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Abstract 

Background:  Small molecules have a role in the differentiation of human-induced pluripotent stem cells (hiPSCs) 
into different cell linages. The aim of this study was to evaluate the differentiation of hiPSCs into cardiac or skeletal 
myogenic progenitors with a single small molecule.

Methods:  hiPSCs were treated with three different small molecules such as Isoxazole-9, Danazol and Givinostat in 
serum-free medium for 7 days. Cell viability, qRT-PCR, western blots, and immunostaining were assessed after treat-
ment of hiPSCs with small molecules.

Results:  Higher hiPSC viability was observed in hiPSCs treated with Isoxazole-9 (25 µM), Danazol (25 µM) and 
Givinostat (150 nM) versus control (P < 0.05). Givinostat had dual effect by generating both skeletal and cardiac 
progenitor cells versus Isoxazole-9 and Danazol after 7 days. Givinostat treatment induced upregulation of skeletal 
myogenic genes and their protein expression levels on day 4 and further increased on day 8 (P < 0.05) versus control. 
Furthermore,positive stained cells for Pax3, Myf5, MyoD1, dystrophin, desmin, myogenin, and β-catenin at 1 month. 
Givinostat increased upregulation of cardiac gene expression levels versus control after day 4 (P < 0.05), with positive 
stained cells for Nkx2.5, GATA4, TnT, TnI, connexin 43 and α-sarcomeric actinin at 1 month.

Conclusions:  Pretreatment of hiPSCs with Givinostat represents a viable strategy for producing both cardiac/skeletal 
myogenic progenitors in vitro for cell therapies against myocardial infarction and Duchenne muscular dystrophy.
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Introduction
Most tissues have endogenous stem/progenitor cells 
which, upon injury or disease to the organ, can prolifer-
ate and differentiate at the damaged site [1]. The adult 
heart is composed mainly of postmitotic and terminally 
differentiated cells [2], with a limited intrinsic capacity 
to regenerate lost or damaged myocardium that causes  
heart failure [3]. Also, mature skeletal myocytes can-
not be expanded in large quantity in  vitro culture, and 
the self-renewing stem cell population in muscle; satel-
lite stem cells become activated and differentiate when 
introduced to in vitro culture [4], with a limited capacity 

to regenerate lost or damaged myofibers in muscle injury 
or muscular dystrophy [5, 6]. Duchenne muscular dystro-
phy (DMD) is X-linked genetic disease, caused by muta-
tions in dystrophin gene that leads to a complete absence 
of the dystrophin-associated protein complex (DAPC) 
[4], loss of myofibers which are ultimately replaced by 
fibrotic scars and fat deposition [5, 6] and reduced nitric 
oxide (NO)-mediated NO-dependent S-nitrosylation in 
myofibers [4].

Gene and cell therapy approaches are currently being 
used for treating muscular dystrophy or myocardial 
ischemia/infarction but are still far from clinical trans-
lation [7, 8]. Currently, various myogenic progenitors 
have been isolated from pre- or postnatal skeletal/car-
diac muscles as well as nonmuscle somatic tissues [9]. 
Human induced pluripotent stem cells (hiPSCs) are avail-
able alternative to human embryonic stem cells (hESCs) 
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as an autologous cell source (fibroblast or nonmuscle 
somatic tissue) for therapeutic and research applications 
[10]. Generation of iPSCs from patients with DMD and 
their induction to cardiomyocytes [5]. Cardiomyocytes 
or skeletal myoblasts derived from hESCs or hiPSCs are 
a potential source for cell replacement therapy [3] and 
useful tool in the investigation of cardiac/skeletal devel-
opment, disease modeling, and drug testing [8]. Despite 
considerable progress, the efficiency of differentiating 
stem cells toward neomyogenesis has been very challeng-
ing [11].

Chemical biology (small molecules or combination of 
signaling molecules) approaches using readily available 
and inexpensive synthetic bioactive molecules that reg-
ulate stem cell fate could potentially rectify these prob-
lems and mimic the developmental cues that can induce 
cardiogenesis/ myogenesis in vitro [3, 12–17]. However, 
the generation of a homogeneous population of cardio-
myocytes/skeletal remains an important limitation of the 
current methodologies. Since hiPSCs or hESCs are pluri-
potent cells with the ability to differentiate into special-
ized cells in response to appropriate signals using small 
molecules [9].

We selected 3 small molecules such as Isoxazole 9 
(a synthetic promotor of adult neurogenesis) [14, 18], 
Danazol (an androgen similar to testosterone) [19] or 
Givinostat (a histone deacetylase inhibitor, HDACi) [4] 
to induce differentiation of hiPSCs to myogenic progeni-
tors for muscle regeneration in myocardial infarction 
or DMD. Preclinically, HDACi (Givinostat) have been 
shown to potentiate myogenesis and the gene expression 
profile selectively in proliferating myoblasts and not in 
terminally differentiated myotubes in DMD [4], and car-
dioprotective effect in myocardial repair during precon-
ditioning of donor stem cell with Givinostat [20]. An oral 
administration of Givinostat in the treatment of DMD 
has an epigenetic drug tested in a Phase I/II clinical trial 
on DMD boys between 8 and 10 years of age [21].

Therefore, the main objective of this study was to dif-
ferentiate hiPSCs into cardiac/skeletal myogenic progeni-
tors with a single small molecule for cell therapy.

Material and methods
This study was carried out in accordance with the recom-
mendations in the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health. The 
protocol was approved by the Institutional Animal Care 
and Use Committee (IACUC), University of Illinois at 
Chicago and The Ohio State University, USA.

Human iPSCs culture
ATC​CCY​S0105 human iPSCs were purchased from 
American Type Culture Collection (ATCC® ACS-1021™, 

Manassas, USA). This cell line derived from primary car-
diac fibroblasts obtained from a healthy donor. Fibro-
blasts were reprogrammed by the expression of OCT4, 
SOX2, KLF4 and MYC gene sequences using Sendai viral 
transduction. hiPSCs were identified by staining with 
anti-human TRA-1-60, SSEA4 and Oct4 antibody-posi-
tive cells (Fig. 1A, B).

Human iPSCs culture with 3 small molecules
Human iPSCs were cultured on vitronectin-coated 
plates with mTeSR™1 medium (Stemcell™ Technologies 
Inc, USA) at 37 °C with humidified air with 5% CO2. To 
induce differentiation of hiPSCs with 3 small molecules: 
Isoxazole 9 (ISX9, 10–50  µM, Stemcell™, Technologies 
Inc, USA), Danazol (DAN, 10–50  µM, Sigma-Aldrich, 
USA) or Givinostat (GIV, ITF2357, 10–200 nM, Stelleck-
chem, USA) were cultured in mTeSR™1 medium. Cell 
viability (CCK8 Assay) was assessed after 2  days with 3 
small molecules treatment. The nontoxic concentration 
of pretreatment hiPSCs was ISX9 (25 µM), DAN (25 µM) 
and GIV (150 nM) for subsequent experiments and was 
assessed after 7  days for western blots and Real-time 
qPCR as below.

Skeletal myoblast differentiation
To induce differentiation of hiPSCs with small molecule, 
Givinostat (150  nM) was added in mTeSR™1 medium 
containing Rho-associated kinase (ROCK) inhibitors as 
5 µM Thiazovivin (Stelleckchem, USA) for skeletal mus-
cle specification [22]; and was assessed after 4–8 days for 
western blots and Real-time PCR. To induce terminal dif-
ferentiation of iPSCs to skeletal myoblast after treatment 
with small molecule, medium was changed to STEMdiff™ 
APEL™ medium (StemCell Technology, USA) with 2% 
vol/vol horse serum (Life Technologies, USA) and insu-
lin transferrin selenium ethanolamine (ITSE animal free, 
InVitria, USA). Cells were fed every 2 days. The hiPSCs-
differentiated skeletal progenitor cells were followed up 
with PCR, western blots, and immunostaining to detect 
the mature cells.

