for the duration of the organism’s
life. Due to this essential role, the formation of the heart is highly regulated to ensure proper
formation. We will specifically look at cardiomyocytes, which are derived from the mesodermal
germ layer, and their formation (termed cardiomyogenesis) in our study. One class of growth
factors involved in cardiomyogenesis are bone morphogenetic proteins (BMPs) (Jamali et al.,
2001). Conversely, BMP inhibitors oppose the effects elicited by BMPs and also affect
cardiomyogenesis (Walsh et al., 2010). The roles of these proteins have been examined in several
cases, but it is their interaction that may be most essential in the formation of functioning
cardiomyocytes.

The cells we will be using to model cardiomyogenesis are adipocyte derived stem cells
(also referred to as dedifferentiated fat (DFAT) cells). These cells are easily generated from an
adipocyte suspension and dedifferentiate into fibroblast-like cells (Jumabay et al., 2010).
Because of their multipotent nature, DFAT cells can differentiate into several lineages such as,
osteocytes, chondrocytes, adipocytes and myocytes. The cardiomyocyte lineage fate has been
confirmed by previous studies that demonstrated beating cardiomyocytes derived from DFAT
cells that were electrically active and expressed cardiomyocyte markers (Shen et al., 2011).
Through PCR and morphological analysis, it has been established that DFAT cells are a useful
model for cardiomyogenesis which will enable us to explore the mechanisms of BMP signaling

in cardiomyogenesis.



Specifically, it has been shown that BMP9 can increase proliferation of endothelial cells
(Suzuki et al., 2010), which are epithelial cells of mesodermal origin that line the inner wall of
blood vessels. Because of this proliferative effect, we aimed to explore the proliferative effect of
BMP10, a close relative to BMP9, which is specific to cardiac tissue (Chen et al., 2004).
Crossveinless-2 (CV2) has been shown to be an extracellular modulator of BMP9 signaling and
aimed to determine if it also modulated BMP10 (Yao et al., 2012).

BMP10 is the heart specific ligand of the activin receptor like kinase-1 (ALK1) receptor
(David et al., 2007). It has been shown that BMP10 is produced exclusively in the trabeculae of
the embryonic mouse heart (Chen et al., 2004). Importantly, BMP10 has been found to induce
expression of cardiogenic transcription factors such as Nkx2.5 and MEF2C (Jamali et al., 2001).
This regulation operates through the SMAD pathway. BMP10 binding to ALK1 causes a
phosphorylation of SMAD 1/5/8, which then binds with SMADA4. This complex of SMAD1/5/8
and SMAD4 then translocates to the nucleus to upregulate transcription of Nkx2.5 (Jamali et al.,
2001) and increase the pool of cardiac progenitor cells.

CV2 was first discovered as a modulator of BMP signaling in fruit flies. In Drosophila
melanogaster, CV2 is required with BMP to activate the SMAD pathway, as can be seen by CV2
mutants having decreased phosphorylated MAD at the crossveins (Harada et al., 2008). The
same study discovered the human homologue of CV2 and identified it as an extracellular
inhibitor of BMP signaling. CV2 also acts to increase differentiation of cardiac cells. A previous
study demonstrated that CV2 inhibits BMP signaling in early cardiogenesis and leads to the
increased generation of cardiac cells (Binnerts et al., 2004). Thus, BMP10 as well as CV2 are

important for cardiomyogenesis.



In this study, we will explore the relationship between BMP10 and CV2 in
cardiomyogenesis. We demonstrate that BMP10 binds directly to CV2 and inhibits BMP10 from
initiating SMAD signaling. We show that treatment with BMP10 increases the rate of
proliferation in DFAT cells before their differentiation into cardiomyocytes. On the other hand,
CV2 has the ability to induce cardiomyocytes differentiation in DFAT cells. Taken together, the
data support a model where cardiomyogenesis occurs in a two step mechanism. First, BMP10
induces proliferation of cardiac progenitor cells. Then, once the progenitor pool has been
expanded, CV2 inhibits BMP10 and triggers cardiomyocytes differentiation in these cells. This
finding could improve our understanding of the mechanisms involved in cardiomyogenesis and
how to more efficiently enhance our ability to generate cardiomyocytes from DFAT cells or

other stem cells.



