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Abstract. Hair follicles  (HFs) are a well‑characterized 
niche for adult stem cells (SCs), and include epithelial and 
melanocytic SCs. HF cells are an accessible source of multi-
potent adult SCs for the generation of the interfollicular 
epidermis, HF structures and sebaceous glands in addition to 
the reconstitution of novel HFs in vivo. In the present study, 
it was demonstrated that HF cells are able to be induced to 
differentiate into cardiomyocyte‑like cells in  vitro under 
specific conditions. It was determined that HF cells cultured 
on OP9 feeder cells in KnockOut‑Dulbecco's modified Eagle's 
medium/B27 in the presence of vascular endothelial growth 
factors differentiated into cardiomyocyte‑like cells that 
express markers specific to cardiac lineage, but do not express 
non‑cardiac lineage markers including neural stem/progenitor 
cell, HF bulge cells or undifferentiated spermatogonia markers. 
These cardiomyocyte‑like cells exhibited a spindle‑ and fila-
ment‑shaped morphology similar to that presented by cardiac 
muscles and exhibited spontaneous beating that persisted for 
over 3 months. These results demonstrate that SC reprogram-
ming and differentiation may be induced without resulting in 
any genetic modification, which is important for the clinical 
applications of SCs including tissue and organ regeneration.

Introduction

Cardiovascular disease is the leading cause of mortality 
globally  (1). Myocardial infarction is a common symptom 
of ischemic heart disease, which is associated with the irre-
versible necrosis of cardiomyocytes followed by ventricular 
dysfunction and progressive heart failure (2‑4) due to an acute 
interruption of blood supply caused by the limited prolifera-
tive capacity of terminally differentiated cardiomyocytes or 
coronary artery thrombosis (2,5). Anywhere from 450,000 to 
750,000 patients with heart failure are awaiting heart trans-
plantation, with only 1,000 recipients per year receiving donor 
hearts (6). As such, there is an urgent requirement for alterna-
tive therapeutic options.

One promising strategy to replace lost cardiomyocytes and 
regenerate the myocardium is stem cell (SC)‑based therapy. 
Various SC lines, including embryonic  (E)SCs, induced 
pluripotent  (iP)SCs, multipotent germline (mG)SCs and 
mesenchymal SCs, have been investigated for their therapeutic 
potential in a number of preclinical studies (7‑13). Pluripotent 
cell lines are particularly useful cell sources for cardiac 
regeneration and cardiomyocyte differentiation; however, their 
clinical applicability is limited owing to teratoma formation 
following transplantation  (14), despite various attempts to 
increase the efficiency of cardiac differentiation (15‑17).

The hair follicle (HF) is characterized by cyclical periods 
of growth (anagen), regression (catagen) and rest  (telogen) 
throughout the lifespan of mammals (18). HF SCs/progenitor 
cells permanently reside in the upper portion of the HF, known 
as the bulge area  (19,20) which contains slow‑cycling or 
label‑retaining cells that define the SC population (20‑22) that 
differentiate into various HF cell types in addition to epidermal 
cells and generate follicle structures during anagen (22). SCs 
in the bulge area may additionally differentiate into the hair 
matrix of the outer‑root sheath, inner‑root sheath and basal 
cells of the sebaceous gland (19,23). One previous study has 
reported that precursor cells derived from mammalian skin 
dermis may produce neurons, glia, smooth muscle cells and 
adipocytes (24). Pluripotent epidermal neural crest SCs are 
also present in the dermal papillae of HFs (25,26). The neural 
SC/progenitor cell marker nestin is selectively expressed in HF 
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bulge cells, which may be induced to differentiate into blood 
vessels, neurons, glial cells, smooth muscle cells, keratino-
cytes and melanocytes in vitro (27‑31). Furthermore, all three 
sections (upper, middle, and lower) of the mouse vibrissa HF 
harbor HF‑associated PSCs that may generate spontaneously 
beating cardiac muscle cells (32). However, a major drawback 
of the differentiation protocol is that other cell types including 
neurons, glial cells, keratinocytes and smooth muscle cells are 
simultaneously produced (32). It is a serious point to overcome 
for further practical application. Thus, a cardiac‑specific 
differentiation protocol should be established.

