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Abstract

Congenital heart disease (CHD) is one of the most common types of birth defect and is very poorly understood. To
comprehend this disease better, the normal genetic expression associated with myocyte differentiation must be mapped
out. This gives a deeper understanding of how cardiomyocytes (cardiac muscle cells) divide and specialize, which can
contribute to understanding the mechanisms of CHD better. The workflow of this specific project began with culturing
C2C12 mouse muscle myoblast cells and harvesting them at six different time points: 50% confluency, 100% confluency,
24-hours postdifferentiation, 48-hour postdifferentiation, 72-hour postdifferentiation, and 96-hour postdifferentiation.
The expression levels of MyoD1, Myogenin, MyoM2, MyoZ2, GATA4, TbX5, NKX2.5, Ki67, Tcap, and RBFox1 were then
measured and compared with qPCR. It was expected that those gene markers associated with muscle differentiation and
structure would increase in expression levels over time while those markers associated with cell proliferation would de-
crease in expression levels. The gPCR showed the expected induction of myogenic differentiation marker genes, with the
following deviation: MyoD1 expression did not increase during differentiation, and cardiogenesis markers did not follow
a clear expression pattern during differentiation. Future studies on human-induced pluripotent stem cells differentiation
to cardiomyocytes are needed to understand the patterns of gene expression in cardiomyocytes compared to skeletal my-
ocytes. The outcomes of these studies may contribute to a deeper understanding of heart development and abnormalities

in patients with CHD, and may improve diagnosis and treatment methods.

INTRODUCTION

Congenital heart disease (CHD) affects approximately 1
in 40,000 births in the United States and is considered to
be one of the most common types of birth defect (Mai,
2012). CHD is a broad term for all congenital heart de-
fects, which are generally defined as a structural abnor-
mality of the heart and/or major vessel that exists at
birth. The incident of death from CHD on live births is
81:100,000.

Despite the relatively large prevalence and mortality of
congenital heart defects, only about 15% can be attributed
to a known cause (van der Bom, 2011). The mechanisms
of CHD are poorly understood, but some genetic associ-
ations have been identified. These include chromosom-
al aneuploidy and mutations of the FBN1, TBX5, JAG1,
NKX2.5, and GATA4 genes, among others (Richards,
2010). Pathogenic variation accounts for approximately
40% of human CHD cases (Yasuhara & Garg, 2021). The
molecular mechanisms underlying CHD could encom-
pass mutations in elements of the cardiac gene network,
changes in hemodynamics, disruptions in the regulatory
pathways of cardiac genes, dysfunction of micro-RNAs,
impacts of epigenetics, occurrences of adult congenital

heart diseases, and various other factors (Huang et al.,
2010). One must navigate the intricacies of genetic in-
heritance and the phenotypic variability associated with
CHDs to grasp their nature better.

A substantial amount of recent work has been done to gain
a better understanding of the connections between the ge-
nome and the mechanisms of congenital heart defect. One
of the approaches for this is mapping out the expression of
different markers involved in the process of heart devel-
opment during normal differentiation. On a broader level,
understanding normal gene expression during myogene-
sis may help to identify abnormalities that occur during
CHD. The specific markers chosen in this study fall into
different categories: myogenesis (MyoD1, Myogenin,
MyoM2, and MyoZ2); cardiogenesis (GATA4, TbX5, and
NKX2.5); cell proliferation (Ki67); later muscle struc-
ture, including sarcoma assembly, T-tubule function, and
apoptosis (Tcap); and cardiac hypertrophy/heart failure
(RBFox1). Mutations in GATA4, along with other mem-
bers of the GATA family, have already been identified in
some patients with CHD (Rajagopal et al., 2007).
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Comparisons of myogenic and cardiogenic gene marker
expression during C2C12 myogenic differentiation can
provide insight into the normal expression patterns during
differentiation, which has yet to be carefully examined
under the lens of CHD. As new genes of interest are es-
tablished, gene expression can be compared between in-
stances of myogenesis, cardiogenesis, and CHD in order
to identify novel abnormalities present in cases of CHD.
Additionally, Ki67, Tcap, and RBFoxl provide a larger
scope perspective of various expression patterns by in-
cluding processes beyond those in individual cell differen-
tiation. C2C12 cells, derived from a mouse skeletal muscle
cell line, were selected due to their established and preva-
lent choice as a model for studying myogenesis (Science-
Direct, n.d.). They can be easily induced to undergo steps
in differentiation from a muscle precursor to myoblast,
myocyte, and finally, multinucleated myotube via serum
starvation. This allows for neat quantification of transcrip-
tional factors involved in the differentiation process.

