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Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are a promising tool to model and investigate human
heart disease in vitro. To achieve this goal, differentiation protocols must be optimized to produce pure populations of somatic
cells, such as cardiomyocytes (CMs). CHIR99021 (CHIR) is a small molecule that inhibits the enzyme glycogen synthase
kinase-3 beta (GSK-3β ), activating the Wnt/β -catenin pathway and genes involved in cardiac cell growth and differentiation.
Therefore, CHIR is commonly used to initiate directed CM differentiation from hiPSCs. However, the optimal concentration
of CHIR varies for different cell lines, making maximum differentiation efficiency a significant hurdle. Mutations in Rotatin
(RTTN), a gene encoding a centrosomal protein, have been linked to defective heart maturation and cardiovascular disease, but
this protein and other centrosomal proteins must be explored further using hiPSC-CMs. Based on conventional lab protocol,
we hypothesized that 12 µM CHIR would have the highest differentiation efficiency. In this study, we used immunostaining
protocols to stain and image CC2 CMs (wild-type cells) and LVIP CMs (containing a patient-specific compound heterozygous
RTTN mutation), allowing protein localization to be observed through imaging and manual counting. This study suggests a
concentration of 6 µM CHIR promotes optimal CM differentiation efficiency for both CC2 and LVIP hiPSCs, challenging
our hypothesis. The findings of this study are crucial to enhance understanding regarding the optimal differentiation of
cardiomyocytes from hiPSCs. Moreover, they constitute a step toward future research into the role of centrosomal proteins in
cardiovascular disease.
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Introduction

Cardiovascular disease is the leading cause of death in the
US and other developed countries1. One of its most severe
consequences is myocardial infarction, which is more com-
monly known as a heart attack. This leads to the loss of car-
diomyocytes (CMs), which are the contractile muscle cells
of the heart2,3. Unlike other tissues, adult cardiomyocytes
have limited regenerative capacity because the cells are ter-
minally differentiated and do not undergo mitosis. As a result,
dead cells are replaced by scar tissue rather than new mus-
cle cells. This leads to impaired cardiac function and, if left
untreated, heart failure4,5. Therefore, finding ways to model
and research the mechanisms of cardiovascular disease is cru-
cial. One such method is pluripotent stem cells, which are of-
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ten used to model the heart in vitro and to investigate disease
pathology6.

A key compound used in several hiPSC differentiation
protocols is CHIR99021 (CHIR), a small molecule inhibitor
of glycogen synthase kinase-3β (GSK-3β )7,8. Specifically,
CHIR prevents GSK-3β from phosphorylating β -catenin.
This stabilizes this molecule and allows it to translocate to the
nucleus. Then, it activates Wnt/β -catenin target genes through
TCF/LEF transcription factors8 (Figure 1). These Wnt gene
targets then affect the expression of pluripotency and devel-
opmental factors and are important for cell fate determina-
tion and stem cell maintenance9. CHIR has been used to di-
rect human induced pluripotent stem cells (hiPSCs) down the
mesoderm lineage, a critical step in cardiomyocyte differen-
tiation10. Its reported optimal concentration varies from as
low as 7-8 µM to 12-18 µM, depending on factors such as
which cell line is used and cell culture conditions11–13. Suc-
cessful CM differentiation has not been achieved with CHIR
concentrations below this threshold. However, the inconsis-
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tency between protocols needs to be further refined, as max-
imum differentiation efficiency is crucial for achieving pure
populations of CMs and other cell types.

This study aims to evaluate which concentration of
CHIR99021 most effectively promotes cardiomyocyte differ-
entiation in two hiPSC lines: CC2, a wild-type control, and
LVIP, a patient-specific line with a compound heterozygous
mutation in the Rotatin gene (RTTN). More specifically, this
cell line contains a G1321D missense mutation from the fa-
ther and an in-frame deletion from the mother. One study
has found that mutations in RTTN cause infantile dilated car-
diomyopathy through impaired CM maturation but the in-
volvement of other centrosomal proteins must be explored14.
Through this study, effective differentiation protocols can be
developed for future studies aimed at investigating centro-
somal protein localization in developing CMs. Based on
publicly available protocols, we hypothesized that 12 µM
CHIR would result in the most efficient differentiation in both
lines15–17. However, we found that 6 µM CHIR was by far
the most effective concentration of those tested. The results
of this study represent steps towards challenging conventional
paradigms, allowing for optimized differentiation of hiPSC-
CMs. Our findings provide us with a valuable tool for future
research aimed at investigating the effects of impaired centro-
somal protein function on cardiac development.

