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Simple Summary: Cardiovascular diseases are worldwide one of the leading contributors of mortal-
ity, and among multiple therapeutic approaches, stem cell therapy has been introduced as a robust
therapeutic strategy to alleviate related symptoms and restore cardiac functions. Prior to this, how-
ever, for successful cell therapy, an adequate number of functional and safe cardiac cells needs to be
generated. For this purpose, our approach was boosting the proliferative capacity of stem cell-derived
cardiomyocytes using growth factors, such as fibroblast growth factor 10 (FGF10) and cardiotrophin-1
(CT-1). Our results demonstrated that FGF10 and CT-1 substantially increased the number of cardiac
cells that originated from stem cells. In molecular assays, to assess RNA and protein level alterations,
the enhanced presence of specific markers for cardiac cells after treatment of stem cells with FGF10
and/or CT-1 was confirmed. This inducing potential of cardiac cells can particularly be applicable in
the cell replacement-based therapies of cardiac infarction. This research sheds light on the putative
effect of FGF10 and CT-1 in the transition of stem cells to cardiac cells, leading to the repair and
survival of the heart.

Abstract: For heart regeneration purposes, embryonic stem cell (ES)-based strategies have been
developed to induce the proliferation of cardiac progenitor cells towards cardiomyocytes. Fibroblast
growth factor 10 (FGF10) contributes to cardiac development and induces cardiomyocyte differentia-
tion in vitro. Yet, among pro-cardiogenic factors, including cardiotrophin-1 (CT-1), the hyperplastic
function of FGF10 in cardiomyocyte turnover remains to be further characterized. We investigated the
proliferative effects of FGF10 on ES-derived cardiac progenitor cells in the intermediate developmen-
tal stage and examined the putative interplay between FGF10 and CT-1 in cardiomyocyte proliferation.
Mouse ES cells were treated with FGF10 and/or CT-1. Differential expression of cardiomyocyte-
specific gene markers was analyzed at transcript and protein levels. Substantial upregulation of
sarcomeric α-actinin was detected by qPCR, flow cytometry, Western blot and immunocytochemistry.
FGF10 enhanced the expression of other structural proteins (MLC-2a, MLC-2v and TNNT2), transcrip-
tional factors (NKX2-5 and GATA4), and proliferation markers (Aurora B and YAP-1). FGF10/CT-1
co-administration led to an upregulation of proliferation markers, suggesting the synergistic potential
of FGF10 + CT-1 on cardiomyogenesis. In summary, we provided evidence that FGF10 and CT-1 in-
duce cardiomyocyte structural proteins, associated transcription factors, and cardiac cell proliferation,
which could be applicable in therapies to replenish damaged cardiomyocytes.

Keywords: stem cell therapies; FGF10 (fibroblast growth factor 10); cardiotrophin-1 (CT-1); heart
regeneration; cardiomyocyte proliferation; cardiomyogenesis
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1. Introduction

Strategies to restore cardiac physiological functions through the induction of car-
diomyocyte proliferation aim to address the limited regenerating capacity of cardiac cells
after birth. The boosted repairing potential of stem cells may alleviate the outrageous
mortality and morbidity of cardiac diseases accompanied by the industrialized way of
life [1,2]. FGF10 belongs to the FGF superfamily comprising 22 identified members. These
FGF ligands with multi-functional roles in the development, homeostasis and pathology
of the heart have received special research interests in recent years for the induction of
cardiomyogenesis. FGF ligands mediate their actions in the heart through interactions with
co-receptors (heparin/heparan sulfates or Klothos) and FGF receptors (FGFRs 1b, 1c, 2b,
2c, 3b, 3c and 4) [2,3]. In the early stages of cardiac development, FGF10 engages heparan
sulfate and FGFR2b [4]. FGFR2b expression and subsequent FGF10-mediated effects occur
in cardiomyocytes and have not been detected in cardiac fibroblasts [5]. Regarding the
differential expression of FGFs in distinct regions in early heart development, FGF10 is
expressed in the pharyngeal mesoderm. As a result, this ligand is considered a specific
marker of the second heart field (SHF) [6]. FGF10, together with FGF8, contributes to the
proliferation of progenitor cells of the SHF and, consequently, arterial pole development [7].
In the embryonic stage, a lethal homozygote ablation of Fgf10 impairs cardiac formation
along with ventricular transposition [4,5]. Nonetheless, proper elongation of the arterial
pole and septation in the absence of FGF10 may denote that FGF10 function is negligible in
arterial development. However, severe cardiac impairments in SHF deployment coincide
with the deletion of the predominant receptor of FGF10 (i.e., FGFR2b) [4]. Since FGF8 is
another ligand for the FGF10 receptor, and the lack of both Fgf8 and Fgf10 exacerbates
OFT and right ventricle dysmorphogenesis, a functional redundancy may occur between
FGFs 8 and 10 in early heart development [4,7]. The function of FGF10 could overlap with
FGF3, which is essential for the coordination of cardiac progenitor cells once the heart tube
elongates [8].

In the developmental stage of the human embryo, FGF10 expression occurs in the
outflow tract (OFT), where FGF10 functions in the differentiation of cardiomyocytes from
embryonic stem cells. In congenital heart disease patients, mutations in FGF10 (together
with FGF8) give rise to OFT impairment and consequently conotruncal defects, enhancing
the risk of mortality [9].