Cardiomyocyte differentiation
To induce cardiac differentiation of iPSCs with small mol-
ecule, Givinostat (150 nM) was added in RPMI medium 
(Gibco, Life Technology) containing B27 minus insulin 
supplement (B27C; Life Technologies) with ALK4/5/7 
(TGFβ type-I receptor) inhibitors as 2  µM SB431542 
(Stelleckchem, USA) for cardiac progenitor specification 
[22]; and was assessed after 4–8 days. After 7 days from 
treatment, the medium was changed to RPMI medium 
(containing B27 complete supplement (B27C; Life Tech-
nologies). Thereafter, cells were fed every 2  days with 
RPMI medium containing B27 complete supplement. 
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The hiPSCs-differentiated cardiac progenitor cells were 
followed up with PCR and immunostaining to detect the 
mature cells.

Real‑time PCR analysis for gene expression
RNA was isolated from hiPSCs. Total RNA was isolated 
using RNeasy kit (Qiagen) according to manufacturers’ 
protocols. Quantitative reverse transcription PCR (qRT-
PCR) was performed using the Applied Biosystems set 
of products. The cDNA was prepared using the miScript 
PCR Starter Kit (Reverse Transcription kit, HiFlex Buffer, 
Qiagen). The quantitative real-time RT-PCR was per-
formed using the QuantiTect SYBR Green PCR Master 
mix which is provided in miScript SYBR Green PCR kit 
(Qiagen) according to the protocol for the Applied Bio-
systems 7500 Real-Time PCR System. All primers were 
used as in Table 1. For quantification analysis, the com-
parative threshold cycle (Ct) method using TaqMan Gene 
Expression Assays was used. The Ct values of each gene 
were normalized to the Ct value of GAPDH in the same 
RNA sample. The gene expression levels were evaluated 
by the fold change using the equation 2−ddCt.

Western blot analysis
hiPSCs treated with small molecules were collected 
by using cell culture scraper in Pierce® RIPA buffer 

(Thermo Fisher Scientific, USA). Protein was meas-
ured using Pierce™ BCA protein assay kit (Thermo 
Fisher Scientific, USA). Protein samples (40  μg) were 
fractionated by 12% SDS–polyacrylamide gel elec-
trophoresis (ISC BioExpress) and electro-transferred 
onto a nitrocellulose membrane. The membrane was 
blocked for 1 h with 1xTBS blocking buffer (Cell Sign-
aling Technology) and 5% nonfat dry milk, followed by 
incubation with gentle shaking at 4 °C with the primary 
antibodies diluted in blocking buffer. The primary 
antibodies used in western blot included: MyoD (1:200, 
Santa Cruz Biotechnology, sc-377460), Pax7 (1:200, 
Abcam, ab199010); Pax3 (1:200, Abcam, ab180754), 
myosin (1:100, Abcam, ab124205), β-catenin (1:100, 
Abcam, ab6302), desmin (1:500, Abcam, ab8592), myo-
genin (1:100, Santa Cruz Biotechnology, sc-52903), 
dystrophin (1:100, Abcam, ab85302), Myf5 (1:100, Inv-
itrogen Thermo Fisher Scientific, PA1-24,450), Nkx2.5 
(1:200, PA5-49,431), α-sarcomeric actin (1:500, MA1-
21,597), troponin I or T (1:200, Invitrogen, Thermo 
Fisher Scientific, 701,585 and MA1-16,687, respec-
tively), VE-cadherin (1:500, Abcam, ab232880) and 
GATA4 (1:200, Santa Cruz Biotechnology, sc-25310). 
GAPDH (1:100, Santa Cruz Biotechnology, sc-47724) 
served as the loading control. The membrane was 
washed 3 times for 5  min each with 1xTBS blocking 

Fig. 1  Identification of human induced pluripotent stem cells (hiPSCs) and the effect of small molecules treatment on in vitro hiPSCs culture: 
Representative microscopic picture of hiPSCs (20X and 40X, A) were identified by immunostaining markers TRA-1-60 (Red), OCT4 (Red) and SSEA4 
(green) with DAPI (blue for nuclei, B). hiPSCs viability were assessed by CCK-8 after treatment with Isoxazole (ISX-9, 10–50 µM, C), Danazol (DAN, 
10–50 µM, D) and Givinostat (GIV, 10–200 nM, E). Higher cell viability (CCK8 kit) was observed with using ISX9 (25 µM), DAN (25 µM) and GIV 
(150 nM). Values are mean ± SE; n = 6; † P-value < 0.05, * P-value = 0.01, ** P-value = 0.001, # P-value = 0.0001 are significant
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buffer and 0.1% Tween® (TBS/T). The primary anti-
body reaction was detected by incubating for 1 h with 
horseradish peroxidase (HRP)-conjugated secondary 
antibody (1:2000) and HRP-conjugated anti-biotin 
antibody (1:1000, Cell Signaling Technology) diluted in 
TBS/T with 5% nonfat dry milk. The membrane was 
washed and developed using SuperSignal™ West Pico 
Plus chemiluminescent substrate (Thermo Fisher Sci-
entific, USA). The chemiluminescent signal from blots 
has been detected by FluorChem™ E System (Thermo 
Fisher Scientific, USA), and was quantitatively assessed 
by densitometer.

Immunostaining for characterization of skeletal 
and cardiac markers
Cells were fixed in 4% paraformaldehyde for 10  min, 
permeabilized with 0.2% Triton X-100 for 20  min and 
blocked in 10% goat serum and 0.01% Triton X-100 
in PBS for 1  h. The primary antibodies used in immu-
nostaining included: TRA-1-60 (1:50, Thermo Fisher Sci-
entific), Oct4 (1:400, Invitrogen Thermo Fisher), SSEA4 
(1:50, Invitrogen Thermo Fisher), MyoD (1:50, Thermo 
Fisher Scientific), Pax3 (1:50, Abcam), myosin (Skeletal, 
slow or fast) (1:100, Sigma), β-catanin (1:100, Abcam), 
desmin (1:50, Abcam), myogenin (1:100, Thermo Fisher 

Table 1  The PCR primers for real-time PCR (Integrated DNA Technologies, IDT)

Gene product Primer forward Primer reverse Product 
size (bp)