In this study, immunostaining protocols were used to stain
cardiomyocyte nuclei to quantify differentiation efficiency.
Automated image analysis was conducted using the Cytation
10 imaging system as well as ImageJ software to manually
count the number of nuclei with cardiac staining. Although
this study does investigate differentiation efficiency for two
cell lines, different trends could be observed if conducted us-
ing other cell lines. Additionally, data analysis could be influ-
enced by bias as the researcher knew which concentration of
CHIR each set of images was from. However, the researcher
conducting the analysis did not know what to expect, so con-
firmation bias was limited.

Methods

Stem cell culture

Human iPSCs (hiPSCs) were cultured on six-well plates
coated with growth factor-reduced Matrigel (Corning) in an
incubator at 37◦C, 5% CO2. Stem cells were maintained in
mTeSR Plus medium (Stem Cell Technologies) until approx-
imately 70% confluency was reached, at which point cells
were split into new wells using ReLeSR passaging reagent
(Stem Cell Technologies) with 2 µM ROCK inhibitor (Thia-
zovivin/TZV; Selleck Chemicals) added to prevent cells from
undergoing apoptosis while in suspension. All hiPSC lines
were validated for pluripotency approximately every three

Fig. 1 A graphic depicting the steps of Wnt/β -catenin pathway
activation, and how CHIR99021 affects this pathway. Specifically,
CHIR inhibits GSK-3β , which allows β -catenin to translocate to the
nucleus and activate the expression of genes important for stem cell
differentiation through the TCF/LEF transcription factors. This
figure was created using BioRender.

months using karyotypic analysis.
Both CC2 and LVIP lines were from males and originate

from fibroblasts (skin fibroblasts for the CC2 line, and cardiac
fibroblasts for the LVIP line). For the CC2 line, reprogram-
ming followed the protocol outlined in this study18. For the
LVIP line, reprogramming followed the protocol outlined in
this study14.

Cardiomyocyte-directed differentiation

Cardiac differentiation of hiPSCs was performed using the
small molecule-based method, where small molecules are
added to hiPSCs at specific time points to induce differenti-
ation17,19,20. hiPSCs were grown until approximately 80-90%
confluence, a time point designated as Day 0. At this point, the
medium was changed to RPMI 1640 (Life Technologies) plus
B27 without insulin supplement (Life Technologies), supple-
mented with 6-12 µM CHIR99021 (Selleck Chemicals) for
24 hours. On day 1, the medium was changed to RPMI 1640
plus B27 without insulin or CHIR. On day 3, the medium was
changed to RPMI 1640 plus B27 minus insulin, supplemented
with 2 µM Wnt-C59, a small molecule Wnt inhibitor (Sigma).
Medium was changed on day 5 with RPMI 1640 plus B27
without insulin. On Day 7, medium was changed to RPMI
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1640 plus B27 with insulin and changed with this medium ev-
ery other day thereafter until samples were collected.

Immunofluorescence

CM samples were collected at day 30 to 40 and trans-
ferred onto Millicell EZ slides (MilliporeSigma), fixed in 4%
paraformaldehyde (PFA) solution for 8 minutes, and washed
with phosphate-buffered saline (PBS) + 1.5 g/L glycine. Once
ready for staining, all cells were blocked and permeabilized
with 10% normal goat serum, 0.5% bovine serum albumin
(BSA), and 0.5% Triton X-100 in PBS for 1 hour at room tem-
perature. After washing, primary antibodies were diluted in
antibody solution (1% normal goat serum, 0.5% BSA, 0.05%
Triton X-100, all dissolved in PBS), added to the samples,
and incubated overnight at 4◦C. The primary antibody used
in this study was mouse monoclonal cardiac Troponin T (Ab-
cam AB8295). The next day, cells were washed, and sec-
ondary antibodies were diluted in antibody solution at 1:200
(with 0.05% Triton X-100) and added for 2 hours at room
temperature in the dark. For the CC2 line, the secondary an-
tibody used was polyclonal AlexaFluor-568-conjugated goat
anti-mouse IgG (Invitrogen A21124). For the LVIP line,
the secondary antibody used was polyclonal AlexaFlour-488-
conjugated goat anti-mouse IgG (Invitrogen A21042). 4’,6-
diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific)
was then added immediately at a concentration of 1:1000
to label DNA for 10 minutes in the dark. Stained slides
were washed 3 times in PBS +1.5 g/L glycine, and coverslips
(VWR) were added using ProLong Gold Antifade Mountant
(Thermo Fisher Scientific). Immunofluorescence was utilized
as it allows protein localization to be clearly viewed, so that
differentiation efficiency could be determined by staining for
proteins specific to cardiomyocytes.