FGF10 is among an array of ligands in this family (including FGFs 1, 2, 8 and 16),
playing a role in the proliferation of cardiomyocytes [7,10–12]. Particularly in the context of
regeneration (e.g., post-myocardial infarction therapies), this potential could serve the in-
duction of proliferation in cardiomyocytes to counteract the dwindled proliferative capacity
occurring during embryogenesis and exacerbating postnatally [13–15]. FGF10’s contri-
bution to cardiomyocyte proliferation was further confirmed after observing ventricular
alterations, particularly in the phenotype of the right ventricle in mutant models. Mecha-
nistically, the regulatory role of FGF10 in the proliferation of cardiomyocytes is associated
with the downregulation of cyclin-dependent kinase inhibitor p27kip1 as a consequence
of phosphorylation of the forkhead box O3 (FOXO3) transcription factor [5]. FGF10 is
involved in epicardial cell migration towards the compact myocardium. This FGF10 effect
occurs paracrinally as myocardium-secreted FGF10 engages receptors on the epicardial cells
(which later form cardiac fibroblasts). Thus, impairment in this FGF10 function indirectly
elicits the declining proliferating potential of cardiomyocytes, the wall thickness in the
right ventricle and heart size [16].

In a study on pluripotent stem cell experimental models, the interaction of FGF10-
FGFR2 triggered the differentiation of cardiomyocytes [17]. However, the inducing prolifer-
ation capacity of FGF10 on cardiomyocytes in the intermediate developmental stage, using
this exquisite pluripotent stem cell model, is largely unknown and is investigated in this
study. In cardiomyocytes of adult mice (not in their cardiac fibroblasts), cell cycle re-entry is
triggered by FGF10 [5]. Taken together, these studies have prompted us to underscore the
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different functional and structural effects of FGF10 in the commitment of cardiomyocytes
from embryonic stem cells (ES).

On the other hand, CT-1, as a member of the interleukin-6 (IL-6) family, mediates
pleiotropic roles through a heterodimer receptor of gp130/LIFRβ. CT-1 is expressed in the
heart (including cardiac and non-cardiac cells), preserving the survival and proliferation of
embryonic and neonatal cardiomyocytes. Commonly, CT-1 is known for its contribution
to hypertrophy in adult cardiomyocytes, occurring as a compensatory response to hyper-
tension. CT-1 secreted from non-cardiomyocytes exerts its function in cardiomyocytes
by activation of the JAK-STAT signaling cascade and particularly STAT3 [18]. Moreover,
according to our previous studies, CT-1 promotes the cardiomyogenesis of stem cells [19,20].
CT-1 modulates the expression of pro-cardiogenic growth factors, such as FGF-2, VEGF and
PDGF-BB [20]. CT-1 and its receptor (gp130) contribute to the function of high molecular
weight FGF-2 isoform on cardiomyocytes [21]. However, still little is identified about FGF
ligand interactions with CT-1.

Cohen and co-workers related the modulatory function of FGF10 (as well as FGFs 3, 16
and 20) in the differentiation of myocardial progenitor cells to Wnt/β-catenin signaling [22].
Despite findings regarding activation of PI3K-AKT, p38 MAPK and FOXO3 associated with
FGF10 function [5,23], little is still identified about involved downstream signaling elements
of the FGF10 effect on cardiac cells. Nevertheless, in general, similar engaging signaling
pathways (i.e., RAS-MAPK, PI3K-AKT and JAK-STAT) are involved in cardiac functions
of FGFs and CT-1 [2,20]. Therefore, in the current study, we unraveled the inducing effect
of FGF10 and CT-1 on cardiomyocyte proliferation from progenitor cells characterized by
high expression of cardiomyocyte structural, transcriptional and proliferation markers.
Our work opens horizons for the in-depth characterization of FGF10 in the propagation of
cardiomyocytes applicable to regenerative therapies.

2. Materials and Methods
2.1. Materials

Recombinant mouse CT-1 was purchased from R&D Systems (Minneapolis, MN, USA).
Recombinant murine FGF10 was obtained from PeproTech (Birmingham, Germany) and
reconstituted in 5 mM sodium phosphate buffer (pH:7.4). Reconstitution buffer without
FGF10/CT-1 was applied as the vehicle control.

2.2. Embryoid Body Formation and Contractile Activity Analysis during Cell Culture of ES Cells

Embryoid bodies were originated from ES cells (line CCE) and grown on mitotically in-
activated feeder layers of primary murine embryonic fibroblasts to gain three-dimensional
structures. Cells were cultured in Iscove’s medium (Gibco, Live Technologies, Helgerman
Court, MD, USA) treated with 15% heat-inactivated fetal calf serum (FCS, 56 ◦C, 30 min)
(AppliChem, Darmstadt, Germany), 100 µM of 2-mercaptoethanol (Sigma, Taufkirchen,
Germany), 2 mM of glutamine (PAA Laboratories, Cölbe, Germany), 1% (v/v) NEA non-
essential amino acids stock solution (100×) (Biochrom, Berlin, Germany), 1% (v/v) MEM
amino acids (50×) (Biochrom), 1 mM of Na+-pyruvate (Biochrom), 2.5 µg/mL of plasmocin
(InvivoGen, San Diego, CA, USA), 0.4% penicillin/streptomycin (100×) (Biochrom, Berlin,
Germany), and 1000 U/mL of LIF (Chemicon, Hampshire, UK) at 37 ◦C in a humidified
chamber with 5% CO2, and passaged every 2–3 days. Adherent cells were enzymatically
dissociated using 0.05% trypsin-EDTA in phosphate-buffered saline (PBS) (Gibco, Helger-
man Court, MD, USA), and seeded at a density of 3 × 106 cells/mL in 250 mL siliconized
spinner flasks (CellSpin, Integra Biosciences, Biebertal, Germany) containing 125 mL of the
above mentioned supplemented Iscove’s medium (composition identical except plasmocin
and LIF). To reach a 250 mL final volume, medium (125 mL) was added after 24 h. The
spinner flask medium was stirred at 20 r.p.m. using a stirrer system (Integra Biosciences,
Biebertal, Germany). From day 2 to day 4, 125 mL of the cell culture medium was ex-
changed daily with the same fresh medium. On day 4, approximately 30 embryoid bodies
were plated into 6 cm cell culture dishes for each individual experiment. To evaluate the
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alterations in beating activities, the contraction frequencies of embryoid bodies were as-
sessed within 1 min by microscopic inspection from day 9 to day 12. Maximum contractile
activity of embryoid bodies was documented within 12 days of cell culture.