The present study aimed to determine the conditions 
necessary for cardiac‑specific in vitro differentiation of cells 
isolated from mouse dorsal skin HFs in order to identify 
defined culture conditions that may differentiate HF cells into 
cardiomyocyte‑like cells expressing cardiac‑specific markers 
and exhibiting spontaneous beating for over 3 months. Thus, 
HF cells may be a potential source for generating cells of 
cardiac lineage under defined culture conditions.

Materials and methods

Animals. Animal procedures were ethically approved by the 
Animal Care and Use Committee of Chung‑Ang University 
(Gyeonggi‑do, Korea; IACUC no.  2018‑00073) and were 
performed in accordance with the Guidelines for the Care 
and Use of Laboratory Animals published by the National 
Institutes of Health (33). Mice had ad libitum access to a stan-
dard chow diet and water and were housed under controlled 
conditions at 21±2˚C and 55±10% humidity and subjected to 
12:12‑h light/dark cycle conditions. Male heterozygous OG2 
[B6;CBA‑Tg(Pou5f1‑EGFP) 2Mnn/J] mice were purchased 
from Jackson Laboratory (Bar Harbor, ME, USA; cat. 
no. 004654). A total of 8 mice (2‑5 months old, 20‑35 g) were 
used in the present study.

Isolation and collection of HF cells. Surgical procedures 
were performed in a sterile environment. The OG2 mice were 
sacrificed and their dorsal skin was removed and sliced into 
1‑2‑cm pieces that were enzymatically digested as previously 
described (34) with some minor modifications. The piece of 
dorsal skin was treated overnight at 4˚C with 2.5 mg/ml dispase 
in Dulbecco's modified Eagle's medium/nutrient mixture F‑12 
(DMEM/F12; 1:1 mixture; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The following day, whole HFs were 
gently plucked from the skin using fine forceps and were 
enzymatically digested at 37˚C for 5 min in a 4:1 solution 
of 0.25% trypsin‑EDTA (Thermo Fisher Scientific, Inc.) and 
7 mg/ml DNase I (Roche Diagnostics, Basel, Switzerland) in 
Dulbecco's phosphate‑buffered saline (DPBS; Thermo Fisher 
Scientific, Inc.). The digestion was terminated by adding 
10% (final volume) fetal bovine serum (FBS; GE Healthcare 
Life Sciences, Little Chalfont, UK). The cell suspension was 
filtered through a nylon mesh having a 40‑µm pore size (BD 
Biosciences, San Jose, CA, USA) and cell viability was deter-
mined by performing the Trypan Blue dye exclusion test. In 
brief, a cell suspension was simply mixed with the Trypan 
blue dye for a few second at room temperature and then visu-
ally examined immediately following staining to determine 
whether cells take up or exclude the dye under the light micro-

scope (model no. TS100; Nikon Corporation, Tokyo, Japan) at 
a magnification of x100.

HF cell culture and differentiation. HF cells were initially 
cultured at a density of 1.0x106 cells/well in 6‑well culture plates 
(BD Biosciences) containing DMEM/F12 (3:1) supplemented 
with 10% FBS (GE Healthcare Life Sciences), 20 µl/ml B27 
supplement (Thermo Fisher Scientific, Inc.), 20 ng/ml basic 
fibroblast growth factor (bFGF; BD Biosciences), 10 ng/ml glial 
cell line‑derived neurotrophic factor (GDNF; R&D Systems, 
Inc., Minneapolis, MN, USA), 75 ng/ml GDNF family receptor 
α1 (R&D Systems, Inc.), and 1% penicillin/streptomycin (P/S; 
Thermo Fisher Scientific, Inc.) and were incubated at 37˚C in a 
humidified atmosphere of 5% CO2 (34).