Gene expression analysis

Total RNA was isolated from hiPSC-CMs cultured on 6-well
plates using the RNeasy Mini Kit (Qiagen, Cat. #74106).
Complementary DNA (cDNA) was then generated using the
High-Capacity cDNA Reverse Transcription Kit with RNase
Inhibitor (Applied Biosystems, Cat. #4374966) accord-
ing to the manufacturer’s protocol. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) plates
were prepared in 384-well format as follows: 10 µL TaqMan
Universal Master Mix II with UNG (Applied Biosystems, Cat.
#4440045), 8 µL H2O, 1 µL TaqMan Gene Expression Assay
(Applied Biosystems), and 1 µL cDNA per well. The qRT-
PCR plates were run on a QuantStudio 7 Real-Time PCR Sys-
tem (Applied Biosystems) for 50 amplification cycles, with
four replicates per sample/primer pair. Relative expression
levels of target genes TNNT2 and ACTN2 were determined by

normalizing their Ct values to the Ct value of the housekeep-
ing gene GAPDH, and fold changes were calculated using the
2−∆∆Ct method.

Statistical analysis

Images were taken using the Cytation 10 Imaging Reader
(BioTek). To analyze the data, the number of DAPI+ and
cTnT+ cells was manually counted using ImageJ Fiji soft-
ware. This allowed the researchers to determine differentia-
tion efficiency, which was the measure of optimal differentia-
tion in this study. All graphs were made using Microsoft Ex-
cel. Statistical significance was evaluated with a standard un-
paired student’s t-test (2-tailed) when comparing two groups
or 1-way ANOVA with Tukey’s post-test for multiple com-
parison analysis. For all tests, a p-value less than 0.05 was
considered statistically significant. All data are presented as
mean ± SEM. In this study, the independent variable was the
CHIR concentration added to the cells (6, 8, 10, and 12 µM
CHIR). The dependent variable was differentiation efficiency,
measured by the percentage of DAPI-stained nuclei that were
also positive for cTnT, a specific marker for CMs.

Results

6 µM CHIR led to optimal hiPSC-CM differentiation effi-
ciency in the CC2 line, with higher concentrations leading
to decreased efficiency

CC2 cells demonstrated a statistically significant decline in
differentiation efficiency from 6 µM to 12 µM CHIR, mea-
sured through the percentage of DAPI-stained nuclei that were
cTnT positive (Figure 2A). However, the decrease in effi-
ciency from 6 to 8 µM CHIR was not statistically significant
when a 1-way ANOVA test was conducted. The scatterplots
(Figure 2B-E) demonstrate that hiPSCs treated with higher
CHIR concentrations also had the highest variation, verified
by calculating R2 values. Hence, 6 µM CHIR not only led to
the highest differentiation efficiency, but also the highest con-
sistency in the CC2 line. Because the dots represent different
differentiation attempts, the scatterplots further suggest that
between differentiation attempts, higher CHIR concentrations
lead to less consistency in differentiation. The quantitative
data are also supported by immunofluorescence, with a de-
crease in differentiation efficiency as CHIR concentration in-
creases (Figure 3). At higher concentrations, a lower number
of nuclei (blue) stain positive for cTnT (red). qRT-PCR ex-
periments (Figure 4) also support the immunostaining results.
Relative gene expression of TNNT2, which encodes the cTnT
protein, statistically decreased from 6 to 12 µM CHIR, indi-
cating that fewer cells were cardiomyocytes at 12 µM CHIR
relative to 6 µM CHIR. Although the difference in relative
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Fig. 2 Differentiation efficiency decreases as CHIR concentration increases from 6 to 12 µM for CC2 hiPSCs-CMs. (A) Cardiomyocyte
differentiation efficiency for CC2 CMs. Differentiation efficiency was measured as the percentage of DAPI-stained nuclei that were also
stained for cTnT. CM differentiation statistically decreased after 8 µM CHIR. ***P < 0.0005. (B-E) Scatterplots depicting the correlation
between DAPI+ nuclei and cTnT+ cells for CMs treated with 6, 8, 10, and 12 µM CHIR, respectively. n = 8 wells per CHIR concentration,
at least 5 images per well.