2.3. Immunocytochemistry and Confocal Imaging

Embryoid bodies were enzymatically dissociated with trypsin-EDTA (on day 9). Single
cells were cultivated on coverslips. On day 12, cells were fixed in ice-cold methanol for
20 min at −20 ◦C, washed three times with PBS containing 0.01% Triton-X-100 (Sigma,
Taufkirchen, Germany) (0.01% PBST) and permeabilized for 10 min with 1% PBST. Block-
ing against unspecific binding was carried out for 60 min with 10% heat-inactivated FCS
dissolved in 0.01% PBST. The cells were subsequently incubated overnight with a mono-
clonal α-actinin antibody (Abcam, Cambridge, UK) (dilution 1:100) dissolved in blocking
solution. Next, cells were washed three times with PBST (0.01% Triton) and reincubated
for 1 h at room temperature in the dark with either Cy3- or Alexa 488-labeled anti-mouse
antibodies (Abcam, Cambridge, UK) (dilution 1:100) in blocking solution. After washing in
0.01% PBST (three times), DRAQ5 (dilution 1:2000) (New England Biolabs, Frankfurt am
Main, Germany) was applied for nuclear staining and excited at 633 nm. The cells were
stored in PBS until inspection. Fluorescence images were acquired by means of a confocal
laser scanning setup (Leica TCS SP2, Bensheim, Germany).

2.4. Quantitative Real-Time PCR- qPCR Analysis

Treated and control dissociated cells on day 12 were lysed in RLT Plus (Qiagen, Hilden,
Germany). Next, RNA was extracted using the RNeasy Plus Micro kit (Qiagen), and cDNA
synthesis was performed using the QuantiTect Reverse Transcription kit (Qiagen) according
to the manufacturer’s protocol. After that, selected primers (Table 1) were designed
via NCBI’s Primer-BLAST option (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
(last accessed: 16 July 2020). Quantitative real-time polymerase chain reaction (qPCR)
was performed using the PowerUp SYBR Green Master Mix kit (according to provided
supplier instructions of Applied Biosystems) and the LightCycler 480 II machine (Roche
Applied Science). Hypoxanthine-guanine phosphoribosyltransferase (Hprt) was utilized
as a reference gene. Data were presented as mean expressions relative to Hprt. Data
were assembled using GraphPad Prism software (GraphPad Software, La Jolla, San Diego,
CA, USA).

Table 1. Primer lists applied for qPCR analysis.

Gene Forward Primer (5′->3′) Reverse Primer (5′->3′)

Hprt CCTAAGATGAGCGCAAGTTGAA CCACAGGACTAGAACACCTGCTAA
Actn2 GTCAACACTCCCAAACCCGA CTCCAACAGCTCACTCGCTA
Myl7 GGCACAACGTGGCTCTTCTA GAACACTTACCCTCCCGA GC
MYL2 CTCCAAAGAGGAGATCGACCAG TGTTTATTTGCGCACAGCCC
Yap-1 GAGCAAGCCATGACTCAGGA CTCTGGTTCATGGCAAAACGA
Ki-67 CTGCGAGCTTCACCGAGAG CAATACTCCTTCCAAACAGGCAG
Tnnt2 CCACATGCCTGCTTAAAGCTC CTCGGCTCTCCCTCTGAAC
Aurkb CGGGAGAAGAAGAGCCGTTT AGGATGTTGGGATGTTTCAGGT
Gata4 GAGCAGGGGACAAGCCG CGAAGCGGCAGTCCTGG

Nkx2-5 CCCAAGTGCTCTCCTGCTTT AGCGCGCACAGCTCTTTT

2.5. Flow Cytometry

After treatment with FGF10 and CT-1, cells were dissociated using trypsin–EDTA,
pelleted, fixed and permeabilized (eBioscience, Thermo-Fisher, 00-5523-00), resuspended
in FACS buffer (0.1% sodium azide, 5% fetal calf serum (FCS), 0.05% in PBS), and stained
with FITC-conjugated antibodies: α-actinin (sarcomeric) antibody- and its IgG-matched
isotype control (both from Miltenyi Biotec, Bergisch Gladbach, Germany) for 30 min on ice
in the dark, followed by washing. Flow cytometry data acquisition was carried out with

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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the FACSCalibur™ instrument (BD) and BD CellQuest Pro software (BD Biosciences, San
Jose, CA, USA). Data were analyzed using the FlowJo software, version X (FlowJo, LLC,
Ashland, OR, USA). Data are represented as the percentage of positive-stained cells per
total counted cells in each experiment.

2.6. Western Blot

After washing the isolated cells from embryoid bodies in PBS, the protein was ex-
tracted in RIPA lysis buffer (50 mM of Tris–HCl (pH 7.5), 150 mM of NaCl, 1 mM of EDTA
(pH 8.0), 1 mM of glycerophosphate, 0.1% SDS, 1% Nonidet P-40) supplemented with
protease inhibitor cocktail (Biovision, Hannover, Germany) and phosphatase inhibitor
cocktail (Sigma) for 20 min on ice. After determination of the protein concentration using a
Lowry protein assay, 20 µg of protein samples were boiled for 10 min at 70 ◦C, separated in
NuPAGE 4–12% Bis–Tris gradient mini gels and transferred to nitrocellulose membranes by
the XCell SureLock Mini-Cell Blot module (Thermo-Fisher, Frankfurt am Main, Germany)
at 30 V and 180 mA for 90 min. Membranes were blocked with 5% (wt/vol) dry fat-free
milk powder in Tris-buffered saline with 0.1% Tween (TBST) for 2 h at room tempera-
ture. Incubation with primary antibody was conducted at 4 ◦C overnight. The primary
antibodies used were: monoclonal α-actinin (Sigma-Aldrich, Germany) and Troponin T2
(Abcam, UK), polyclonal MYL2 and MYL7 (Proteintech, Manchester, UK), monoclonal
Aurora B and polyclonal GATA4 and NKX2-5 (Thermo-Fisher, Germany), monoclonal
YAP-1 and vinculin (Proteintech, UK) and monoclonal β-actin (Cell Signaling Technology,
Frankfurt am Main, Germany) antibodies. Subsequently, the membrane was incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies (Abcam) for 60 min at
room temperature. The blot was developed using a luminol-based ECL solution (consisting
of 100 mM of Tris–HCl (pH 8.5), 900 µM of coumaric acid, 600 µM of luminol, and 880 µM
of hydrogen peroxide). A generated chemiluminescence signal was quantified using the
Peqlab gel documentation system (VWR International, Darmstadt, Germany). The density
of the acquired protein bands on the Western blot image was assessed by ImageJ software
(NIH, Bethesda, MD, USA). The final quantification represents the relative amounts of
protein as a ratio of each target protein band to the corresponding housekeeping protein.