To induce their differentiation into cardiomyocyte‑like 
cells, HF cells were cultured in α‑Minimal Essential 
Medium (α‑MEM; Thermo Fisher Scientific, Inc.)/FBS 
medium (supplemented with 10% FBS and 1% P/S), N2/B27 
medium [DMEM‑F12 supplemented with 1% B27, 0.5% N2 
(Thermo Fisher Scientific, Inc.), 100 µM β‑mercaptoethanol 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany), 
2 mM L‑glutamine, and 1% P/S], KnockOut (KO)‑DMEM 
(Thermo Fisher Scientific, Inc.)/B27 medium (supplemented 
with 2%  B27 and 1% P/S), or mouse serum‑free medium 
(MSFM) as previously described  (35). Additional growth 
factors including 15 µM γ‑secretase inhibitor (GSI; EMD 
Millipore, Billerica, MA, USA) and 25 ng/ml bone morpho-
genetic protein (BMP)‑4, 2 ng/ml activin A, 150 ng/ml noggin 
and 5  ng/ml vascular endothelial growth factor (VEGF; 
all from R&D Systems, Inc.) were added to the media. HF 
cells were seeded on feeder cells, including mitotically inac-
tivated OP9 cells (bone marrow stromal cells; this cell line 
was generously provided by Dr Toru Nakano), SIM mouse 
embryo‑derived thioguanine and ouabain resistant (STO) cells 
(cat. no. CRL‑1503), C166 cells (cat. no. CRL‑2581; both from 
American Type Culture Collection, Manassas, VA, USA) or 
mouse embryonic fibroblasts (MEFs; this cell line was isolated 
from C57BL/6 mice at embryonic day 14.5). Two adult female 
C57BL/6 mice [weight, 28‑30 g; age, 13‑week‑old; Korea 
Animal Tech (Koatech), Pyeongtaek, Korea] were housed in 
cages at 21±2˚C and 50±20% humidity with a 12‑h light/dark 
cycle; the adult mice produced 10 mice (sex ratio, 1:1) weighing 
232‑289 mg. These feeder cells were maintained prior to 
mitotic inactivation. Briefly, OP9 cells, STO cells, C166 cells 
and MEFs were cultured at 37˚C in OP9 medium [α‑MEM 
supplemented 20% FBS and 1% P/S], STO medium [DMEM 
supplemented 7% FBS, 115 µM β‑mercaptoethanol, 2.4 mM 
L‑glutamine and 1% P/S], C166 medium [DMEM supple-
mented 10% FBS, 1 mM sodium pyruvate (Sigma‑Aldrich; 
Merck KGaA) and 1%  P/S] and MEF medium [DMEM 
supplemented 10% FBS, 100 µM non‑essential amino acids 
(cat. no. 11140050; Sigma‑Aldrich; Merck KGaA) and 1% P/S], 
respectively. Medium was replaced every 2‑3 days and cells 
were passaged every 3‑5 days.

To inactivate cell lines, cells were incubated in a medium 
appropriate to each cell line, as described above, containing 
10 µg/ml mitomycin C for 2‑3 h at 37˚C. Following the incuba-
tion, they were extensively washed 3 times with Dulbecco's (D)
PBS and collected by trypsinization. Mitomycin C‑inactivated 
cells were plated onto tissue culture dishes at the following 
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cell densities: STO, MEF, and OP9 (1x105/2 cm2) and C166 
(0.5x105/2 cm2).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was prepared from the HF 
cells cultured with OP9 cells, STO cells, C166 cells and MEFs 
using the PureLink RNA Mini kit (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Only RNAs 
with a 260/280 ratio of 1.8 or higher were reverse transcribed 
at 50˚C for 50 min and at 85˚C for 5 min using Superscript 
III Reverse Transcriptase (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. RT‑qPCR was 
performed using the TaqMan Gene Expression Master Mix 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) in a 7500 
Real‑Time PCR System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Thermocycling conditions were as follows: 
Initial denaturation stage: 95˚C for 20 sec; PCR stage: 40 cycles 
of 95˚C for 1 sec and 60˚C for 20 sec; melt curve stage: 95˚C 
for 15 sec, 60˚C for 1 min and 95˚C for 15 sec. The level of 
gene expression was normalized to that of GAPDH (Assay ID, 
Mm99999915_g1). Relative transcript abundance was deter-
mined using the ∆∆Cq method (36). The following TaqMan 
probes were used: Troponin T2, cardiac type 2 (Tnnt2; Assay 
ID, Mm01290256_m1), mesoderm posterior bHLH transcrip-
tion factor 1 (Mesp1; Assay ID, Mm00801883_g1), islet 1 (Isl1; 
Assay ID, Mm00517585_m1), myocyte enhancer factor 2c 
(Mef2c; Assay ID, Mm01340842_m1), NK2 homeobox 2.5 
(Nkx2.5; Assay ID, Mm01309813_s1), and T‑box 5 (Tbx5; 
Assay ID, Mm00803518_m1; all synthesized by Applied 
Biosystems; Thermo Fisher Scientific, Inc.).