Myf5 GAG​AGA​GCA​GGT​GGA​GAA​CT TGG​ACC​AGA​CAG​GAC​TGT​TA 116

Desmin TAC​ACC​TGC​GAG​ATT​GAC​GC CTG​GCA​AAT​CGG​TCC​TCC​AA 83

Dystrophin TCA​GGA​GAA​AGA​TGC​TGT​TTTGC​ GGT​TCT​CAA​TAT​GCT​GCT​TCCC​ 182

B-Actin CAC​AGA​GCC​TCG​CCT​TTG​C GAG​CGC​GGC​GAT​ATC​ATC​A 80

PAX7 TGG​CCG​GCT​ATC​AGT​ACG​ CAG​AGT​GCT​CCC​CGA​GCT​T 105

MYOD AAG​GCG​CCT​ACT​ACA​ACG​AG AGG​CAG​TCT​AGG​CTC​GAC​AC 76

MYOGENIN TCA​ACC​AGG​AGG​AGC​GTG​A TCT​GTA​GGG​TCA​GCC​GTG​AG 166

MYH-2 CTT​TCA​AGA​GGG​ACA​CTG​GTCA​ TAG​CCT​GGG​AGT​GAG​ACA​GTT​ 77

GAPDH TTA​GGA​AAG​CCT​GCC​GGT​GA GGC​GCC​CAA​TAC​GAC​CAA​A 157

Meox1 CAG​GAC​GAA​CTC​CTC​GTC​AG GGC​TGA​GAA​GTC​AGG​GTA​CG 74

Meox2 TGG​TTC​CAA​AAC​AGG​CGG​AT ACC​AGT​TCC​TTT​TCC​CGA​GC 80

PAX3 CGG​CTA​GCT​GAC​ATT​GGT​GA TCC​ATG​TCG​TTA​CTC​AGG​CG 96

Hand1 ATA​TAA​GCC​AGA​TCC​GCA​GGG​ TTC​TTA​CCG​GTT​TCT​GCC​GC 90

Hand2 ATT​CCG​GGT​TAG​CTT​CGG​TG GGA​GGC​AGA​ATC​CTC​TCG​TG 117

Mesp1 CGA​GTC​CTG​GAT​GCT​CTC​TG ATG​AGT​CTG​GGG​ACG​AGA​CG 98

DKK1 CGG​GCG​GGA​ATA​AGT​ACC​AG GGG​ACT​AGC​GCA​GTA​CTC​ATC​ 95

Cdh4 CAA​GGA​TTC​GAT​GAA​CGG​CA ACA​CAG​CTG​CTG​AAC​TTG​ACT​ 87

Lhx2 AAC​TTC​TGT​GCC​TGG​CAA​CC AAG​AAA​TTG​TGG​GGT​GAG​GGG​ 107

Myl7 (Mlic-2a) GGA​GTT​CAA​AGA​AGC​CTT​CAGC​ TAG​GTC​TCC​CTC​AGG​TCT​GC 78

Nppa (ANP) AGC​AGT​GGA​TTG​CTC​CTT​GA GAC​ACG​GCA​TTG​TAC​ATG​GG 128

Pitx2 CTC​CTG​TTC​GAC​CGCCC​ AGC​CCT​GAC​AGA​GAA​GTG​TC 151

Podxl AAC​GAA​ATC​TTG​GCC​TCG​GT TTG​CTG​AGC​CAG​GGT​TGT​AG 81

Tbx1 CGA​GGA​GAC​ACG​ATT​CAC​CG TTG​CTG​GCA​ATC​TTG​AGC​TG 72

Tcf15 TGG​TCA​GAG​ACA​AGG​CAG​AAC​ TCT​CCT​CAG​CTC​AGA​ACG​AC 157

Tnnt2 CAT​CCA​GAA​GAC​AGA​GCG​GAA​AAG​ CCT​CCT​CTC​AGC​CAG​AAT​CTT​ 79

Isl1 TTT​CCC​TGA​ATC​TCC​CCA​CTC​ ACT​ACA​CTG​AGG​CAA​ACT​TCACA​ 76

NKX2.5 GTA​TCC​GAG​CCT​GGT​AGG​GA GGA​CTC​AGG​GTC​ATG​TTG​GG 112

GATA4 TGG​AAG​CAC​CAG​GAA​GCA​TT CAG​CCG​GTT​ACA​GAC​GAG​AG 135

Mef2c GCA​AAG​CCT​CGG​TCT​TCA​TAGA​ ACC​AGC​TGG​CTT​TGA​AGA​GAA​ 92

Tbx5 TCA​GTC​CCC​CGG​AAC​AAC​TC GGA​ACT​CTT​CAC​GAA​GGG​AGG​ 77

Mlc2v (Mylk3) AGC​TTG​CAC​AGA​TCT​TGT​CT CAA​ACT​TAA​ACC​TGG​AGG​CAGT​ 70

Myh6 AGA​TAG​AGA​GAC​TCC​TGC​GGC​ TCT​GGG​CAT​CGG​TCA​TCT​TG 87

Connexin 43 TCT​GAG​TGC​CTG​AAC​TTG​CC GGG​CAC​CAC​TCT​TTT​GCT​TA 97
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Scientific), dystrophin (diluted solution, Abcam), Myf5 
(1:50, Invitrogen, Thermo Fisher Scientific), Nkx2.5 (1:25, 
Invitrogen), α-sarcomeric actin (1:200, Sigma), troponin 
I or T (1:300, Invitrogen, Thermo Fisher Scientific), VE-
cadherin (1:300, Invitrogen) GATA4 (1:100, Thermo 
Fischer scientific) and connexin 43 (1:75, Cell Signaling 
Technology). Primary antibodies were added and incu-
bated overnight at 4 °C, washed and secondary antibod-
ies were added for 1 h. Secondary antibodies used were 
anti- Rabbit or mouse IgG Fb2 Alexa Fluor 488 or 594 
(1:1000, Molecular Probes, Life Technology™). Cell nuclei 
were stained by NucBlue™ live cell (Molecular Probe, Life 
Technology™) and covered with Vecta Mount™ medium 
(Vector Laboratories, CA, USA).

Flow cytometry for troponin‑T cardiac markers
Cells were detached as described previously and washed 
in phosphate-buffered saline (PBS)-1% bovine serum 
albumin (BSA). Cells were then centrifuged at 5000 g for 
2 min before 1 × 105 cells were resuspended in the appro-
priate primary antibody Alexa Fluor® 647-conjugated 
cardiac troponin T (1:10, Fisher Scientific, BDB565744) 
in flow buffer and incubated for 1 h at 48C. For uncon-
jugated antibodies, cells were then washed and resus-
pended in FITC conjugated anti-mouse (1:10, Invitrogen, 
Thermo Fisher Scientific 12-7691-82) for 30 min at 48C. 
Cells were then analyzed using a Becton Dickinson FACS 
caliber flow cytometer (BD biosciences) using Cell Quest 
Pro and Flow Jo software.

Statistical analysis
All experiments were performed at least 3 times, and 
all variable data were expressed as mean ± SEM using 
IBM SPSS® Statistic version 20. Student’s t-test was used 
for comparison of unpaired data between small mol-
ecules and control groups. One-way analysis of variance 
(ANOVA) was used to compare unpaired data between 
3 or more groups; followed by Bonferroni post hoc test 
for comparisons between corresponding time points 
in the two groups. Discrete variables were expressed as 
percentage and the Chi-square or Fisher’s exact test was 
used accordingly. A P-value of < 0.05 was considered sta-
tistically significant.

Results
Firstly, the cytotoxicity of 3 molecules was assessed 
with different concentration for 48 h. Higher cell viabil-
ity (CCK8 kit) was observed by using ISX9 (25  µM, 
P = 0.001), DAN (25  µM, P = 0.001) and GIV (150  nM, 
P < 0.05) versus controls (Fig. 1C, D).

Givinostat has dual expression of cardiac/skeletal 
myogenic genes and proteins versus ISX9 and danazole
GIV treatment increased upregulation of cardiac/skel-
etal myogenic genes (Real Time PCR Assay) versus ISX9, 
DAN and control after 7  days (P < 0.05) (Fig.  2). GIV 
increased muscle-specific genes such as Myf5 (134.3-fold, 
P = 0.0001), Pax7 (53.2-fold, P = 0.0001), myogenin (15.6-
fold, P = 0.0001), desmin (8.3-fold, P = 0.001), MyoD1 
(3.5-fold, P = 0.001), β-catenin (3.2-fold, P = 0.001) and 
dystrophin (2.8-fold, P = 0.01) versus controls (Fig.  2A). 
Also, GIV increased cardiac-specific genes such as Tbx5 
(37-fold, P = 0.0001), Nkx2.5 (29.8-fold, P = 0.0001), Isl1 
(16.7-fold, P = 0.0001), GATA4 (0.8-fold), Mef2c (0.1-
fold), Myh6 (0.1-fold) and Mlc2v (0.1-fold) versus con-
trols (Fig. 2B).

On the other hand, ISX9 treatment increased skeletal 
muscle genes such as Pax7 (17.2-fold, P = 0.0001), Myf5 
(8.7-fold, P = 0.001), myogenin (4.5-fold, P = 0.001), 
desmin (2.3-fold, P = 0.01), dystrophin (1.2-fold, P < 0.05), 
and β-catenin (0.9-fold), MyoD1 (0.5-fold) versus 

Fig. 2  Givinostat has dual expression of cardiac/skeletal myogenic 
genes: GIV increased upregulation of cardiac/skeletal myogenic 
genes (Real Time PCR Assay) versus ISX9, DAN and control after 
7 days. A Muscle genes included Myf5, Pax7, MyoD1, myogenin, 
dystrophin, desmin and β-catenin. B Cardiac gene included Isl1, 
Nkx2.5, Tbx5, GATA4, Mef2c, Myh6 and Mlc2v. Values are mean ± SE; 
n = 3; † P-value < 0.05, * P-value = 0.01, ** P-value = 0.001, # 
P-value = 0.0001 are significant
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controls (Fig.  2A). Also, ISX9 increased cardiac genes 
such as Tbx5 (17.9-fold, P = 0.0001), Nkx2.5 (14.9-fold, 
P = 0.0001), Isl1 (10.8-fold, P = 0.0001), GATA4 (0.1-
fold), Mef2c (0.1-fold), Myh6 (0.04-fold) and Mlc2v (0.03-
fold) versus controls (Fig. 2B).