Fig. 3 Images of CC2 cardiomyocytes stained for cTnT, a CM-specific marker, and DAPI showing decreased differentiation efficiency as
CHIR concentration increases. (A-D) Images of CMs treated with 6, 8, 10, and 12 µM CHIR, respectively, stained for cTnT (red) and DAPI
(blue) at 20× magnification. Scale bars: 200 µm.
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Fig. 4 qRT-PCR results measuring the gene expression of cardiac
markers TNNT2 and ACTN2 for the CC2 line. (A) Relative TNNT2
gene expression between Day 40 CC2 cells treated with 6 and 12
µM CHIR. TNNT2 gene expression at 12 µM CHIR was 49.11% of
expression at 6 µM CHIR. **P < 0.005. (B) Relative ACTN2 gene
expression between Day 40 CC2 cells treated with 6 and 12 µM
CHIR. ACTN2 expression at 12 µM CHIR was 77.46% of
expression at 6 µM CHIR. ns = not signi f icant. n = 3−4
samples per CHIR concentration, 4 technical replicates per
sample/primer pair.

gene expression for ACTN2 was not statistically significant, a
22.54% decrease in relative expression could be biologically
relevant, and statistical significance may be achieved with a
larger sample size.

6 µM CHIR led to optimal hiPSC-CM differentiation effi-
ciency in the LVIP line, with 12 µM leading to decreased
efficiency

For LVIP cells containing the RTTN mutation, a similar trend
to CC2 cells was observed, with average differentiation effi-
ciency decreasing from 82.22% to 36.07% (P < 0.00000001)
as CHIR concentration increased from 6 to 12 µM (Figure
5A). However, intermediate CHIR concentrations were not
evaluated, so it is possible that an altered trend could be ob-
served with values such as 8 and 10 µM CHIR. The scat-
terplots demonstrate that differentiation efficiency for cells
treated with 12 µM CHIR did not fit the trend line as well as it
did for cells treated with 6 µM CHIR. Moreover, the correla-
tion was relatively low compared to the CC2 cell line, verified
by the R2 values for both scatterplots. Therefore, the data for
the LVIP cell line also support greater differentiation consis-
tency when lower CHIR concentrations are used, but less than
that of the CC2 line. (Figure 5B, C). These observations are
further supported by visual representations of the immunos-

tainings (Figure 6), depicting a decrease in differentiation ef-
ficiency, as a lower percentage of cells stained for cTnT when
transitioning from 6 to 12 µM CHIR.

Discussion

Stem cells have emerged as a promising tool for modeling dis-
eases and investigating therapeutics. Their potential use for
treating cardiovascular disease has gained recent attention, as
the majority of adult cardiomyocytes are terminally differen-
tiated and cannot regenerate after damage, thereby opening
the door for stem cell-derived therapies4. To study this con-
cept further, proper and efficient differentiation of stem cells
into CMs is necessary, as this process can differ for specific
cell lines. Additionally, research has shown that centrosomal
proteins may play a role in the development of cardiovascular
disease, but further research is needed to uncover the mecha-
nisms. In this study, we show that 6 µM CHIR99021 promotes
the best differentiation efficiency for both wild-type CC2 cells
and LVIP cells, used here as a model of infantile dilated car-
diomyopathy. The results of this study disprove the hypothesis
that 12 µM CHIR provides the best differentiation efficiency.
This study also provides an effective differentiation protocol
to generate human CMs for the study of cardiovascular devel-
opment and disease.

Our results indicate that 6 µM CHIR was the optimal con-
centration for both cell lines, resulting in the highest differ-
entiation efficiency. As CHIR concentration increased, par-
ticularly at 12 µM, differentiation efficiency significantly de-
creased. This observation is consistent with research showing
that excessive Wnt/β -catenin pathway activation leads to ab-
normal cell behavior such as uncontrolled proliferation and
impaired differentiation. Interestingly, this abnormal behav-
ior is associated with the development of colorectal cancer21.
The dose-dependent decline in differentiation efficiency ob-
served in our study highlights the balance required when using
small molecules like CHIR for stem cell differentiation. The
two cell lines displayed different differentiation efficiencies at
6 µM CHIR (94.28% for CC2 hiPSC-CMs and 82.22% for
LVIP hiPSC-CMs), suggesting that genetic differences, such
as mutations affecting centrosomal proteins, can alter the cel-
lular response to differentiation cues. Moreover, centrosomal
proteins are known to regulate microtubules and cellular sig-
naling22, so their localization could play a role in regulating
stem cell differentiation. The lower differentiation efficiency
in LVIP cells could also be linked to altered cellular responses
to Wnt signaling, which might be less effective in these cells
due to the RTTN mutation. These results highlight the impor-
tance of understanding the genetic background of hiPSC lines
when designing differentiation protocols.