Immunocytochemical analysis. To assess the expression of 
markers in vitro, HF cells were fixed in 4% paraformalde-
hyde for 30 min at room temperature and then permeabilized 
with 0.1% Triton X‑100 (Sigma‑Aldrich; Merck KGaA) in 
DPBS for 10 min at room temperature. They were subse-
quently blocked with DPBS containing 5%  (w/v) bovine 
serum albumin (BSA; Sigma‑Aldrich; Merck KGaA) for 
30  min at room temperature and incubated overnight at 
4˚C with primary antibodies against cardiac troponin T 
(cTnT; cat. no. MS‑295‑P0; Thermo Fisher Scientific, Inc.), 
pan‑cadherin (cat. no. sc‑1499) and nestin (cat. no. sc‑21248; 
both from Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), cytokeratin 15 (CK15; cat. no.  ab52816; Abcam, 
Cambridge, UK), and promyelocytic leukemia zinc finger 
(PLZF; cat. no. OP128; EMD Millipore) diluted 1:200 
in 5% BSA solution. On the following day, the cells were 
washed twice with DPBS and incubated for 1 h at room 
temperature in the dark with Alexa Fluor 568‑conjugated 
goat anti‑mouse (cat. no. A11004) or donkey anti‑goat (cat. 
no. A11057; both from Thermo Fisher Scientific, Inc.) immu-
noglobulin G (IgG) secondary antibodies, or with rhodamine 
(TRITC)‑conjugated goat anti‑rabbit IgG (cat. no. 11‑025‑003; 
Jackson ImmunoResearch Laboratories, Inc., West Grove, 
PA, USA) diluted 1:200 in 5% BSA solution. Following two 
washes with DPBS, the cells were mounted with Vectashield 
containing 4',6‑diamidino‑2‑phenylindole for nuclear 
counterstaining (cat. no. H‑1200; Vector Laboratories, Inc., 
Burlingame, CA, USA). The samples were observed using 
fluorescence microscopy (model no. TE2000) that employed 

NIS Elements imaging software (NIS‑Elements BR 5.11.00; 
both from Nikon Corporation).

Statistical analysis. All results were presented as mean ± stan-
dard error of the mean. Statistical analyses were performed 
using SPSS software (v.23; IBM Corp., Armonk, NY, USA). 
Analysis of variance and Tukey's honest significant difference 
tests were used to assess the differences between the groups. 
P<0.05 was considered to indicate a statistically significant 
difference. Unless otherwise stated, all experiments were 
performed three times.

Results

Effect of culture medium on the cardiac differentiation 
of HF cells. To evaluate the effects of culture medium on 
cardiac differentiation, HF cells were cultured for 6 days 
in a range of different media, including HF medium, 
α‑MEM/FBS, N2/B27, MSFM and KO‑DMEM/B27, in 
the absence of growth factors for 6 days. Subsequent to the 
induction of cardiac differentiation, the mRNA levels of Tnnt2, 
a cardiomyocyte‑specific gene, or Isl1, a cardiac transcription 
factor, were evaluated using RT‑qPCR. The results of cells 
cultured in each of the aforementioned mediums were 
compared with those of the cells cultured in the HF medium. 
Only two groups (cells grown in MSFM and cells grown in 
KO‑DMEM/B27) exhibited a significant difference (P<0.01) 
in Tnnt2 expression levels compared with cells cultured in HF 
medium [mean fold difference ± standard error of the mean 
(SEM): HF medium, 1.00±0.36; α‑MEM/FBS, 0.73±0.29; 
N2/B27, 1.77±0.07; MSFM, 3.17±0.35; and KO‑DMEM/B27, 
4.13±0.33; Fig. 1A], although the expression levels did not differ 
significantly between the two groups. Isl1 also demonstrated 
an expression pattern similar to Tnnt2, in that its expression 
was significantly higher (P<0.01) in cells grown either in 
MSFM or KO‑DMEM/B27 compared with in HF cells 
(mean fold difference  ±  SEM: HF medium, 1.05±0.13; 
α‑MEM/FBS, 0.52±0.07; N2/B27, 1.08±0.1; MSFM, 
2.22±0.43; and KO‑DMEM/B27, 2.09±0.09; Fig.  1B). 
Therefore, MSFM and KO‑DMEM/B27 were selected for use 
for subsequent experiments.