Similarly, DAN increased muscle genes such as Myf5 
(28.6-fold, P = 0.0001), Pax7 (7.9-fold, P = 0.001), MyoD1 
(2.9-fold, P = 0.01), myogenin (2.8-fold, P = 0.01), 
β-catenin (1.2-fold, P < 0.05), dystrophin (1.03-fold, 
P > 0.05) and desmin (0.3-fold) versus controls (Fig. 2A). 
Also, DAN increased cardiac genes such as Nkx2.5 (1.2-
fold, P < 0.05), GATA4 (0.9-fold), Mef2c (0.9-fold), Tbx5 
(0.7-fold), Myh6 (0.7-fold), Isl1 (0.2-fold) and Mlc2v (0.2-
fold) versus controls (Fig. 2B).

GIV treatment demonstrated dual effect of skeletal 
and cardiac myogenic protein expression (Western Blot 
Assay) from hiPSCs versus ISX9, DAN and control after 
7 days (P < 0.05) (Fig. 3A, B).

MyoD was significantly higher expressed with GIV 
versus ISX9 (P = 0.001), DAN (P = 0.001), and control 
(P = 0.001). Pax3 was significantly higher expressed with 
GIV versus ISX9 (P = 0.001), DAN (P = 0.001), and con-
trol (P < 0.001). Pax7 was significantly higher expressed 
with GIV versus DAN (P = 0.001), and control (P = 0.01), 
but non-significant higher versus ISX9 (P > 0.05). Myosin 
was significantly higher expressed with GIV versus DAN 
(P = 0.01), and control (P = 0.01), but non-significant 

higher versus ISX9 (P > 0.05). β-catenin was significantly 
higher expressed with GIV versus DAN (P = 0.001), and 
control (P = 0.01), but non-significant higher versus ISX9 
(P > 0.05). Desmin was significantly higher expressed with 
GIV versus DAN (P = 0.0001), and control (P = 0.001), 
but significantly lower than ISX9 (P = 0.01). But cardiac 
genes such as NKX2.5 was non-significantly expressed in 
GIV versus ISX9, DAN and control (P > 0.05) (Fig. 3A, B).

Givinostat‑induced skeletal myogenic progenitor genes 
and proteins
GIV increased upregulation of skeletal myogenic genes 
in hiPSCs-derived skeletal myoblast in first 4  days and 
further increased after 8  days versus control (P < 0.05) 
(Fig. 4A). GIV increased skeletal myogenic genes on Day 
4 such as Myf5 (1.8-fold, P = 0.01), myogenin (1.7-fold, 
P = 0.01), Tcf15 (1.4-fold, P > 0.05), desmin (0.9-fold), 
Myh6 (0.9-fold), Mesp1 (0.8-fold), MyoD1 (0.7-fold), dys-
trophin (0.7-fold), β-catenin (0.6-fold), Meox1 (0.6-fold), 
Meox2 (0.6-fold), Pax3 (0.5-fold), Pax7 (0.4-fold), Tbx1 
(0.4-fold) and Myh2 (0.3-fold) versus control. Whereas, 
GIV increased much higher expression of skeletal myo-
genic genes on Day 8 such as Pax3 (27.7-fold, P = 0.0001), 
Meox1 (21.9-fold, P = 0.0001), Myf5 (6.3-fold, 
P = 0.001), myogenin (6.3-fold, P = 0.001), Myh2 (5.8-
fold, P = 0.001), Meox2 (4.1-fold, P = 0.001), dystrophin 
(3.9-fold, P = 0.001), Myh6 (3.7-fold, P = 0.001), Tcf15 

Fig. 3  Givinostat has dual expression of cardiac/skeletal myogenic proteins: GIV had dual cardiac myogenic progenitors and skeletal myogenic 
progenitor’s developments (Western Blot Assay) from hiPSCs versus ISX9, DAN and control after 7 days. Muscle protein expression included Pax3, 
Pax7, MyoD, myosin, desmin and β-catenin. Cardiac protein expression as Nkx2.5. Values are mean ± SE; n = 3; † P-value < 0.05, * P-value = 0.01, ** 
P-value = 0.001, # P-value = 0.0001 are significant
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(3.6-fold, P = 0.001), Pax7 (3.5-fold, P = 0.01), Tbx1 (2.8-
fold, P = 0.01), Mesp1 (2.6-fold, P = 0.01), desmin (2.1-
fold, P = 0.01), MyoD1 (1.8-fold, P < 0.05) and β-catenin 
(1.7-fold, P < 0.05) versus control (Fig. 4A).

Skeletal maturity genes after 14 and 21  days were 
assessed for Pax3, Pax7 and β-catenin with normal-
ized to day 8. Pax 3 gradually decreased on day 14 and 
day 21 versus day 8 (P < 0.001), but β-catenin and Pax 
7 remained higher on day 14 and day 21 versus day 8 
(P < 0.001) (Fig. 4B).

GIV increased expression of skeletal myogenic pro-
teins that were assessed by western blots (A) and 
western blots densitometry (B) analysis after 4–8 days 
treatment of hiPSCs with GIV using antibodies of Pax3, 
Pax7, Myf5, MyoD1, dystrophin and desmin versus 
control (P < 0.05) (Fig. 5A, B).

MyoD was significantly higher expressed with GIV 
on Day 4 (P = 0.001) and Day 8 (P = 0.001) versus 

control, but non- significant difference between Day 
4 and Day 8 (P > 0.05). Pax3 was significantly higher 
expressed with GIV on Day 4 (P < 0.0001) and Day 8 
(P < 0.0001) versus control, and significantly higher on 
Day 8 than Day 4 (P = 0.001). Pax7 was significantly 
higher expressed with GIV on Day 4 (P = 0.001) and 
Day 8 (P = 0.01) versus control, but non- significant 
lower on Day 8 than Day 4 (P > 0.05). Myosin was signif-
icantly higher expressed with GIV on Day 4 (P = 0.001) 
and Day 8 (P = 0.001) versus control, and significantly 
higher in Day 8 than Day 4 (P < 0.05). Myf5 was signifi-
cantly higher expressed with GIV on Day 4 (P < 0.0001) 
and Day 8 (P = 0.001) versus control, but non- signifi-
cant higher on Day 8 than Day 4 (P > 0.05). Dystrophin 
was significantly higher expressed with GIV on Day 4 
(P < 0.0001) and Day 8 (P = 0.01) versus control, but sig-
nificant lower on Day 8 than Day 4 (P = 0.01). Desmin 
was significantly higher expressed with GIV on Day 4 
(P < 0.0001) and Day 8 (P < 0.001) versus control and 
significantly lower in Day 8 than Day 4 (P < 0.0001). 
β-catenin was significantly higher expressed with GIV 
on Day 8 (P = 0.001) versus control, and significantly 
higher in Day 8 than Day 4 (P = 0.001), but non-signifi-
cantly lower expression on Day 4 than control (P > 0.05) 
(Fig. 5A, B).

Morphologically, effect of GIV on differentiation of 
hiPSCs to myogenic cells was assessed under microscope. 
The myotube-shaped cells appear after 21  days versus 
control. Immunostaining analysis revealed that GIV can 
differentiate the hiPSCs into skeletal myogenic cells. Cells 
were positive for skeletal myoblast markers as Myf5, 
Pax3, MyoD, dystrophin, myosin, myogenin, β-catenin 
and desmin at 1 month (Fig. 6).