METHODS

Isolation of Adipocytes

Mice on C57BL6/J background were obtained from the Jackson Laboratory (Bar Harbor,
ME), and the investigation conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publications No. 85-23, revised 1996).
Adipose tissue was removed from wild type mice aged 4-5 weeks. To isolate adipocytes, an
incision was made on the dorsal side from the neck to the tail of the mouse. Then, the inguinal
and gonadal fat pads were removed. The fat was washed three times in phosphate buffered saline
(PBS) solution before the tissue was used for adipocyte preparation. After washing, the fat was
digested using 0.1% (w/v) collagenase at 37° C for 45 minutes on a shaker at 85 RPM. After
filtration through a mesh strainer, the cells were centrifuged at 1000 RPM for 3 minutes (Yagi et
al., 2004). To thoroughly wash the cells, the top floating layer of adipocytes was removed and
placed in a new 15 ml centrifuge tubes with 10 ml of culture medium (Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 20% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic solution (Mediatech, Manassas VA)), and centrifuged at 1000 RPM for one minute.
This was repeated three times. The adipocytes were removed and the purity of the adipocytes

was assessed as previously described in detail (Jumabay et al., 2012).

Culture of Mouse DFAT Cells

Purified adipocytes were placed in a 10 cm dish with 10 ml of culture medium and
incubated for 24 hours (Jumabay et al., 2012). After 24 hours, the floating layer of adipocytes

was removed from the dish. The 24 h incubation period had allowed potential pluripotent non-



adipocytes to detach from adipocytes and sink to the bottom of the well, further ensuring the
purity of the adipocytes. Before seeding the adipocytes in 6 well dishes, 70 pm cell strainers are
placed into each well. Then each well is filled with 5-6 ml of medium containing the desired
treatment, which included, (control (culture medium), BMP10 (25 ng/pl), CV2 (25 ng/ul), BMP
10 (25 ng/pl) for 5 days followed by CV2 (25 ng/pl) for 5 days, BMP 10 (25 ng/ul) with CV2
(50 ng/ul) (all reagents were from R&D Systems, Minneapolis, MN). Finally, the adipocytes
were placed into each well and cultured for 5 days. The adipocytes did not attach to any plastic
surfaces, unlike in the previously used ceiling culture method (Matsumoto et al., 2008), which
prevented stretching of the adipocytes. Our method allowed dedifferentiated fat (DFAT) cells
without fat to fall through the filter, adhere to the bottom of the dish and be exposed to the
treatment while excluding the remaining adipocytes from the newly generated DFAT cells. The
filters were removed and treatment changed after 5 days. The experiment was stopped when

actively beating cardiomyocyte-like cells were detected in any of the treated cells.

RNA Analysis

RNA was isolated from the cultured cells using the RNeasy kit (Qiagen) following the
manufacturer’s instructions. Briefly, 2 pg of total RNA was reverse-transcribed with random
hexamers using an MMLYV Reverse Transcription Reagents kit (Stratagene, La Jolla,CA)
according to the manufacturer’s protocol. Each amplification mixture (20 ul) contained 25 ng of
reverse-transcribed RNA, 8 uM forward primer, 8§ uM reverse primer, 2 uM dual-labeled
fluorogenic probe (Applied Biosystems, Foster City, CA), and 10 pl of Universal PCR mix
(Quantitect probe RT-PCR kit, Qiagen). The real-time PCRs were performed using an Applied

Biosystems 7700 sequence detector (Applied Biosystems). The probes used were Troponin I and



Nkx2.5. The primers and probes (Troponin I and Nkx2.5) used for real-time PCR were pre-

designed and obtained from Applied Biosystems as part of Tagman® Gene Expression assays.