VEGF enhances the cardiac differentiation potential of HF 
cells. The effects of soluble growth factors, namely GSI, 
BMP‑4, activin A, noggin and VEGF, on cultured HF cells 
were examined as these factors are known to enhance cardiac 
differentiation potential  (13,15,17,37‑42). HF  cells were 
cultured in MSFM or KO‑DMEM/B27 for 6 days in the pres-
ence of each growth factor, and Tnnt2 or Isl1 mRNA levels 
were evaluated using RT‑qPCR. Cells cultured in MSFM 
containing VEGF exhibited a significant upregulation of Tnnt2 
and Isl1 mRNA levels compared with the untreated cells in the 
control group (P<0.05; Tnnt2: 3.6±0.63; Isl1: 2.42±0.58 fold; 
Fig. 2A and B). In addition, the VEGF group demonstrated 
a higher fold change compared with GSI (0.11±0.02 fold), 
BMP‑4 (0.11±0.03 fold), activin A (0.82±0.12 fold) and Noggin 
(0.48±0.1 fold) groups. Similar trends were observed in HF 
cells cultured in KO‑DMEM/B27 in the presence of each 
growth factor; a significant difference was only observed in 
the cell population cultured with KO‑DMEM/B27 containing 
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VEGF compared with the control group (P<0.05; Tnnt2: 
1.58±0.19; Isl1: 3.94±0.44 fold; Fig. 2C and D). These results 

demonstrate that VEGF is highly effective in inducing the 
cardiac differentiation of HF cells.

Figure 2. Effects of growth factors on the cardiac differentiation of HF cells. Tnnt2 and Isl1 mRNA expression levels were normalized compared with those 
in the control group. (A) Tnnt2 or (B) Isl1 mRNA expression levels in HF cells cultured in MSFM supplemented with various growth factors. Effect of various 
growth factors on (C) Tnnt2 or (D) Isl1 mRNA expression levels in the KO‑DMEM/B27 group. Data represent the mean ± the standard error of the mean (n=3). 
*P<0.05 and ***P<0.001 vs. the control. HF, hair follicles; MSFM, mouse serum‑free medium; KO‑DMEM, KnockOut‑Dulbecco's modified Eagle's medium; 
Tnnt2, troponin T2, cardiac type 2; Isl1, islet 1; GSI, γ‑secretase inhibitor; BMP4, bone morphogenetic protein 4; VEGF, vascular endothelial growth factor.

Figure 1. Cardiac differentiation of HF cells in culture media. mRNA expression levels of (A) the cardiomyocyte‑specific gene Tnnt2 or (B) the cardiac 
transcription factor Isl1 in cells cultured in each type of medium were normalized to the level in cells cultured in the HF medium. Data was represented as 
the mean ± the standard error of the mean (n=3). **P<0.01 and ***P<0.001 vs. HF. HF, hair follicles; MEM, α‑Minimal Essential Medium; FBS, foetal bovine 
serum; MSFM, mouse serum‑free medium; KO‑DMEM, KnockOut‑Dulbecco’s modified Eagle’s medium; Tnnt2, troponin T2, cardiac type 2; Isl1, islet 1.
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Effect of feeder layers on cardiac differentiation. To examine 
the influence of feeder cells on the induction of cardiac 
differentiation, HF cells were cultured on mitotically inacti-
vated feeder cell lines (including OP9, STO, MEF and C166 
feeder cells) in MSFM or KO‑DMEM/B27 supplemented 

with VEGF. The morphology of the cells during the culture 
period was monitored (Fig. 3A and B). Interestingly, beating 
cardiomyocyte‑like cells under each condition were observed. 
To evaluate the efficiency of cardiac induction in vitro, Tnnt2 
or Isl1 expression levels were compared between different cell 