2.7. Statistical Analysis

Statistical analysis and graph assembly were performed using GraphPad Prism 9
(GraphPad Prism Software). The significance was determined by one-way ANOVA. Data
are presented as mean ± SEM. Values of p < 0.05 were considered significant. The number
of biological samples (n) for each group is stated in the corresponding figure legends.

3. Results

To investigate the putative effect of FGF10 and CT-1 on the proliferation capacity
of cardiomyocytes, we treated ES for three consecutive days (day 9–11). This incuba-
tion time course aims to trigger cardiomyocyte maturation occurring in the intermediate
developmental stage (IDS) (day 8–15 ± 2) of cardiomyogenesis. Based on our previous
findings and others [17,20], cells were treated with 10 ng/mL (CT-1) and/or 100 ng/mL
(FGF10), and consequently, alterations in the following cardiomyogenesis-related parame-
ters were tested.

3.1. FGF 10 and CT-1 + FGF 10 Elevate Contraction Rate of Embryoid Bodies

The first insight on the cardiomyogenesis-activating role of FGF10 ± CT-1 was gained
by analyzing the variations in beating rate per minute during and after incubation with
the compounds. Of note, the FGF10, CT-1 and their combination enhanced spontaneous
contraction rates compared to controls (Figure 1A). Statistical analysis on day 12 revealed a
significant impact of FGF10 (109.87 ± 2.73) and CT-1 + FGF10 (106.75 ± 3.77) on beating
elevation versus the vehicle (79.31 ± 1.76) and untreated control (79.12 ± 2.79) (Figure 1B).
Seemingly, CT-1 demonstrated an increasing beating effect in this time course (98.75 ± 3.56)
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(Figure 1). FGF10 enhancing effect on contraction frequency of embryoid bodies was
slightly higher than CT-1, but their differences were not statistically significant (Figure 1B).
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Figure 1. Elevation in contraction rate after incubation with FGF10 and CT-1. Embryoid bodies
were treated from day 9 to day 11 with vehicle, FGF 10, CT-1 and CT-1+ FGF 10. (A) The beating
frequency per min was measured from day 9 to day 12 in 4 independent experiments. (B) The
contraction frequency differences among involved samples were compared on day 12. The data
represent the means ± SEM. ∗ p < 0.05, significantly different from vehicle control (n = 4).

3.2. FGF10 Increases the Proliferation Rate of Cardiomyocytes

The proliferating capacity of FGF10 on cardiomyocytes (d12) was evaluated on single
cardiac cells dissociated from embryoid bodies (d9) treated with FGF10 from day 9 to
day 11. After treatment, this enhancing effect was revealed by quantifying sarcomeric
α-actinin, a common structural protein marker of cardiomyocyte-positive cells, to total
cells detected by immunocytochemistry. Expectedly, the CT-1 treatment led to cardiomyo-
genesis (9.11 ± 1.58%) versus the vehicle control (4.31 ± 0.51%). Similarly, cardiomyocyte
numbers significantly increased after FGF10 treatment (9.51 ± 0.72%). Intriguingly, co-
administration of CT-1 and FGF 10 boosted the proliferation rate to substantially higher
levels (14.72 ± 1.21%) (Figure 2A). This significant trend was supported by flow cytom-
etry results, where a rise in α-actinin labeled cells after FGF10 (8.54 ± 0.50%) and CT-1
(6.75 ± 0.42%) versus the vehicle control (4.65 ± 0.14%) was observed. Flow cytometry
data demonstrated a synergistic effect of FGF10 and CT-1 since a substantially greater
number of positive cells (10.64 ± 0.39%) was detected after co-incubation of cells with
FGF10 and CT-1 (Figure 2B), which is in agreement with the immunofluorescent image
quantification results.

The alterations in the expression of sarcomeric α-actinin induced by FGF10/CT-1 were
further confirmed in RNA and protein levels (Figure 3) which are to a great extent in line
with immunocytochemistry and flow cytometry data (Figure 2). Substantial upregulation of
α-actinin after treatment was recorded by qPCR analysis (Figure 3A). The Western blot data
also showed an increasing impact of FGF10 + CT-1 on α-actinin levels (Figures 3B and S1).

3.3. FGF10 and CT-1 Enhance Cardiomyocyte Structural, Transcriptional and Proliferation
Gene Expression

The qPCR data demonstrate that FGF10 incubation, similar to CT-1, elevated the
cardiomyocyte cell proliferation rate. This was observed through upregulation of the uni-
versal proliferation marker (Ki-67). In the context of cardiomyocyte proliferation, specific
markers for cytokinesis (Aurora B) and transcriptional activation of proliferation (YAP-1)
were assessed. The data of the present study showed that these two genes were highly
expressed in treated cells compared with the controls. Although Ki-67 failed to demonstrate
a substantial difference between single and combined FGF10 and CT-1 treatment, Aurora B
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and YAP-1 were substantially upregulated when cells were incubated simultaneously with
both FGF10 and CT-1 (Figure 4A).
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genes (GATA4 and NKX2-5). The bar charts demonstrate the quantification of independent experi-
ments (n = 4). ∗ p < 0.05, significantly different from vehicle control. 