RESEARCH QUESTION

How does the expression of gene markers involved in myo-
genesis, cardio genesis, cell proliferation, and myotube
structure change during C2C12 myogenic differentiation?

HYPOTHESIS

During myoblast differentiation, gene markers associated
with muscle differentiation and structure (MyoD1, Myo-
genin, MyoM2, MyoZ2, and Tcap) will increase in level
of expression, gene markers associated with cell prolifer-
ation (Ki67) will decrease in level of expression, and gene
markers associated with cardiogenesis (GATA4, TbX5,
and NKX2.5) will remain constant in level of expression.

METHODS

C2C12 cells, a mouse myoblast cell line, were plated at an
approximate confluency of 0.2 million cells per plate with
10% Fetal Bovine Serum (FBS) growth media. Once cells
reached 50% confluency, they were passaged at a 1:6 ratio.
Then, as the plates reached 50% confluency again, the first
time point of cells was harvested. The second time point
was harvested at 100% confluency before spontaneous dif-
ferentiation began. At this point, the remaining plates had
their media changed to 2% horse serum differentiation
media to induce differentiation via serum starvation. The
third, fourth, fifth, and sixth time points were harvested
24, 48, 72, and 96 hours, respectively, after the addition of
differentiation media.

RNA was extracted from each of the six samples, and a
reverse transcription was performed to create cDNA. A re-
al-time qPCR with two technical replicates was performed
with the sample cDNA and primers for MyoD1, Myogen-
in, MyoM2, MyoZ2, GATA4, TbX5, NKX2.5, Ki67, Tcap,
and RBFoxl1. The internal control for the gPCRs was S26.
An outline of this process is shown in Figure 1. No statisti-
cal tests were performed due to small sample size.

Results

Images of the cells at each of the six harvesting time
points can be seen in Figure 2. Table 1 summarizes the
results from all 10 qPCRs, and Figure 3 summarizes this
data graphically. Tcap expression had no change until 48

hours after the addition of differentiation media, where it
increased dramatically by about 100,000 fold (Figure 4).
It then decreased by approximately 30% after every sub-
sequent 24 hours in differentiation media. Final expres-
sion levels were still approximately 48,000 fold higher
than initial expression levels. Ki67 expression decreased
to about 0.25 times the starting expression amount in a
linear fashion (slope of -0.143), as seen in Figure 5. The
largest decrease was from 1 at 50% confluency, to 0.47 at
100% confluency.

The next section of data corresponds to those genes in-
volved in myogenesis. Notably, MyoD1 expression re-
mained constant during differentiation, as seen in Figure
6. Expression levels were consistent over the time course
of the experiment, ranging from 0.77 to 1.72 fold initial
expression levels. Myogenin expression increased overall
during differentiation and showed a spike in expression
to 508 times the initial amount at the 24-hour timepoint,
as seen in Figure 6. After this dramatic jump, expression
remained relatively constant at around 280 times initial
expression levels. MyoM2 expression increased somewhat
linearly (slope of 38.9) to about 180 times the initial expres-
sion level, as seen in Figure 6. Expression levels increased
at a consistent rate, except for a relatively high jump from
12 fold at 100% confluency, to 83 fold at 24 hours in differ-
entiation media. MyoZ2 expression increased drastically
and linearly (slope of 3884) to about 18,000 times the ini-
tial expression level, as seen in Figure 6. A small deviation
from this consistent increase is a large jump from 256 fold
to 5850 fold, similar to that of MyoM2, between the 100%
confluency to 24 hours in differentiation media.

Moving on to those genes specific to cardiac muscle,
RBFoxl expression increased during differentiation. It
reached the highest expression levels 96 hours after the
addition of differentiation media, at 38.3 times the ini-
tial expression level (Figure 7). It did not increase before
during differentiation, while in growth media. GATA4 ex-
pression decreased 24 hours after the addition of differ-
entiation media and maintained lower expression levels
throughout differentiation, as seen in Figure 8. Similar to
RBFoxl1, there was no change in expression before during
differentiation, while in growth media. TbX5 expression
levels did not show a clear pattern during differentiation
and stayed within a relatively small range of 0.79 to 3.35
fold initial expression, as seen in Figure 8. NKX2.5 expres-
sion increased by a small amount during differentiation
to about 2.3 times the initial expression level, as seen in
Figure 8. This slight increase occurs across the entire time
course, including before and during differentiation.