Figure 3. Cardiac differentiation of HF cells on feeder layers. Bright field micrographs of HF cells cultured on OP9, STO, MEF and C166 feeder cells in 
(A) MSFM or (B) KO‑DMEM/B27 medium containing VEGF. Bar, 100 µm. Relative mRNA expression levels of Tnnt2 in (C) MSFM and (D) KO‑DMEM/
B27 groups. Relative expression of Isl1 in (E) MSFM and (F) KO‑DMEM/B27 groups. Expression levels were normalized compared with those in the OP9 
feeder cell group. Data is represented as the mean ± the standard error of the mean (n=3). *P<0.05, **P<0.01 and ***P<0.001 vs. the OP9 group. HF, hair follicles; 
MSFM, mouse serum‑free medium; KO‑DMEM, KnockOut‑Dulbecco's modified Eagle's medium; Tnnt2, troponin T2, cardiac type 2; Isl1, islet 1; VEGF, 
vascular endothelial growth factor.
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populations. The two genes had significantly higher expression 
levels in cells cultured on OP9 feeder cells with MSFM (Tnnt2: 
1.00±0.11; Isl1: 1.00±0.27 fold) compared with those cultured 
with STO (Tnnt2: 0.6±0.12; Isl1: 0.6±0.03 fold), MEFs (Tnnt2: 
0.37±0.04; Isl1: 0.05±0.01 fold) or C166 (Tnnt2: 0.6±0.05; 
Isl1: 0.02±0.01 fold) feeder cells (P<0.05; Fig. 3C and E). 
Additionally, HF cells cultured in KO‑DMEM/B27 exhib-
ited significantly higher mRNA levels of Tnnt2 when OP9 
cells were used as the feeder compared with any other group 
(OP9, 1.00±0.25; STO, 0.22±0.02; MEF, 0.03±0.0 and C166, 
0.01±0.0 fold; P<0.001; Fig. 3D); similarly, Isl1 expression was 
also significantly higher in cells cultured in KO‑DMEM/B27 
with OP9 feeder cells compared with any other group (OP9, 
1.00±0.02; STO, 0.26±0.04; MEF, 0.02±0.01; and C166, 
0.06±0.02 fold; P<0.001; Fig. 3F). These data suggest that OP9 
feeder cells highly stimulated the cardiac differentiation of 
HF cells in the two types of media.

To determine which of the two media (MSFM or 
KO‑DMEM/B27) is more effective in inducing cardiac 
differentiation, HF cells were cultured on OP9 feeder cells 
with MSFM or KO‑DMEM/B27 in the presence of VEGF, 
and Tnnt2 or Isl1 expression levels between the two cultures 
were compared. OP9 feeder cells alone cultured in MSFM 
or KO‑DMEM/B27 served as the control. RT‑qPCR analysis 
revealed that Tnnt2 and Isl1 mRNA levels were significantly 
upregulated in HF  cells cultured on OP9 in MSFM or 
KO‑DMEM/B27 medium compared with the cells grown in 
the control medium (P<0.01; Fig. 4); additionally, significantly 
higher expression levels of Tnnt2 and Isl1 genes (Tnnt2: 9.43; 
Isl1: 1.99 fold) were observed in KO‑DMEM/B27 compared 
with in the MSFM group (P<0.001). KO‑DMEM/B27 was, 
therefore, used to analyze the phenotypic characteristics of 
cardiomyocyte‑like cells.

Phenotype of cardiomyocyte‑like cells derived from HF 
cells. Following 2 weeks of culturing on OP9 feeder cells in 
KO‑DMEM/B27 containing VEGF, HF cells were analyzed 
using immunocytochemistry. To exclude the expression of 
non‑specific markers, the present study initially confirmed that 

the various markers used were not expressed by OP9 cells (Fig. 5). 
Numerous cells strongly expressed the cardiomyocyte marker 
cTnT and the cardiac intercellular adherens junction marker 
pan‑cadherin  (Fig. 5). On the other hand, these cells were 
negative for the neural stem/progenitor cell marker nestin, the 
HF bulge marker CK15 and the undifferentiated spermatogonia 
marker PLZF (Fig. 5). These results indicate that the culturing 
of HF cells on OP9 feeder cells in KO‑DMEM/B27 medium 
supplemented with VEGF promotes the expression of genes 
specific to the cardiac lineage but not to other lineages including 
neural, glial, HF and germline cells.

The present study additionally compared HF cells with 
cardiomyocyte‑like cells in terms of the mRNA expression 
levels of cardiac lineage‑specific genes including Tnnt2, 
Mesp1, Isl1, Mef2c, Nkx2.5 and Tbx5  (9,43‑46) and it was 
revealed that all these genes were significantly more highly 
expressed in the latter group of cells compared with the HF 
group (P<0.05; Fig. 6), demonstrating that these differentiated 
cells exhibited a phenotype that was distinguishable from that 
of the parent HF cells.