Proliferation Assay

DFAT cells were seeded in a 24 well dish with an equal number of cells at low density
and treated with culture medium for 24 hours. Then, the medium was replaced with the
treatments described above under “Culture of mouse DFAT Cells”. This medium was
supplemented with 1 pCi/ml of [’H]thymidine (Amersham Biosciences), and used in
proliferation assays as previously described (Bostrom et al.,2004). As soon as one of the wells
became confluent, the experiment was stopped. The medium was removed, the cells were
washed once with PBS, and 300 pl of lysis buffer (1:100 dilution of B-mercaptoethanol with
RLT Lysis Buffer) was added to each well. Each sample was mixed with Sml of biograde
counting cocktail and added to a 20 ml scintillation vial. Incorporation of *H thymidine was

determined by scintillation counting.

Luciferase Assay

Transient transfections of BAECs were performed in triplicates in 24-well plates. BAECs
were plated with culture medium 24 hours prior to transfection at 10,000-20,000 cells per well
that yield target confluency of 40-80%. The cells were transiently transfected using 1.5 pl of
FuGene6 reagent (Roche Molecular Biochemicals) and 500 ng of DNA per well. The cells were
transfected with a BMP responsive luciferase reporter gene (Korchynskyi and Dijke, 2002) and
Renilla (R&D Systems) for normalization. Cells were taken for analysis 24 hours after
transfection. The cells were lysed in 100 pl of Passive Lysis Buffer (Promega, Madison, WI) per

well. The cells were freeze-thawed twice and agitated for 15 min. Luciferase activity was



determined using an AutoLumat LB953 luminometer (PerkinElmer Life Sciences) and expressed

as mean from triplicate transfections after normalization to Renilla.



RESULTS

BMP10 Interaction with CV2

In order to determine if BMP10 interacts with CV2, an immunoprecipitation was
performed. Anti-BMP10 antibodies were used to precipitate BMP10 and were compared to a
control immunoglobulin G (IgG). After the immunoprecipitation, an immunoblot was performed
with antibodies against CV2 (anti-CV2). Figure 1 illustrates that the band for CV2 at 80 kDa is
only present when paired with the anti-BMP10 immunoprecipitation. This suggests an
interaction between BMP10 and CV2 because CV2 is bound to BMP10 when the
immunoprecipitation with anti-BMP10 is performed (Figure 1). Then, when we perform an
immunoblot for CV2, we see the band for CV2. If there were no interaction, as is the case with
IgG, we would not see a band for CV2 when the immunoblot for anti-CV2 was performed. This
is because CV2 was not initially bound to IgG when the initial immunoprecipitation for IgG was

completed.
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Figure 1: CV2 binds BMP10. Immunoprecipitation of IgG and anti-BMP10 followed by
immunoblot for anti-CV2. Presence of a band at 80 kDa for CV2 indicates CV2's interaction
with BMP10



CV2 Inhibits BMP10

Next, it was important to determine if the interaction between BMP10 and CV2 resulted
in inhibition of BMP10 signaling. To determine this, a luciferase assay was performed. In this
assay, BMP response elements from the promoter region of the Id-1 gene are transfected into
bovine aortic endothelial cells (BAEC) in a luciferase reporter gene. BMP10 binding to its cell
surface receptor induces the SMAD pathway and causes expression of the luciferase reporter
gene, which results in an increase in luciferase activity. Different concentrations of CV2 were
applied in order to determine if CV2 caused BMP10 inhibition. BMP10 inhibition was assessed
by a reduction in luciferase reporter gene activation compared to control cells that were
transfected with a control vector. Figure 2 demonstrates that CV2 inhibits BMP10 and that 200

ng/ul was the most efficient in inhibiting BMP10 in this experiment.
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Figure 2: CV2 inhibits BMP10 signaling. Luciferase assay performed on bovine aortic
endothelial cells (BAECs) (N=2). Increasing concentrations of CV2 were applied to determine
the optimal concentration required for BMP10 inhibition, which appears to be at 200 ng/ul.
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BMP10 Increases Proliferation of DFAT Cells