Givinostat‑induced cardiac myogenic progenitor genes 
and proteins
GIV increased upregulation of cardiac muscle genes 
for cardiac iPSCs after 4  days versus control (P < 0.05) 
(Fig.  7A). GIV increased cardiac muscle genes on Day 
4 such as Pitx2 (70.5-fold, P < 0.0001), Nkx2.5 (48.1-
fold, P = 0.0001), Tbx5 (37.1-fold, P = 0.0001), Hand1 
(14.9-fold, P = 0.001), MLC2v (9.3-fold, P = 0.001), 
Myl7 (7.5-fold, P = 0.001), GATA4 (5.5-fold, P = 0.001), 
ISl1 (4.9-fold, P = 0.001), Nppa (ANP, P = 0.001) 
(4.5-fold), Cdh4 (3.2-fold, P = 0.001), and Lhx2 (2.7-
fold, P = 0.001), Mef2c (1.7-fold, P > 0.05), Podx1 
(0.9-fold), TnnT2 (0.6-fold) versus control (Fig.  7A). 
Whereas, GIV increased much higher expression of 
cardiac muscle genes on Day 8 such as Pitx2 (57-fold, 
P = 0.0001), Nkx2.5 (29.6-fold, P = 0.0001), Myl7 (16.5-
fold, P = 0.001), ISl1 (6.9-fold, P = 0.001), Hand1 (5.9-
fold, P = 0.001), TnnT2 (5.7-fold, P = 0.001), MLC2v 
(5.4-fold, P = 0.001), Tbx5 (3.9-fold, P = 0.001), Cdh4 

Fig. 4  Givinostat induce higher expression of skeletal myogenic 
genes: Skeletal muscle genes included Meox1, Meox2, Tcf15, 
Pax3, Pax7, MyoD1, dystrophin, myogenin, Myh2, Myh6, Tbx1, 
Mesp1, desmin and β-catenin. GIV increased upregulation of 
skeletal myogenic genes (Real Time PCR-analysis) in skeletal iPSCs 
(hiPSC- SKM) at first 4 days and further increased after 8 days versus 
control (A). Skeletal maturity genes were followed up at day 14 and 
Day 21 with normalized to day 8 (B). Values are mean ± SE; n = 3; † 
P-value < 0.05, * P-value = 0.01, ** P-value = 0.001, # P-value = 0.0001 
are significant
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(2.9-fold, P = 0.001), Lhx2 (2.2-fold, P = 0.001), GATA4 
(1.9-fold, P = 0.01), Nppa (ANP) (0.9-fold), Mef2c (0.6-
fold) and Podx1 (0.07-fold) versus control (Fig. 7A).

Cardiac maturity genes after 14 and 21  days were 
assessed for Nkx2.5, GATA4, TnnT2 and connexin-43 
with normalized to day 8. Nkx2.5 was gradually 
decreased on day 14 and day 21 versus day 8 (P < 0.01) 
and GATA4 was decreased on day 21 versus day 14 

(P < 0.05), but TnnT2 was little decreased on day 21 ver-
sus day 8 and day 14 (P < 0.05) (Fig. 7B).

Morphologically, cardiomyocyte-like cells appear 
amongst differentiating cells after 21  days (Fig.  8). 
Immunostaining analysis revealed that GIV can dif-
ferentiate the hiPSCs into cardiac myogenic cells. Cells 
were positive for different cardiac progenitor’s mark-
ers such as Nkx2.5, GATA4, TnT, TnI, VE-cadherin, 

Fig. 5  Givinostat induce higher expression of skeletal myogenic proteins: Western blots (A) with densitometry (B) analysis after 4–8 days 
of (hiPSC-SKM) using antibodies of Pax3, Pax7, Myf5, MyoD, dystrophin, β-catenin and desmin versus control. Values are mean ± SE; n = 3; † 
P-value < 0.05, * P-value = 0.01, ** P-value = 0.001, # P-value = 0.0001 are significant

Fig. 6  Effect of GIV on differentiation of hiPSCs to skeletal myogenic cells: Effect of GIV on differentiation of hiPSCs to skeletal myogenic cells. Cells 
were positive for skeletal myoblast markers Pax3, MyoD, myogenin and β-catenin (40X) at 30 days after immunostaining
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α-sarcomeric actin and connexin 43 at 1  month 
(Fig. 8A). The FACS analysis showed that 90.6% of the 
population of hiPSC- derived cardiac progenitor was 
cardiac troponin T-positive (Fig. 8B).

Discussion
However, the in  vitro differentiation of hESCs into car-
diomyocytes or skeletal myoblast involves a poorly 
defined, inefficient, and relatively nonselective process 

Fig. 7  Givinostat induce higher expression of cardiac myogenic genes: Cardiac genes included Pitx2, ISl1, Nkx2.5, Hand1, GATA4, Tbx5, TnnT2, 
Myl7, MLC2v, Mef2c, Cdh4 and Lhx2 versus control. GIV increased upregulation of cardiac muscle genes (Real Time PCR-analysis) for cardiac iPSCs 
(hiPSC-CM) after 4 days. Cardiac maturity genes were followed up at day 14 and Day 21 with normalized to day 8 (B). Values are mean ± SE; n = 3; † 
P-value < 0.05, * P-value = 0.01, ** P-value = 0.001, # P-value = 0.0001 are significant



Page 10 of 14Elmadbouh ﻿Egyptian Journal of Medical Human Genetics          (2022) 23:106 

[9]. Cardiac and skeletal myogenesis involves generation 
of striated muscles and are traditionally thought of as two 
separate processes with distinct developmental processes 
[23, 24]. However, heart and craniofacial skeletal muscles 
originate from a common progenitor population (cardi-
opharyngeal mesoderm, CPM) during embryonic devel-
opment [23]. This may explain the co-existing cardiac 
and craniofacial defects commonly observed in patients 
with DiGeorge syndrome [24].

In this study, our concentration of small molecules 
ISX9 (25  µM) [14, 18], DAN (25  µM) [19] and GIV 
(150  nM) [4] were similar to other studies using differ-
ent cell types. Our observation showed pretreatment 
of hiPSCs with GIV had dual cardiac/skeletal myogenic 
progenitors more than ISX9 and DAN; and will likely 
facilitate therapeutic application of hiPSCs with GIV in 
heart disease or DMD.

Development of skeletal myogenic progenitors
There is still no available cure for DMD, but gene- and 
cell-based therapy is considerable interest in creating 
myogenic precursors such as stem cell therapy (Skeletal 
myoblast, bone marrow-derived stem cells, pericyte, 
ESCs and iPSCs) or ex-vivo stem cell with myogenic gene 

modification delivery in DMD models [25, 26]. However, 
ex  vivo overexpression of Pax3, Pax7, Myf5, MyoD or 
dystrophin in ESCs and iPSCs can drive differentiation to 
myogenic precursors that can be transplanted into animal 
[7], but its ability to induce direct myogenesis in human 
pluripotent stem cells has not been demonstrated.

In this study, GIV increased upregulation of skeletal 
myogenic genes in hiPSCs in first few days versus con-
trol (P < 0.05). GIV increased skeletal myogenic genes 
and their proteins expression within 1 week such as Pax3 
(27.7-fold), Meox1 (21.9-fold), myogenin (6.3-fold), Myf5 
(6.3-fold), Myh2 (5.8-fold), Meox2 (4.1-fold), dystrophin 
(3.9-fold), Myh6 (3.7-fold), Tcf15 (3.6-fold), Pax7 (3.5-
fold), Tbx1 (2.8-fold), Mesp1 (2.6-fold), desmin (2.1-fold), 
MyoD1 (1.8-fold) and β-catenin (1.7-fold) versus control 
(P < 0.05). Our results were in agreement with other stud-
ies reported the potential myogenic effect after oral treat-
ment with HDACi GIV in mdx mice, the morphological 
recovery is accompanied by increased muscle strength 
and exercise performance, and also increased myotube 
size of human skeletal myoblast in  vitro by addition of 
HDACi GIV (150 nM) or Tricostatin A (50 nM) [4]. Also, 
oral administration of HDACi GIV in the treatment of 
DMD (Phase I/II clinical trial) [21].

Fig. 8  Effect of GIV on differentiation of hiPSCs to cardiac myogenic cells. A Cells were immunostained positive for different cardiac progenitors’ 
markers as Nkx2.5, GATA4, TnT, VE cadherin, α-sarcomeric actin and connexin 43 (40X), but TnI (10X) at 30 days. B Flow cytometry analysis of 
hiPSC-cardiac progenitor stained for Alexa Fluor® 647-conjugated cardiac troponin T. The analysis showed that 90.6% of the population of 
hiPSC- cardiac progenitor was cardiac troponin T-positive
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Our results were in agreement with other studies 
using different small molecules to enhance the efficiency 
of hiPSC differentiation into multiple lineages [22]. In 
another small molecule, Myoseverin [27], retinoic acid 
[28] or Dorsomorphin [29] was able to generate mono-
nucleate progeny from multinucleate myotubes. Com-
bining the small-molecule glycogen synthase kinase-3 
(GSK3β) inhibitor BIO, Forskolin, and FGF2 induced 
efficient skeletal muscle specification of hiPSCs through 
the sequential treatment with a WNT activator [15]. The 
hiPSC-derived cells expressed muscle markers like Pax7, 
Myf5, MyoD, Myogenin, and  MHC  and formed mature 
myotubes  in vitro [6, 15]. Upon injection into cardio-
toxin-injured tibialis anterior muscles of immunocom-
promised mice, the hiPSC-derived myogenic progenitors 
contributed to muscle fibers and the satellite cell pool in 
the host muscle [15].