DISCUSSION

Three of the four studied myogenesis genes supported
the hypotheses that gene markers associated with muscle
differentiation and structure will increase in expression
and that gene markers associated with cell proliferation
will decrease in expression during differentiation. These
were Myogenin, MyoM2, and MyoZ2 (Figure 6). Tcap ex-
pression, associated with later muscle structure, support-
ed this hypothesis as well (Figure 4). The one exception
was MyoD1, which did not express as expected because
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its expression remained constant as opposed to increas-
ing during differentiation (Figure 6). Because MyoD1 is
a transcriptional factor associated with myogenesis, its
expression was expected to increase during the differen-
tiation process. A potential explanation for this deviation
may be later involvement of MyoD1 in myogenesis than
was studied in this time course (from 50% confluency to
96 hours after differentiation .

The hypothesis that those genes involved in cardiogene-
sis would remain constant in expression level during dif-
ferentiation was not supported. Two of the cardiogenesis
markers, TbX5 and NKX2.5, had irregular melt curves
with multiple peaks, in addition to high cycle numbers.
This may be due to unspecific primers, which could be ad-
dressed by increasing primer length. Because of this, the
data from the TbX5 and NKX2.5 qPCRs are unreliable.
The GATA4 expression level decreased during differen-
tiation, which varied from the expectation that it would
remain constant (Figure 8). This could be due to crosstalk
between GATA-4, TALI, and Sirtl during regulation of
myogenic differentiation (Wang et al., 2012).

The expression level of RBFox1 increased during differ-
entiation (Figure 7). Because RBFoxl is involved in cardi-
ac hypertrophy/heart failure, there were no expectations
for the role of RBFox1 in normal myogenesis. Previous
studies have connected increased RBFox1 expression to
reduced cardiac hypertrophy manifestation (Gao, 2016).
The newfound increase in RBFox1 expression during dif-
ferentiation gives insight into the potential relationship
between RBFox1 expression and CHD. Expression levels
of RBFox1 should be further studied to establish a poten-
tial relationship between cardiac hypertrophy, CHD, and
abnormal heart cell differentiation.

All of these results are limited by the fact that there was
only one biological replicate due to time constraints. De-
spite this reduced statistical significance, the exploratory
nature of this project is useful for guiding subsequent re-
search, especially considering the limited the archive of
information relating to variance in myogenic and cardio-
genic gene expression in individuals with CHD. In the fu-
ture, this entire experiment should be repeated with more
biological replicates. Further study should be completed
on MyoD1, TbX5, NKX2,5, GATA4, and RBFoxl using
human-induced pluripotent stem cells differentiated to
cardiomyocytes to compare patterns of gene expression
in cardiomyocytes to those in skeletal myocytes. Once
normal myogenic and cardiogenic gene expressions are
established during differentiation, they can be compared
against gene expression in individuals with CHD. Discrep-
ancies between the two may point to unidentified mecha-
nisms of CHD.
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Table 1: Summary of gene expression at different time points from qPCR results.

Relative Gene Expression

Gene Category Gene fggﬁtrol) 100% 24 hr 48 hr 72 hr 96 hr
Later Muscle Structure  Tcap 1 1.7 1.07 1.04E+05 6.92E+04 4.82E+04
Cell Proliferation Ki67 1 0.47 0.3 0.37 0.05 0.24
Myogenesis MyoD1 1 1.7 1.72 0.95 1.56 0.77
Myogenesis Myogenin 1 79.5 508.29 270.16 327.16 253.5
Myogenesis MyoM2 1 12.02  83.29 150.37 143.42 180.77
Myogenesis MyoZ2 1 256.58 5850.06 10218.91 13922.6 18116.74
Cardiac Hypertrophy RBFox1 1 0.77 17.31 18.17 8.33 383
Cardiogenesis GATA4 1 0.99 0.47 0.44 0.26 0.3
Cardiogenesis TbX5 1 3.35 3.04 0.79 2.26 1.27
Cardiogenesis NKX25 1 1.43 1.29 1.27 1.64 231

Note. Red color indicates unreliable melt curve in qPCR.
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Figure 2
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Note. Green color indicates genes involved in myogenesis (MyoD1, Myogenin, MyoM2, MyoZ2).
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Figure 4
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Figure 8
Cardiogenesis (GATA4, TbX5, and NKX2.5) expression at different time points during
differentiation
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