We then determined if BMP10 could increase the proliferation of DFAT cells.
Proliferation is an increase in the number of cells due to cell division. This experiment was
performed because we had noticed in earlier studies that BMP10 appeared to increase the
number of cardiomyocytes relative to other treatments. To test this hypothesis, we performed a
*H-thymidine proliferation assay. The assay involves incorporation of *H-thymidine into the
DNA of DFAT cells. Then, upon cell division, the daughter cells will contain radioactive
thymidine in their DNA as well. At the end of an incubation period of three days, the cells are
lysed and placed in a counting solution inside of a scintillation vial. Then, the amount of
radioactivity is determined. Cells from treatments that produce higher counts per minute (CPM)
have incorporated more tritiated thymidine and thus, have a higher rate of proliferation. In our
experiment, BMP10, as well as BMP9, provided an increase in proliferation over CV2 which
produced the same amount of proliferation as control cells (Figure 3). BMP9 was used as a
positive control because it had previously demonstrated its ability to induce proliferation (Suzuki
et al., 2010). This enabled us to conclude quantitatively that BMP10 contributed to an increased

rate of proliferation of DFAT cells.
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Figure 3: BMP10 increases proliferation of DFAT cells. *H-thymidine proliferation assay
performed on DFAT cells (N=2). Cells were incubtaed with treatment for three days then
measured with scintillation counting. BMP 9 and 10 enhanced proliferation whereas CV2 was
similar to control cells.
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BMP10 Treatment Increases the Pool of Cardiac Progenitor Cells

Next we aimed to determine the role of BMP10 and CV2 in cardiomyogenesis. To
accomplish this, we examined the expression levels of Nkx2.5 and Troponin I by performing
real-time PCR (qPCR). Both of these genes are involved in cardiomyogenesis. Nkx2.5 is a
marker for immature cardiac progenitor cells, and Troponin I is a marker for mature
cardiomyocytes. These experiments yielded some surprising results. They showed that BMP10
increased the expression of the immature cardiac progenitor marker, Nkx2.5 (Figure 4). This
increase in Nkx2.5 indicates that BMP10 plays a role in proliferation of DFAT cells into cardiac
progenitor cells. In addition, they demonstrated that CV2 treatment caused an increase in the
mature cardiomyocyte marker Troponin I (Figure 5). This increase in cardiac progenitor cells
could lead to an overall increase in the amount of cardiomyocytes after cardiomyogenesis is

complete.

14
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Figure 4: Nkx2.5 expression after 7 days of treatment. Expression was measured using real-time
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Figure 5: Troponin I expression after 14 days of treatment. Expression was measured using real-
time PCR and normalized to GAPDH.
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Morphological and Immunohistochemical Analysis

Finally, we wanted to ensure that we could chronicle the growth of DFAT cells and their
transition from undifferentiated multipotent cells to cardiomyocytes. In order to accomplish this,
we took photographs of the cells at 4x and 10x magnification on specific time points (5, 7, and
14 days). From morphological analysis, it appeared that CV2 treatment caused the earliest
emergence of mature cardiomyocytes. Later however, BMP10 treatment produced a larger
number of beating cardiomyocytes than CV2 treatment. Videos were also taken of beating
cardiomyocytes using image J software to demonstrate that the cells had electrical activity and
were beating.

These results were further confirmed by immunohistochemistry studies. Cardiomyocyte-
like cells from BMP10 and CV2 treatments, as well as control cells, were stained with antibodies
to Troponin I and a-myosin heavy chain (a-MHC) (Figure 6). a-MHC antibodies are used to
visualize muscle tissue, and anti-Troponin I antibodies are used to specifically identify cardiac
muscle. DAPI staining was used to visualize nuclei. Fluorescent images captured under
fluorescent microscopy corroborate our earlier morphological findings. They showed a large
increase in the number of mature cardiomyocytes from BMP10 treatment in relation to control
cells (Figure 7). This supported our hypothesis that BMP10 increased the number of cardiac

progenitor cells, and thus, the number of differentiated cardiomyocytes.
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Control Treatment

Figure 6: Immunohistochemical staining of DFAT cells. Cells from control wells were stained
with antibodies to troponin I (green) to visualize cardiomyocytes and a-MHC (red) to visualize
muscle tissue. DAPI (blue) staining visualized nuclei.

BMP 10 Treatment

{100 ym |

Figure 7: Immunohistochemical staining of DFAT cells treated with BMP10. Cells from control
wells were stained with antibodies to troponin I (green) to visualize cardiomyocytes and a-MHC
(red) to visualize muscle tissue. DAPI (blue) staining visualized nuclei.
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Day 7 | Day 14 Day 21

Figure 8: DFAT cells in control medium and visualized at 10X magnﬁcation. Images were taken
7, 14, and 21 days after treatment began. The appearance of cardiomyocytes began on Day 14.