The variability in differentiation efficiency at higher CHIR
concentrations—particularly in the 10 µM and 12 µM
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Fig. 5 Differentiation efficiency decreases as CHIR concentration increases from 6 to 12 µM for LVIP hiPSCs. (A) Cardiomyocyte
differentiation efficiency for the LVIP cell line, which contains a patient-specific compound heterozygous RTTN mutation. Differentiation
efficiency was measured as the percentage of DAPI-stained nuclei that were also stained for cTnT. Differentiation statistically decreased from
6 to 12 µM CHIR. ***P < 0.0005. (B-C) Scatterplots depicting the correlation between DAPI+ nuclei and cTnT+ cells for CMs treated with
6 and 12 µM CHIR, respectively. n = 4−8 wells per CHIR concentration, at least 5 images per well.

groups—raises an important limitation regarding experimen-
tal reproducibility. The large standard deviations and low R2

values in the scatterplots suggest that inconsistencies in the
CHIR treatment process may have contributed to the observed
data variability. This variability could be due to several fac-
tors, such as differences in the quality of the hiPSCs, minor
discrepancies in pipetting, or genetic differences within the
hiPSC populations. One study suggests that cell culture con-
ditions and stages of the cell cycle can impact the differenti-
ation efficiency of hiPSCs to CMs, so these factors may have
also played a role in our study23. These findings further un-
derscore the need to optimize experimental protocols to min-
imize such variability, ensuring consistent and reliable results
for stem cell differentiation.

While 6 µM CHIR led to optimal results for both cell
lines in this study, future research should investigate whether
this concentration is universally effective across other hiPSC
lines. Additionally, intermediate and lower concentrations of
CHIR should be evaluated to determine whether differentia-
tion efficiency is affected at these concentrations. These stud-
ies would help identify the precise concentrations needed to
maximize differentiation for various cell lines. Future studies
on the ideal concentrations of other small molecules used in
CM differentiation, such as IWP-2, Wnt-C59, XAV-939, and
DMH110, would also help ensure the maximum number of
cells are successfully differentiated. Future research could ex-

pand the study to include in vivo models or cardiac organoid
systems24, which provide more accurate representations of
the human body to understand how CHIR treatment influence
cardiac differentiation. In vivo models could also help deter-
mine whether the effects observed in this study are consistent
with those in a more complex, three-dimensional environment,
where cellular interactions and tissue structures are better rep-
resented25. Optimizing differentiation in organoid systems
would allow for more detailed analysis of how differentiating
CMs integrate into developing heart tissue and interact with
other cardiac cell types.

During cardiomyocyte maturation, the centrosome under-
goes structural reorganization, where its components re-
localize from the centriole to the nuclear envelope in a pro-
cess known as centrosome reduction. Moreover, centrosomal
changes are associated with CM terminal differentiation, in-
dicating they play a crucial role in CM maturation26. These
changes suggest that centrosomal proteins are crucial not only
for cellular function but also for heart development and po-
tentially cardiac disease14. In general, the relationship be-
tween cardiac disease and centrosomal proteins is largely un-
explored. Through this study, we developed an effective dif-
ferentiation protocol to explore the localization of these pro-
teins in healthy and diseased cardiomyocytes.

In conclusion, our study provides valuable insights into the
optimal CHIR99021 concentration for cardiomyocyte differ-
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Fig. 6 Images of LVIP cardiomyocytes stained for cTnT and DAPI, showing decreased differentiation efficiency with a higher CHIR
concentration. (A-B) Images of CMs treated with 6 and 12 µM CHIR, respectively, stained for cTnT (red) and DAPI (blue) at 20×
magnification. Scale bars: 200 µm.

entiation from hiPSCs. By examining the effects of varying
concentrations and exploring the differential responses of spe-
cific cell lines, protocols can be refined to enhance the effi-
ciency and reproducibility of CMs. Furthermore, the hypothe-
sis of centrosomal protein localization as a potential regulator
of differentiation efficiency offers an exciting avenue for fu-
ture studies aimed at investigating the molecular mechanisms
of cardiac development and disease, especially in pediatric
cases. Ultimately, these findings pave the way for optimal
hiPSC differentiation in future studies, thereby opening the
door for discoveries at the cellular and molecular level in hu-
man cardiomyocytes.
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