Despite weak detected signals in the Western blot of MLC-2v, Troponin T2, NKX2-5, 
and GATA4 proteins, a comparative analysis of the relative protein expression alterations 
following FGF10 and/or CT-1 incubation revealed an elevating trend of increasing expres-
sion following FGF10 and CT-1 treatment (Figure 5 and Figure S1). FGF10 particularly 
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Figure 4. Elevated mRNA expression of cardiomyocyte proliferation markers and cardiomyocyte-
specific genes after treatment with FGF10 and CT-1. Embryoid body-derived cells three days after
incubation with FGF10 and/or CT-1, as well as vehicle, were subjected on day 12 to qPCR for the
analysis of (A) proliferation markers (Ki-67, YAP-1 and Aurora B), (B) cardiomyocyte structural genes
(MLC-2a, MLC-2v and Troponin T2 (TTNt2)), and (C) cardiomyocyte transcriptional factors genes
(GATA4 and NKX2-5). The bar charts demonstrate the quantification of independent experiments
(n = 4). ∗ p < 0.05, significantly different from vehicle control.

In agreement with the observed upregulation of α-actinin following FGF10 and CT-1
treatment (Figure 3), these incubations also significantly induced the gene expression of
other cardiac-specific structural proteins (i.e., MLC-2a, MLC-2v, Troponin T2) (Figure 4B)
and transcriptional factors (i.e., NKX2-5 and GATA4) (Figure 4C).

Despite weak detected signals in the Western blot of MLC-2v, Troponin T2, NKX2-5,
and GATA4 proteins, a comparative analysis of the relative protein expression alterations
following FGF10 and/or CT-1 incubation revealed an elevating trend of increasing expres-



Biology 2022, 11, 534 9 of 13

sion following FGF10 and CT-1 treatment (Figures 5 and S1). FGF10 particularly boosted
GATA4 and NKX2-5 protein expression (Figures 5 and S1). Intriguingly, a substantial eleva-
tion in structural protein levels (MLC-2a, MLC-2v and Troponin T2) under CT-1 + FGF10
incubation is in line with the upregulation of α-actinin (Figures 3 and S1) and implies their
synergistic contribution to cardiomyogenesis. This increasing trend occurred in prolif-
eration markers (Aurora B and YAP-1); however, the differences in YAP-1 did not reach
statistical significance (Figures 5 and S1).
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Figure 5. Increased proteins levels of proliferation, structural and transcriptional markers in
cardiomyocytes following FGF10 and CT-1 treatment. Cells dissociated from embryoid bodies
were treated from day 9 to day 12 with FGF10 and/or CT-1 as well as vehicle. Protein was extracted
on day 12 and subjected to Western blot to analyze the status of Aurora B, YAP-1, MLC-2v, and
MLC-2a, Troponin T2, GATA4 and NKX2-5. The panel demonstrates representative Western blots
and their respective bar charts from quantification of independent Western blot experiments (n = 4).
∗ p < 0.05, significantly different from vehicle control.

4. Discussion

In recent years, cardiac regenerative approaches have drawn research attention to
employ FGFs for cardiac repair. Key strategies of cardiomyoplasty include injection or
tissue-engineered implantation of progenitor stem cells, direct reprogramming of cardiac
cells and induction of cell-cycle reactivation in adult cardiomyocytes [24]. In a previous
study, Rubin et al. demonstrated that FGF10 increased numbers of epicardial cells but
did not stimulate epithelial to mesenchymal transition. They also discussed that the
proliferation-inducing effects of FGF10 were restricted on prenatal cardiomyocytes, whereas
FGF10 expression and signaling effects are suppressed after birth [25]. In contrast, Rochais
and colleagues demonstrated that mature cardiomyocytes in adult mice re-enter the cell
cycle following overexpression of FGF10, suggesting a potential for regenerative therapy [5].
In support, previous findings revealed the FGF10 potential for induction of cardiomyocyte
differentiation from stem cells [17]. The data of the present study underscore the impact of
FGF10 on the proliferation of cardiomyocytes from pluripotent stem cells, which may open
new horizons for cell replacement-based therapies.

Our data provided a body of evidence for cardiomyocyte proliferation after treat-
ment with FGF10 and/or CT-1, which were based on increasing numbers of α-actinin- (a
sarcomere marker) positive cells and the upregulation of cardiomyocyte-specific markers
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(Troponin T2, MLC-2v and MLC-2a, GATA4 and NKX2-5) (Figure 6). Criticism has been
raised about the Ki-67 application as a cardiac proliferation marker due to being indistin-
guishable between increased polyploidization and cell division. Thus, apart from Ki-67, an
assessment of markers of cytokinesis (e.g., Aurora B) and critical transcription factors in
cardiomyocyte proliferation (e.g., YAP-1), together with α-actinin to detect cardiomyocyte
proliferation and binucleation, were recommended [26]. Accordingly, we investigated
the cardiomyocyte proliferation status by monitoring the differential expression of these
indicators. Notably, all mentioned proliferation-related genes were upregulated following
incubation with FGF10 and/or CT-1. Thus, in line with studies revealing that FGF10 func-
tions prenatally and in vitro on the proliferation of progenitors and their differentiation to
cardiomyocytes, the data of the current study support the notion that FGF10 promotes ES
cell-derived cardiomyocyte proliferation, which may be applicable for cardiac regeneration.
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Figure 6. Action mechanism of FGF10 and CT-1 on cardiomyocytes and putative involved under-
lying signaling pathways leading to the enhanced expression of cardiomyocyte-specific genes.
FGF10 and CT-1 mediate their functions through interaction with FGFR2b-heparan sulfate and
LIFR/gp130, respectively. According to previous studies, RAS-MAPK [5,20,23], PI3K-AKT [5,20,23]
and JAK-STAT [2,18,20] are common active pathways related to FGF10 and CT-1. FGF10 also
contributes to the activation of Wnt/β-catenin [22]. We provided evidence that under FGF10
and CT-1 treatment, cardiomyocyte structural (α-actinin, Troponin T2, MLC-2v and MLC-2a) and
transcriptional factors (NKX2-5 and GATA4) are being highly expressed, leading to induction
of cardiomyogenesis.
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The observed partial synergistic impact of co-treatment of CT-1 and FGF10 on car-
diomyogenesis allows us to suggest a functional interaction between them. Previous studies
demonstrated that FGF10, combined with FGF2 and vascular endothelial growth factor
(VEGF), induced reprogramming of fibroblasts to cardiomyocyte-like cells by activating
PI3-AKT and p38 MAPK signaling cascades [23]. As previously shown, cardiomyogenesis
induced by exogenous CT-1 coincided with the elevation of intracellular second messen-
gers, including calcium, ROS and NO. Importantly, endogenous CT-1 translocates to the
nucleus, and this induced nuclear import has been suggested as a major characteristic of
the CT-1 effect [20].