Day 7 Day 14

x

Figure 9: DFAT cells treated with BMP10 and visualized at 10X magnﬁcation. Iags ere |

taken at 7, 14, and 21 days after treatment began. Cardiomyocytes appear at Day 14 and have a
greater number of mature cardiomyocytes at Day 21.

Day 7 Day 14 Day 21

\

Figure 10: DFAT cells treated with CV2 and visualized at 10X magnﬁcation. Iages er ken
at 7, 14, and 21 days after treatment began. Immature cardiomyocytes appear at Day 7,
indicating CV2 induced differentiation.
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visualized at 10X magnification. Images were taken at 7, 14, and 21 days after treatment. There
were the largest number of cardiomyocytes with this treatment regimen.

19



DISCUSSION

In this study, we showed that BMP10 and CV2 are involved in different processes of
cardiomyogenesis in cells derived from white mature adipocytes. Our results suggested that
cardiomyogenesis might occur via a two-step mechanism. First, BMP10 will increase the number
of cardiac progenitor cells, then CV2 will induce differentiation of these progenitor cells into
mature cardiomyocytes. Ultimately, these findings outline a novel approach to cardiomyogenesis
that may be used as a model in the future.

Cardiomyogenesis was originally thought to occur prenatally, and the cardiomyocytes
that were produced were said to be terminally differentiated (Nadal-Ginard and Mahdavi, 1989).
Thus, cardiomyocytes respond to stress by hypertrophy or death and cannot regenerate on their
own. Recently, this view was challenged by researchers who believe that cardiomyocytes can be
replaced by a subpopulation of nonterminally differentiated myocytes entrance into the cell cycle
or activation of a pool of progenitor cells who then differentiate into a myocyte lineage (Hierlihy
et al., 2002). To expand upon this finding, it was observed that there were male cells in a female
heart that was transplanted into a male patient (Anversa et al., 2006). Taken together, these
findings demonstrated that the myocardium could undergo cell division.

This paradigm shift in viewing the heart as having cells that are able to regenerate rather
than be permanently quiescent allowed the next major discovery in cardiac biology. In thinking
the cells of the heart had regenerative abilities, researchers began looking for stem cells from the
bone marrow or intrinsic to the heart that could provide this regenerative capability. This enabled
them to discover cardiac stem cells (CSCs), which are found in niches in the myocardium and

differentiate into functioning myocytes (Urbanek et al., 2005). Primitive cells leave the niche and

20



their growth, proliferation, and differentiation is controlled by these CSCs. Therefore, it was
critical to identify the type of cells that left the niche and to determine if these cells could be
derived from any other tissue in the body.

In our study, we used DFAT cells as a model of cardiomyogenesis. This was an ideal
model because we had previously shown that these DFAT cells lost their adipocyte-specific
markers but gained mutipotent characteristics. These characteristics enabled them to differentiate
into a variety of lineages including chondrocytes, osteocytes, and most importantly for this study,
cardiomyocytes (Jumabay et al., 2010). Because these cells can spontaneously differentiate and
become a source of electrically active and beating cardiomyocytes, we explored the underlying
processes of these cells.

We decided to investigate BMP10 in this study for a variety of reasons. The first reason
being that it is known that BMP signaling is crucial for proper cardiac development. Secondly, in
a recent article published by Huang et al. (2012), it was discovered that there was a
BMP10/Myocardin pathway that was crucial for cardiac development and a block in BMP10
signaling produced a block in cardiomyocytes proliferation. This was a significant finding
because our lab had also discovered that BMP9 was required for endothelial cell proliferation
and proper endothelial cell layer formation (Yao et al., 2012). These facts, combined with
previous work from David et al. (2007) that demonstrated BMP10 has the highest structural
homology to BMP9 and that BMP10 was found exclusively in the myocardium, guided our
decision to investigate BMP10’s effect on cardiomyogenesis.