The fundamental role of histone acetyltransferases 
(HATs) and histone deacetylases (HDACs) in regulating 
muscle development and differentiation [30]. HATs cata-
lyze the transfer of acetyl groups to lysine residues of his-
tones, resulting in the relaxation of chromosomal DNA 
permissive for transcription [31]. The HATs p300/CBP 
and p300/CBP-associated factor (PCAF) activate mus-
cle gene expression by acetylation of MyoD and modula-
tion of its recruitment at target loci [32]. GIV can inhibit 
the activities of HDACs and restore or increase the level 
of histone acetylation [30]. Therefore, treatment with 
HDACi promotes the expression of two core components 
of the myogenic transcriptional machinery, MyoD and 
BAF60c [30] and upregulates three myogenic microRNA 
(myomiRs; miR-1.2, miR-133 and miR-206) involved 
into muscle differentiation in fibro-adipogenic progeni-
tors (FAPs) [31]. MyomiRs in turn target two alternative 
BAF60 variants- BAF60 A and B, that when incorporated 
into the Switch/Sucrose Non-Fermentable (SWI/SNF) 
chromatin-remodeling complex would otherwise pro-
mote the activation of the FAPs [31].

Development of cardiac myogenic progenitors
The overall efficiency of the embryoid body (EB) pro-
tocol to generate hiPSCs or hESCs-derived cardio-
myocytes is low with a minority of EBs developing 
contracting cardiomyocytes [33]. Also, the ability of 
hESC or hiPSC- derived cardiomyocytes to mature fol-
lowing transplantation has not been demonstrated [10], 
but this seems a reasonable expectation.

In this study, GIV with addition of ALK4/5/7 (TGFβ 
type-I receptor) inhibitors SB431542 for cardiac specifi-
cation resulted in a cardiac progenitor ~ 80–90% around 
day 30. This was in agreement with another study 
reported that using ALK4/5/7 (TGFβ type-I receptor) 
inhibitors, which was competent for differentiation of 

human iPSC-derived CPCs to cardiomyocytes [34]. 
Our results were similar to many previous studied 
using small molecules for cardiac differentiation from 
ESC/hiPSCs such as Trichostatin A [35], Cardiogenol C 
[15], Ascorbic acid [16, 36], Famotidin [37], 1,5-disub-
stituted Benzimidazoles [38], B-turn peptide mimetic 
compounds (CW209E) [39] and Resveratrol [40].

The enhanced differentiation efficiency of our pro-
tocol in hiPSCs was also similar to other studies that 
used small molecules such as Wnt/β-catenin path-
way inhibitor; IWR-1 [36], XAV0939 [18], Wnt-CD59 
[41] enhanced the differentiation of the cardiac pro-
genitors to the ventricular cardiomyocyte lineage [3]. 
This protocol reliably yields preparations of 30–60% 
cardiomyocytes, which can then be further enriched 
to > 90% cardiomyocytes using straightforward physical 
methods.

Cardiomyocyte differentiation was achieved by treat-
ment of hiPSCs with combination of recombinant growth 
factors (activin A, BMP-4 and bFGF) in first 2 days before 
small molecules. This step is required for developing a 
polarized axis of mesoderm that gives rise to the hetero-
geneous cell types of the cardiovascular system, including 
cardiomyocytes and those of the endocardium, vascular 
endothelium, and the hematopoietic system [42].

In this study, GIV increased cardiac muscle genes 
expression such as Pitx2 (70.5-fold), ISl1 (6.9-fold), 
Nkx2.5 (48.1-fold), Hand1 (14.9-fold), GATA4 (5.5-fold), 
Tbx5 (37.1-fold), TnnT2 (5.7-fold), Myl7 (16.5-fold), 
MLC2v (9.3-fold), Mef2c (1.7-fold), Cdh4 (3.2-fold), 
Podx1 (0.9-fold), Nppa (ANP) (4.5-fold) and Lhx2 (2.7-
fold) versus control. Our hiPSC-derived cardiac progeni-
tor cells expressed the cardiomyocyte structural markers 
cTnT, cTnI, GATA4, NKX2.5, α-sarcomeric actin, con-
nexin 43, and MLC2v; but no beats were observed in 
culture. Interestingly, the expression of connexin 43 cor-
relates with the presence of functional gap junctions. Our 
results were similar to other studies [22]. Also, ESCs with 
another small molecule as Cardiogenol C that induced 
the expression of the cardiac muscle cell-specific tran-
scription factors Mef2c, Nkx2.5, GATA4 and sarcomeric 
myosin heavy chain (MHC) after 7 days [15]. Sarcomeric 
MHC is one of the essential motor proteins responsible 
for cardiac muscle contractibility [43] and was used as a 
secondary assay for differentiation. Members of the Mef2 
family are essential for muscle development. Nkx2.5, one 
of the earliest lineage-restricted genes to be expressed in 
cardiac progenitor cells. But α-MHC or atrial natriuretic 
factor (ANF) that targeted late cardiac differentiation 
markers [14, 22]. In another study, MESP1-induced CPM 
cardiac derivatives predominantly expressed atrial-spe-
cific genes, including transcription factor (Nr2f2), myo-
sin (MLC2a), ion channel (Kir3.1) and secretory peptide 
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ANF (Nppa) [22], and ventricular specific genes such as 
Hand1 and MLC2v were enriched in cardiac progenitors.

Our results were similar to another HDACi (Trichosta-
tin A) enhanced cell survival of hESC/hiPSC with 90% of 
the treated beating colonies, triggered the degradation of 
HDAC4, associated with a faster spontaneous rhythmic 
contraction, a cardiac lineage commitment, increased 
up-regulation of cardiac actin, and cardiac-specific tran-
scriptional factors (Mef2c) [35, 44, 45]. However, Tri-
chostatin A-mediated acetylation control might enhance 
cardiac function but not cardiac differentiation during 
hESC/hiPSC-CM culturing [35, 44]. Also, a member of 
class II HDAC, HDAC4, binds to the transcription fac-
tors SRF and Mef2c and inhibits the expression of car-
diac-specific genes in different lines of iPSCs [35, 44, 46, 
47], and maybe explain the role of HDACi GIV for induc-
tion of cardiomyocytes.

Therefore, preconditioning of donor stem cell with 
HDACi (Givinostat) before transplantation in myocar-
dial infarction can be useful tool in cardioprotective and 
myocardial repair [20]. There are two potential evidence 
that HDACi targets for stroke therapy via upregulate car-
dio/neuro-protective factors [20, 48–50]: i) knockdown 
of HDAC4 or inhibition of HDAC4 showed reduced 
infarct size following myocardial ischemia-induced rep-
erfusion injury. ii) anti-inflammatory effects of HDACis 
via their down-regulation of pro-inflammatory factors 
such as Fas-L, IL-6, NF-κB, iNOS, TNF-ɑ, COX-2, MMP-
9, MIP-1 and MCP-1; iii) up-regulation of neuroprotec-
tive factors or proteins as HSP70, BDNF and gelsolin.

Conclusion
Pretreatment of hiPSCs with GIV represents a viable 
strategy for producing both cardiac/skeletal myogenic 
progenitors in  vitro for cell therapies against myocar-
dial infarction and Duchenne muscular dystrophy. Thus, 
approaches to produce homogenous beating cardiomyo-
cytes for practical use in cardiac regenerative medicine, 
drug research and tissue engineering remain a great 
need [8]. Moreover, the use of differentiated cells derived 
from iPSCs is an ideal therapeutic approach based on 
the advantages to generate patient-specific pluripotent 
cells and ethical deliberation [33]. However, technical 
issues and anticipated safety for homogeneity and pro-
cancerogenic potential of iPS-derived cells are crucially 
concerned before the employment in translational and 
clinical implication.

Acknowledgments
This work was carried out at the University of Illinois at Chicago (Department 
of Pharmacology) and The Ohio State University (Department of Emergency 
Medicine) during Post Doctor Scholar research in Prof. Muhammad Ashraf`s 
Lab. We wish to acknowledge Prof. Muhammad Ashraf for his support during 
experiments.

Author contributions
IE designed the protocol, made experiments and statistically and wrote the 
paper and approved the final manuscript.