In the context of therapeutic applications, FGF10 and CT-1 integration in clinical
interventions needs to be further investigated. Importantly, short stability and low bioavail-
ability are major hindering hurdles in applying growth factors in clinical trials. Since the
conjugation of FGF1 with biomaterials improved its stability after administration, this
approach could be tested for an FGF10 drug delivery system to address availability and
degradation problems [27,28]. Notably, CT-1 enhanced the delivery outcome of mesenchy-
mal stem cell transplantation in myocardial infarcted models. This feature has been related
to conferring focal adhesive characteristics to cells through modulation of the focal adhe-
sion kinase [29,30]. Thus, this capacity of CT-1, together with the cardiomyogenic potential
of FGF10 and CT-1, could be employed in designing stem cell therapies.

Depending on developmental stages, the modulatory effect of FGF10 on cardiomy-
ocyte proliferation has been linked to interaction with FGFR2b in the embryonic devel-
opmental stage versus FGFR1b in the adult stage [4,5]. However, independent studies
focusing on the interplay of involved FGFRs in cardiomyocyte response would shed light
on the underlying mechanisms of FGF10 signal transduction. In addition to the identified
region-specific proliferating effect of FGF10 on the right ventricle during development and
regeneration in mouse models [4,5], future studies are still required to test the potential of
FGF10 and CT-1 on other cardiac chambers during adult heart regeneration in humans.

5. Conclusions

Our experiments shed light on the inducing effects of FGF10 and CT-1 on the prolifer-
ation of cardiomyocytes originated from embryonic stem cells. We observed substantial
increased cardiomyocyte numbers and upregulation in structural proteins, associated
transcription factors, and cardiac cell proliferation markers following FGF10 and CT-1
treatment in the present study. The underlying signaling pathways involved in FGF10 and
CT-1 functions on cardiomyogenesis, together with the application of the boosting potential
of FGF10 and CT-1 on cardiomyocyte proliferation for cardiac regenerative therapies, need
to be further studied.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/
biology11040534/s1, Figure S1: Full western blot images.

Author Contributions: Conceptualization, F.K.; methodology, F.K. and N.A.; software, F.K. and N.A.;
validation, F.K., N.A., M.W. and H.S.; formal analysis, F.K. and N.A.; investigation, F.K.; resources,
F.K and H.S.; writing—original draft preparation, F.K.; writing—review and editing, F.K., N.A., M.W.
and H.S.; visualization, F.K.; supervision, F.K.; project administration, F.K.; funding acquisition, F.K.
All authors have read and agreed to the published version of the manuscript.

Funding: Farhad Khosravi was supported for this study by a research grant from the University
Medical Center Giessen and Marburg (UKGM, Project No. 11/2020 GI).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/biology11040534/s1
https://www.mdpi.com/article/10.3390/biology11040534/s1


Biology 2022, 11, 534 12 of 13

References
1. Eschenhagen, T.; Bolli, R.; Braun, T.; Field, L.J.; Fleischmann, B.K.; Frisén, J.; Giacca, M.; Hare, J.M.; Houser, S.; Lee, R.T.; et al.

Cardiomyocyte regeneration: A consensus statement. Circulation 2017, 136, 680–686. [CrossRef] [PubMed]
2. Khosravi, F.; Ahmadvand, N.; Bellusci, S.; Sauer, H. The Multifunctional Contribution of FGF Signaling to Cardiac Development,

Homeostasis, Disease and Repair. Front. Cell Dev. Biol. 2021, 9, 672935. [CrossRef] [PubMed]
3. Itoh, N.; Ohta, H.; Nakayama, Y.; Konishi, M. Roles of FGF signals in heart development, health, and disease. Front. Cell Dev. Biol.

2016, 4, 110. [CrossRef] [PubMed]
4. Marguerie, A.; Bajolle, F.; Zaffran, S.; Brown, N.A.; Dickson, C.; Buckingham, M.E.; Kelly, R.G. Congenital heart defects in

Fgfr2-IIIb and Fgf10 mutant mice. Cardiovasc. Res. 2006, 71, 50–60. [CrossRef] [PubMed]
5. Rochais, F.; Sturny, R.; Chao, C.M.; Mesbah, K.; Bennett, M.; Mohun, T.J.; Bellusci, S.; Kelly, R.G. FGF10 promotes regional foetal

cardiomyocyte proliferation and adult cardiomyocyte cell-cycle re-entry. Cardiovasc. Res. 2014, 104, 432–442. [CrossRef] [PubMed]
6. Kelly, R.G.; Brown, N.A.; Buckingham, M.E. The Arterial Pole of the Mouse Heart Forms from Fgf10-Expressing Cells in

Pharyngeal Mesoderm. Dev. Cell 2001, 1, 435–440. [CrossRef]
7. Watanabe, Y.; Miyagawa-Tomita, S.; Vincent, S.D.; Kelly, R.G.; Moon, A.M.; Buckingham, M.E. Role of mesodermal FGF8 and