Due to the proliferative effect of BMP10 and its importance in cardiac development, we
hypothesized that it would cause an increase in the amount of cardiac progenitor cells. These

cells would be similar to those released by the niche found in the myocardium. To test this
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hypothesis, we performed qPCR and examined the expression of Nkx2.5 in response to treating
DFAT cells with BMP10 and CV2. Nkx2.5 expression was examined because it is a
transcriptional activator which is involved in cardiomyogenesis that is initiated by BMP
signaling via the ALK receptor and SMAD1/5/8 pathway (Jamali et al., 2001). Our data
revealed that on day 7 after treatment, BMP10 treatment increased the expression of Nkx2.5,
which represented an induction of cardiomyogenesis and an increase in cardiac progenitor cells.
This is significant because it demonstrated BMP10s ability to initiate cardiomyogenesis through
Nkx2.2 induction and cardiac progenitor proliferation.

We then chose to investigate CV2 because it had previously been shown by Yao et al. to
inhibit BMP9 signaling. As BMP10 is structurally similar to BMP9, we hypothesized a similar
inhibition would occur in cardiomyocytes. To test this hypothesis, we performed luciferase
assays with varying concentrations of CV2 in order to elucidate the optimal concentration which
exhibited maximal inhibition. This was assessed through the production of bioluminescence from
the activation of a luciferase promoter gene. A decreased luminescence was observed when CV2
(200 ng/ml) was added to medium containing BMP10. We also had previous
immunoprecipitation assays that showed CV2 binds to BMP10. Taken together, these findings
illustrate CV2’s ability to inhibit BMP10 signaling and thus, inhibit cardiomyogenesis. This
theory was confirmed through our qPCR results which indicate that Nkx2.5 expression is
markedly decreased when treated with CV2. This was in contrast to our qPCR results when
DFAT cells were treated with BMP10 which produced an increased amount of Nkx2.5
expression.

Throughout each experiment, we took pictures of the cells in each treatment at specific

time points (7, 14, and 21 days). We also recorded time-lapse video to prove we had functional
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cardiomyocytes which was assessed by visualizing the beating cells. Lastly, we performed
immunohistochemistry with antibodies against troponin I and a-MHC. Visualization of
fluorescence from the labeled antibodies for these proteins indicated the presence of
cardiomyocytes. All of this data combined proves that functional cardiomyocytes can be derived
from DFAT cells.

An interesting finding related to CV2 was the fact that treatment with CV2 induced
differentiation of cardiomyocytes (Figure 10). This was first observed in morphological analysis
of CV2 treated cells. DFAT cells who underwent CV2 treatment differentiated into
cardiomyocytes before any other treatment given (including BMP10). This was further
confirmed through qPCR analysis which showed CV2 treatment resulted in a higher expression
of troponin I (a mature cardiomyocyte marker) at day 7. This is a novel finding that
demonstrated CV2’s ability to induce differentiation of DFAT cells into cardiomyocytes.

There are certain limitations related to this study. First, additional proliferation and
luciferase reporter gene assay experiments need to be conducted to confirm the results in this
paper. One study that would be useful would be a time course experiment looking at a wider
variety of time points to pinpoint the transition between proliferation and differentiation. In
addition, a dose dependence experiment would be useful in determining optimal concentrations
of treatments to use. In order to enhance the evidence of BMP10-CV2 protein interactions, cross-
linking studies could also be performed. If these experiments are successful, then this model
could be translated to other cell models such as embryonic stem cells. Lastly, in vivo
experiments and 3D cultures could be preformed to expand upon these findings.

Overall, this study suggested that BMP10 and CV2 are intimately related in the onset of

cardiomyogenesis. We proposed that cardiomyogenesis may occur in a two-step mechanism.
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First, BMP10 acts to increase the number of cardiac progenitor cells, thus increasing the possible
amount of cells differentiating into cardiomyocytes. Then, CV2 acts to induce differentiation of
these cells into cardiomyocytes. This proposed mechanism is a novel finding and explanation for
the induction of cardiomyogenesis. With this knowledge, more studies can be conducted to try to
optimize and maximize the amount of cardiomyocytes produced which would have a profound

clinical significance.
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