Funding
There has been no financial support for this work that could have influenced 
its outcome.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was carried out in accordance with the recommendations in the 
Guide for the Care and Use of Laboratory Animals of the National Institutes 
of Health. The protocol was approved by the Institutional Animal Care and 
Use Committee (IACUC), University of Illinois at Chicago and The Ohio State 
University, USA. The committee’s reference number is not available.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 12 January 2022   Accepted: 24 June 2022

References
	1.	 Elmadbouh I, Ashraf M (2017) Tadalafil, a long acting phosphodiesterase 

inhibitor, promotes bone marrow stem cell survival and their homing 
into ischemic myocardium for cardiac repair. Physiol Rep 5(21):e13480

	2.	 Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara 
H, Rota M, Musso E, Urbanek K et al (2003) Adult cardiac stem cells are 
multipotent and support myocardial regeneration. Cell 114(6):763–776

	3.	 Karakikes I, Senyei GD, Hansen J, Kong CW, Azeloglu EU, Stillitano F, 
Lieu DK, Wang J, Ren L, Hulot JS et al (2014) Small molecule-mediated 
directed differentiation of human embryonic stem cells toward ventricu-
lar cardiomyocytes. Stem Cells Transl Med 3(1):18–31

	4.	 Consalvi S, Mozzetta C, Bettica P, Germani M, Fiorentini F, Del Bene F, 
Rocchetti M, Leoni F, Monzani V, Mascagni P et al (2013) Preclinical studies 
in the mdx mouse model of duchenne muscular dystrophy with the 
histone deacetylase inhibitor givinostat. Mol Med 19:79–87

	5.	 Hashimoto A, Naito AT, Lee JK, Kitazume-Taneike R, Ito M, Yamaguchi 
T, Nakata R, Sumida T, Okada K, Nakagawa A et al (2016) Genera-
tion of induced pluripotent stem cells from patients with duchenne 
muscular dystrophy and their induction to cardiomyocytes. Int Heart J 
57(1):112–117

	6.	 Cai WF, Huang W, Wang L, Wang JP, Zhang L, Ashraf M, Wu S, Wang 
Y (2016) Induced pluripotent stem cells derived muscle progenitors 
effectively mitigate muscular dystrophy through restoring the dystrophin 
distribution. J Stem Cell Res Ther 6(10):1000361

	7.	 Darabi R, Santos FN, Filareto A, Pan W, Koene R, Rudnicki MA, Kyba M, 
Perlingeiro RC (2011) Assessment of the myogenic stem cell compart-
ment following transplantation of Pax3/Pax7-induced embryonic stem 
cell-derived progenitors. Stem Cells 29(5):777–790

	8.	 Elmadbouh I, Ashraf M (2018) Stem cell and gene- based approaches 
for cardiac repair, Chapter 2. In: by A. M. Grumezescu (Ed) Design of 
nanostructures for versatile therapeutic applications. Pharmaceutical 
nanotechnology series. pp. 31–96. 

	9.	 Salani S, Donadoni C, Rizzo F, Bresolin N, Comi GP, Corti S (2012) Genera-
tion of skeletal muscle cells from embryonic and induced pluripotent 
stem cells as an in vitro model and for therapy of muscular dystrophies. J 
Cell Mol Med 16(7):1353–1364



Page 13 of 14Elmadbouh ﻿Egyptian Journal of Medical Human Genetics          (2022) 23:106 	

	10.	 Zhang J, Wilson GF, Soerens AG, Koonce CH, Yu J, Palecek SP, Thomson JA, 
Kamp TJ (2009) Functional cardiomyocytes derived from human induced 
pluripotent stem cells. Circ Res 104(4):e30-41

	11.	 Vaseghi H, Liu J, Qian L (2017) Molecular barriers to direct cardiac repro-
gramming. Protein Cell 8(10):724–734

	12.	 Kim WH, jung DW, Williams DR (2015) Making cardiomyocytes with your 
chemistry set: Small molecule-induced cardiogenesis in somatic cells. 
World J Cardiol 7(3):125–133

	13.	 Lee H, Haller C, Manneville C, Doll T, Fruh I, Keller CG, Richards SM, Ibig-
Rehm Y, Patoor M, Goette M et al (2016) Identification of small molecules 
which induce skeletal muscle differentiation in embryonic stem cells via 
activation of the wnt and inhibition of Smad2/3 and sonic hedgehog 
pathways. Stem Cells 34(2):299–310

	14.	 Burchfield JS, Paul AL, Lanka V, Tan W, Kong Y, McCallister C, Rothermel 
BA, Schneider JW, Gillette TG, Hill JA (2016) Pharmacological priming of 
adipose-derived stem cells promotes myocardial repair. J Investig Med 
64(1):50–62

	15.	 Wu X, Ding S, Ding Q, Gray NS, Schultz PG (2004) Small molecules that 
induce cardiomyogenesis in embryonic stem cells. J Am Chem Soc 
126(6):1590–1591

	16.	 Takahashi T, Lord B, Schulze PC, Fryer RM, Sarang SS, Gullans SR, Lee RT 
(2003) Ascorbic acid enhances differentiation of embryonic stem cells 
into cardiac myocytes. Circulation 107(14):1912–1916

	17.	 Sadek H, Hannack B, Choe E, Wang J, Latif S, Garry MG, Garry DJ, Long-
good J, Frantz DE, Olson EN et al (2008) Cardiogenic small molecules 
that enhance myocardial repair by stem cells. Proc Natl Acad Sci U S A 
105(16):6063–6068

	18.	 Xuan W, Wang Y, Tang Y, Ali A, Hu H, Maienschein-Cline M, Ashraf M (2018) 
Cardiac progenitors induced from human induced pluripotent stem cells 
with cardiogenic small molecule effectively regenerate infarcted hearts 
and attenuate fibrosis. Shock. https://​doi.​org/​10.​1097/​SHK.​00000​00000​
001133

	19.	 Thomas GW, Rael LT, Shimonkevitz R, Curtis CG, Bar-Or R, Bar-Or D (2007) 
Effects of danazol on endothelial cell function and angiogenesis. Fertil 
Steril 88(4 Suppl):1065–1070

	20.	 Kopljar I, Gallacher DJ, De Bondt A, Cougnaud L, Vlaminckx E, Van den 
Wyngaert I, Lu HR (2016) Functional and transcriptional characteriza-
tion of histone deacetylase inhibitor-mediated cardiac adverse effects 
in human induced pluripotent stem cell-derived cardiomyocytes. Stem 
Cells Transl Med 5(5):602–612

	21.	 Bettica P, Petrini S, D’Oria V, D’Amico A, Catteruccia M, Pane M, Sivo S, 
Magri F, Brajkovic S, Messina S et al (2016) Histological effects of givi-
nostat in boys with Duchenne muscular dystrophy. Neuromuscul Disord 
26(10):643–649

	22.	 Chan SS, Hagen HR, Swanson SA, Stewart R, Boll KA, Aho J, Thomson 
JA, Kyba M (2016) Development of bipotent cardiac/skeletal myogenic 
progenitors from MESP1+ Mesoderm. stem Cell Rep 6(1):26–34

	23.	 Lescroart F, Kelly RG, Le Garrec JF, Nicolas JF, Meilhac SM, Buckingham M 
(2010) Clonal analysis reveals common lineage relationships between 
head muscles and second heart field derivatives in the mouse embryo. 
Development 137(19):3269–3279

	24.	 Hutson MR, Kirby ML (2003) Neural crest and cardiovascular develop-
ment: a 20-year perspective. Birth Defects Res C Embryo Today 69(1):2–13

	25.	 Roca I, Requena J, Edel MJ, Alvarez-Palomo AB (2015) Myogenic precur-
sors from iPS cells for skeletal muscle cell replacement therapy. J Clin 
Med 4(2):243–259

	26.	 Tedesco FS, Gerli MF, Perani L, Benedetti S, Ungaro F, Cassano M, Antonini 
S, Tagliafico E, Artusi V, Longa E et al (2012) Transplantation of genetically 
corrected human iPSC-derived progenitors in mice with limb-girdle 
muscular dystrophy. Sci Transl Med 4(140):140ra189

	27.	 Duckmanton A, Kumar A, Chang YT, Brockes JP (2005) A single-cell analy-
sis of myogenic dedifferentiation induced by small molecules. Chem Biol 
12(10):1117–1126