FGF10 overlaps in the development of the arterial pole of the heart and pharyngeal arch arteries. Circ. Res. 2010, 106, 495–503.
[CrossRef]

8. Urness, L.D.; Bleyl, S.B.; Wright, T.J.; Moon, A.M.; Mansour, S.L. Redundant and dosage sensitive requirements for Fgf3 and
Fgf10 in cardiovascular development. Dev. Biol. 2011, 356, 383–397. [CrossRef]

9. Sun, K.; Zhou, S.; Wang, Q.; Meng, Z.; Peng, J.; Zhou, Y.; Song, W.; Wang, J.; Chen, S. Mutations in fibroblast growth factor (FGF8)
and FGF10 identified in patients with conotruncal defects. J. Transl. Med. 2020, 18, 283. [CrossRef]

10. Sheikh, F.; Fandrich, R.R.; Kardami, E.; Cattini, P.A. Overexpression of long or short FGFR-1 results in FGF-2-mediated prolifera-
tion in neonatal cardiac myocyte cultures. Cardiovasc. Res. 1999, 42, 696–705. [CrossRef]

11. Engel, F.B.; Hsieh, P.C.H.; Lee, R.T.; Keating, M.T. FGF1/p38 MAP kinase inhibitor therapy induces cardiomyocyte mitosis,
reduces scarring, and rescues function after myocardial infarction. Proc. Natl. Acad. Sci. USA 2006, 103, 15546–15551. [CrossRef]
[PubMed]

12. Jennbacken, K.; Wågberg, F.; Karlsson, U.; Eriksson, J.; Magnusson, L.; Chimienti, M.; Ricchiuto, P.; Bernström, J.; Ding, M.; Ross-
Thriepland, D.; et al. Phenotypic screen with the human secretome identifies FGF16 as inducing proliferation of iPSC-derived
cardiac progenitor cells. Int. J. Mol. Sci. 2019, 20, 6037. [CrossRef]

13. Li, F.; Wang, X.; Capasso, J.M.; Gerdes, A.M. Rapid transition of cardiac myocytes from hyperplasia to hypertrophy during
postnatal development. J. Mol. Cell. Cardiol. 1996, 28, 1737–1746. [CrossRef] [PubMed]

14. Porrello, E.R.; Mahmoud, A.I.; Simpson, E.; Hill, J.A.; Richardson, J.A.; Olson, E.N.; Sadek, H.A. Transient regenerative potential
of the neonatal mouse heart. Science 2011, 331, 1078–1080. [CrossRef]

15. Ye, L.; D’Agostino, G.; Loo, S.J.; Wang, C.X.; Su, L.P.; Tan, S.H.; Tee, G.Z.; Pua, C.J.; Pena, E.M.; Cheng, R.B.; et al. Early
regenerative capacity in the porcine heart. Circulation 2018, 138, 2798–2808. [CrossRef] [PubMed]

16. Vega-Hernández, M.; Kovacs, A.; de Langhe, S.; Ornitz, D.M. FGF10/FGFR2b signaling is essential for cardiac fibroblast
development and growth of the myocardium. Development 2011, 138, 3331–3340. [CrossRef] [PubMed]

17. Chan, S.S.K.; Li, H.J.; Hsueh, Y.C.; Lee, D.S.; Chen, J.H.; Hwang, S.M.; Chen, C.Y.; Shih, E.; Hsieh, P.C.H. Fibroblast growth
factor-10 promotes cardiomyocyte differentiation from embryonic and induced pluripotent stem cells. PLoS ONE 2010, 5, e14414.
[CrossRef]

18. Kuwahara, K.; Saito, Y.; Harada, M.; Ishikawa, M.; Ogawa, E.; Miyamoto, Y.; Hamanaka, I.; Kamitani, S.; Kajiyama, N.; Takahashi,
N.; et al. Involvement of cardiotrophin-1 in cardiac myocyte-nonmyocyte interactions during hypertrophy of rat cardiac myocytes
in vitro. Circulation 1999, 100, 1116–1124. [CrossRef]

19. Sauer, H.; Neukirchen, W.; Rahimi, G.; Grünheck, F.; Hescheler, J.; Wartenberg, M. Involvement of reactive oxygen species in
cardiotrophin-1-induced proliferation of cardiomyocytes differentiated from murine embryonic stem cells. Exp. Cell Res. 2004,
294, 313–324. [CrossRef]

20. Mascheck, L.; Sharifpanah, F.; Tsang, S.Y.; Wartenberg, M.; Sauer, H. Stimulation of cardiomyogenesis from mouse embryonic
stem cells by nuclear translocation of cardiotrophin-1. Int. J. Cardiol. 2015, 193, 23–33. [CrossRef]

21. Jiang, Z.S.; Jeyaraman, M.; Wen, G.B.; Fandrich, R.R.; Dixon, I.M.C.; Cattini, P.A.; Kardami, E. High- but not low-molecular
weight FGF-2 causes cardiac hypertrophy in vivo; possible involvement of cardiotrophin-1. J. Mol. Cell. Cardiol. 2007, 42, 222–233.
[CrossRef] [PubMed]

22. Cohen, E.D.; Wang, Z.; Lepore, J.J.; Min, M.L.; Taketo, M.M.; Epstein, D.J.; Morrisey, E.E. Wnt/β-catenin signaling promotes
expansion of Isl-1-positive cardiac progenitor cells through regulation of FGF signaling. J. Clin. Investig. 2007, 117, 1794–1804.
[CrossRef] [PubMed]

23. Yamakawa, H.; Muraoka, N.; Miyamoto, K.; Sadahiro, T.; Isomi, M.; Haginiwa, S.; Kojima, H.; Umei, T.; Akiyama, M.; Kuishi,
Y.; et al. Fibroblast Growth Factors and Vascular Endothelial Growth Factor Promote Cardiac Reprogramming under Defined
Conditions. Stem Cell Rep. 2015, 5, 1128–1142. [CrossRef] [PubMed]

24. Tzahor, E.; Poss, K.D. Cardiac regeneration strategies: Staying young at heart. Science 2017, 356, 1035–1039. [CrossRef] [PubMed]
25. Ali Darehzereshki, N.R. FGF10 Signaling Enhances Epicardial Cell Expansion during Neonatal Mouse Heart Repair. J. Cardiovasc.

Dis. Diagn. 2013, 1, 101. [CrossRef]

http://doi.org/10.1161/CIRCULATIONAHA.117.029343
http://www.ncbi.nlm.nih.gov/pubmed/28684531
http://doi.org/10.3389/fcell.2021.672935
http://www.ncbi.nlm.nih.gov/pubmed/34095143
http://doi.org/10.3389/fcell.2016.00110
http://www.ncbi.nlm.nih.gov/pubmed/27803896
http://doi.org/10.1016/j.cardiores.2006.03.021
http://www.ncbi.nlm.nih.gov/pubmed/16687131
http://doi.org/10.1093/cvr/cvu232
http://www.ncbi.nlm.nih.gov/pubmed/25344367
http://doi.org/10.1016/S1534-5807(01)00040-5
http://doi.org/10.1161/CIRCRESAHA.109.201665
http://doi.org/10.1016/j.ydbio.2011.05.671
http://doi.org/10.1186/s12967-020-02445-2
http://doi.org/10.1016/S0008-6363(99)00008-5
http://doi.org/10.1073/pnas.0607382103
http://www.ncbi.nlm.nih.gov/pubmed/17032753
http://doi.org/10.3390/ijms20236037
http://doi.org/10.1006/jmcc.1996.0163
http://www.ncbi.nlm.nih.gov/pubmed/8877783
http://doi.org/10.1126/science.1200708
http://doi.org/10.1161/CIRCULATIONAHA.117.031542
http://www.ncbi.nlm.nih.gov/pubmed/30030417
http://doi.org/10.1242/dev.064410
http://www.ncbi.nlm.nih.gov/pubmed/21750042
http://doi.org/10.1371/journal.pone.0014414
http://doi.org/10.1161/01.CIR.100.10.1116
http://doi.org/10.1016/j.yexcr.2003.10.032
http://doi.org/10.1016/j.ijcard.2015.05.019
http://doi.org/10.1016/j.yjmcc.2006.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17045289
http://doi.org/10.1172/JCI31731
http://www.ncbi.nlm.nih.gov/pubmed/17607356
http://doi.org/10.1016/j.stemcr.2015.10.019
http://www.ncbi.nlm.nih.gov/pubmed/26626177
http://doi.org/10.1126/science.aam5894
http://www.ncbi.nlm.nih.gov/pubmed/28596337
http://doi.org/10.4172/2329-9517.1000101


Biology 2022, 11, 534 13 of 13

26. Leone, M.; Magadum, A.; Engel, F.B. Cardiomyocyte proliferation in cardiac development and regeneration: A guide to
methodologies and interpretations. Am. J. Physiol. Heart Circ. Physiol. 2015, 309, H1237–H1250. [CrossRef] [PubMed]

27. Garbayo, E.; Gavira, J.J.; De Yebenes, M.G.; Pelacho, B.; Abizanda, G.; Lana, H.; Blanco-Prieto, M.J.; Prosper, F. Catheter-based
intramyocardial injection of FGF1 or NRG1-loaded MPs improves cardiac function in a preclinical model of ischemia-reperfusion.
Sci. Rep. 2016, 6, 25932. [CrossRef]

28. Pascual-Gil, S.; Simón-Yarza, T.; Garbayo, E.; Prósper, F.; Blanco-Prieto, M.J. Cytokine-loaded PLGA and PEG-PLGA microparticles
showed similar heart regeneration in a rat myocardial infarction model. Int. J. Pharm. 2017, 523, 531–533. [CrossRef]

29. Bortolotti, F.; Ruozi, G.; Falcione, A.; Doimo, S.; Dal Ferro, M.; Lesizza, P.; Zentilin, L.; Banks, L.; Zacchigna, S.; Giacca, M. In Vivo
Functional Selection Identifies Cardiotrophin-1 as a Cardiac Engraftment Factor for Mesenchymal Stromal Cells. Circulation 2017,
136, 1509–1524. [CrossRef]

30. Cai, H.; Wu, F.Y.; Wang, Q.L.; Xu, P.; Mou, F.F.; Shao, S.J.; Luo, Z.R.; Zhu, J.; Xuan, S.S.; Lu, R.; et al. Self-assembling peptide
modified with QHREDGS as a novel delivery system for mesenchymal stem cell transplantation after myocardial infarction.
FASEB J. 2019, 33, 8306–8320. [CrossRef]

http://doi.org/10.1152/ajpheart.00559.2015
http://www.ncbi.nlm.nih.gov/pubmed/26342071
http://doi.org/10.1038/srep25932
http://doi.org/10.1016/j.ijpharm.2016.11.022
http://doi.org/10.1161/CIRCULATIONAHA.117.029003
http://doi.org/10.1096/fj.201801768RR

	Introduction 
	Materials and Methods 
	Materials 
	Embryoid Body Formation and Contractile Activity Analysis during Cell Culture of ES Cells 
	Immunocytochemistry and Confocal Imaging 
	Quantitative Real-Time PCR- qPCR Analysis 
	Flow Cytometry 
	Western Blot 
	Statistical Analysis 

	Results 
	FGF 10 and CT-1 + FGF 10 Elevate Contraction Rate of Embryoid Bodies 
	FGF10 Increases the Proliferation Rate of Cardiomyocytes 
	FGF10 and CT-1 Enhance Cardiomyocyte Structural, Transcriptional and Proliferation Gene Expression 

	Discussion 
	Conclusions 
	References