	28.	 Ryan T, Liu J, Chu A, Wang L, Blais A, Skerjanc IS (2012) Retinoic acid 
enhances skeletal myogenesis in human embryonic stem cells by 
expanding the premyogenic progenitor population. Stem Cell Rev 
8(2):482–493

	29.	 Horbelt D, Boergermann JH, Chaikuad A, Alfano I, Williams E, Lukonin I, 
Timmel T, Bullock AN, Knaus P (2015) Small molecules dorsomorphin and 
LDN-193189 inhibit myostatin/GDF8 signaling and promote functional 
myoblast differentiation. J Biol Chem 290(6):3390–3404

	30.	 Forcales SV, Albini S, Giordani L, Malecova B, Cignolo L, Chernov A, 
Coutinho P, Saccone V, Consalvi S, Williams R et al (2012) Signal-depend-
ent incorporation of MyoD-BAF60c into Brg1-based SWI/SNF chromatin-
remodelling complex. EMBO J 31(2):301–316

	31.	 Saccone V, Consalvi S, Giordani L, Mozzetta C, Barozzi I, Sandona M, Ryan 
T, Rojas-Munoz A, Madaro L, Fasanaro P et al (2014) HDAC-regulated 
myomiRs control BAF60 variant exchange and direct the functional 
phenotype of fibro-adipogenic progenitors in dystrophic muscles. Genes 
Dev 28(8):841–857

	32.	 McKinsey TA, Zhang CL, Olson EN (2001) Control of muscle development 
by dueling HATs and HDACs. Curr Opin Genet Dev 11(5):497–504

	33.	 Haraguchi Y, Matsuura K, Shimizu T, Yamato M, Okano T (2015) Simple 
suspension culture system of human iPS cells maintaining their pluri-
potency for cardiac cell sheet engineering. J Tissue Eng Regen Med 
9(12):1363–1375

	34.	 Drowley L, Koonce C, Peel S, Jonebring A, Plowright AT, Kattman SJ, 
Andersson H, Anson B, Swanson BJ, Wang QD et al (2016) Human 
induced pluripotent stem cell-derived cardiac progenitor cells in pheno-
typic screening: a transforming growth factor-beta type 1 receptor kinase 
inhibitor induces efficient cardiac differentiation. Stem Cells Transl Med 
5(2):164–174

	35.	 Lim SY, Sivakumaran P, Crombie DE, Dusting GJ, Pebay A, Dilley RJ (2016) 
Enhancing human cardiomyocyte differentiation from induced pluripo-
tent stem cells with trichostatin A. Methods Mol Biol 1357:415–421

	36.	 Ivanyuk D, Budash G, Zheng Y, Gaspar JA, Chaudhari U, Fatima A, Bahman-
pour S, Grin VK, Popandopulo AG, Sachinidis A et al (2015) Ascorbic 
acid-induced cardiac differentiation of murine pluripotent stem cells: 
transcriptional profiling and effect of a small molecule synergist of wnt/
beta-catenin signaling pathway. Cell Physiol Biochem 36(2):810–830

	37.	 KalantarMotamedi Y, Peymani M, Baharvand H, Nasr-Esfahani MH, Bender 
A (2016) Systematic selection of small molecules to promote differentia-
tion of embryonic stem cells and experimental validation for generating 
cardiomyocytes. Cell Death Discov 2:16007

	38.	 Okolotowicz KJ, Bushway P, Lanier M, Gilley C, Mercola M, Cashman 
JR (2015) 1,5-Disubstituted benzimidazoles that direct cardiomyocyte 
differentiation from mouse embryonic stem cells. Bioorg Med Chem 
23(17):5282–5292

	39.	 Oh SW, Lee JB, Kim B, Jeon S, Kim MK, Nam KH, Ha JR, Bhatia M, Oh GT, 
Kim DY (2012) Peptidomimetic small-molecule compounds promoting 
cardiogenesis of stem cells. Arch Pharm Res 35(11):1979–1988

	40.	 Ding H, Xu X, Qin X, Yang C, Feng Q (2016) Resveratrol promotes differ-
entiation of mouse embryonic stem cells to cardiomyocytes. Cardiovasc 
Ther 34(4):283–289

	41.	 Burridge PW, Matsa E, Shukla P, Lin ZC, Churko JM, Ebert AD, Lan F, Diecke 
S, Huber B, Mordwinkin NM et al (2014) Chemically defined generation of 
human cardiomyocytes. Nat Methods 11(8):855–860

	42.	 Palpant NJ, Pabon L, Friedman CE, Roberts M, Hadland B, Zaunbrecher 
RJ, Bernstein I, Zheng Y, Murry CE (2017) Generating high-purity cardiac 
and endothelial derivatives from patterned mesoderm using human 
pluripotent stem cells. Nat Protoc 12(1):15–31

	43.	 Boheler KR, Czyz J, Tweedie D, Yang HT, Anisimov SV, Wobus AM (2002) 
Differentiation of pluripotent embryonic stem cells into cardiomyocytes. 
Circ Res 91(3):189–201

	44.	 Otsuji TG, Kurose Y, Suemori H, Tada M, Nakatsuji N (2012) Dynamic 
link between histone H3 acetylation and an increase in the functional 
characteristics of human ESC/iPSC-derived cardiomyocytes. PLoS One 
7(9):e45010

	45.	 Chen HP, Denicola M, Qin X, Zhao Y, Zhang L, Long XL, Zhuang S, Liu PY, 
Zhao TC (2011) HDAC inhibition promotes cardiogenesis and the survival 
of embryonic stem cells through proteasome-dependent pathway. J Cell 
Biochem 112(11):3246–3255

	46.	 Zhang LX, DeNicola M, Qin X, Du J, Ma J, Tina Zhao Y, Zhuang S, Liu 
PY, Wei L, Qin G et al (2014) Specific inhibition of HDAC4 in cardiac 
progenitor cells enhances myocardial repairs. Am J Physiol Cell Physiol 
307(4):C358-372

	47.	 Karamboulas C, Swedani A, Ward C, Al-Madhoun AS, Wilton S, Boisv-
enue S, Ridgeway AG, Skerjanc IS (2006) HDAC activity regulates entry 
of mesoderm cells into the cardiac muscle lineage. J Cell Sci 119(Pt 
20):4305–4314

	48.	 Milan M, Pace V, Maiullari F, Chirivi M, Baci D, Maiullari S, Madaro L, Mac-
cari S, Stati T, Marano G et al (2018) Givinostat reduces adverse cardiac 

https://doi.org/10.1097/SHK.0000000000001133
https://doi.org/10.1097/SHK.0000000000001133


Page 14 of 14Elmadbouh ﻿Egyptian Journal of Medical Human Genetics          (2022) 23:106 

remodeling through regulating fibroblasts activation. Cell Death Dis 
9(2):108

	49.	 Jeong MY, Lin YH, Wennersten SA, Demos-Davies KM, Cavasin MA, Mahaf-
fey JH, Monzani V, Saripalli C, Mascagni P, Reece TB et al (2018) Histone 
deacetylase activity governs diastolic dysfunction through a nongenomic 
mechanism. Sci Transl Med 10(427):eaao0144

	50.	 Granger A, Abdullah I, Huebner F, Stout A, Wang T, Huebner T, Epstein 
JA, Gruber PJ (2008) Histone deacetylase inhibition reduces myocardial 
ischemia-reperfusion injury in mice. FASEB J 22(10):3549–3560

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Generation of muscle progenitors from human-induced pluripotent stem cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Material and methods
	Human iPSCs culture
	Human iPSCs culture with 3 small molecules
	Skeletal myoblast differentiation
	Cardiomyocyte differentiation
	Real-time PCR analysis for gene expression
	Western blot analysis

	Immunostaining for characterization of skeletal and cardiac markers
	Flow cytometry for troponin-T cardiac markers
	Statistical analysis

	Results
	Givinostat has dual expression of cardiacskeletal myogenic genes and proteins versus ISX9 and danazole
	Givinostat-induced skeletal myogenic progenitor genes and proteins
	Givinostat-induced cardiac myogenic progenitor genes and proteins

	Discussion
	Development of skeletal myogenic progenitors
	Development of cardiac myogenic progenitors

	Conclusion
	Acknowledgments
	References