It was observed that cardiomyocyte‑like cells had a 
spindle‑ and filament‑shaped morphology similar to that of 
cardiac muscles and were capable of beating spontaneously for 
>3 months without any stimulation (Video S1). Thus, beating 
cardiomyocyte‑like cells may be derived from HF cells by 
culturing on OP9 feeder cells in KO‑DMEM/B27 medium 
supplemented with VEGF. These cardiomyocyte‑like cells 
may potentially function normally as spontaneous beating is 
thought to be an in vitro indicator of functional cardiomyo-
cytes (47,48).

Discussion

In the present study, it was postulated that the use of media, 
exogenous factors or feeders essential for cardiac differentiation 
may be an important first step in priming HF cells to be 
receptive to the conversion into the cells of cardiac lineages. 
In this regard, it is noteworthy that the differentiation and/or 
specification of pluripotent cells into specific cell types have 

Figure 4. Cardiomyocyte‑specific gene expression in HF cells cultured on OP9 feeder cells in the MSFM or KO‑DMEM/B27 medium. mRNA expression 
levels of (A) Tnnt2 or (B) Isl1 in the two cell populations were normalized compared with those in OP9 feeder cells. Data is represented as the mean ± standard 
error of the mean (n=3). **P<0.01 and ***P<0.001 with comparisons shown by lines. HF, hair follicles; MSFM, mouse serum‑free medium; KO‑DMEM, 
KnockOut‑Dulbecco's modified Eagle's medium; Tnnt2, troponin T2, cardiac type 2; Isl1, islet 1.
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been frequently demonstrated to require the addition of growth 
factors that are specific to the cell type (49,50). For example, 
ESCs and iPSCs are differentiated into cardiomyocytes 
by adding growth factors, which are implicated in normal 
cardiac development, into the media  (41,43). In a similar 
manner, media, growth factors or feeders that have been 
implicated in cardiac development were added to the HF 
cultures to determine whether they were able to facilitate 

reprogramming. Finally, the culture conditions required for 
the cardiac‑specific differentiation of HF cells isolated from 
the mouse dorsal skin were established. The HF cells were 
initially cultured in different media (α‑MEM/FBS, N2/B27, 
MSFM and KO‑DMEM/B27) with different growth factors 
(GSI, BMP‑4, activin A, noggin and VEGF) and feeder cells 
(OP9, STO, C166 and MEF cells) to determine the optimal 
culture conditions for inducing cardiac differentiation; the 

Figure 5. Immunocytochemistry analysis of lineage‑specific marker expression in OP9 feeder cells, HF cells and cardiomyocyte‑like cells. Cells were stained 
with cardiomyocyte marker, cTnT, cardiac intercellular adherens junction marker, pan‑cadherin, neural stem/progenitor cell marker, nestin, HF bulge marker, 
CK15, or undifferentiated spermatogonia marker, PLZF (red). Cells were then counterstained with 4',6‑diamidino‑2‑phenylindole (blue). Bar, 100 µm. HF, hair 
follicles; MSFM, mouse serum‑free medium; KO‑DMEM, KnockOut‑Dulbecco's modified Eagle's medium; cTnT, cardiac troponin T; CK15, cytokeratin 15; 
PLZF, promyelocytic leukemia zinc finger.
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cardiac differentiation ability of cultured cells was evaluated 
based on their expression of cardiac lineage‑specific genes 
and beating capacity. It was revealed that HF cells cultured in 
KO‑DMEM/B27 containing VEGF exhibited the upregulation 
of cardiac lineage‑specific genes, which was further enhanced 
by culturing on OP9 feeder cells.

Numerous studies have been conducted to establish 
suitable conditions for inducing the differentiation of PSCs 
into specific cell types (13,39,51,52). mGSCs are similar to 
embryonic stem and germ cells in terms of phenotype and 
their capacity of differentiating into cardiomyocytes and 
endothelial cells; these cells were induced to differentiate into 
mesodermal cells by culturing in α‑MEM containing 10% fetal 
calf serum and 2‑mercaptoethanol on an OP9 stromal cell 
layer  (51). The cardiac differentiation efficiency of mouse 
and human ESCs was enhanced by culturing in DMEM 
containing 20% FBS or KO‑DMEM containing 20% FBS 
in the presence of apelin, BMP‑4, activin A and bFGF (13). 
Although efficient differentiation into mature cardiomyocytes 

was achieved, the inclusion of FBS remains controversial as 
its precise components are unknown. For this reason, various 
chemically defined media have been used to induce the 
cardiac differentiation of PSCs, including one that promotes 
the self‑renewal of human ESCs grown on a Matrigel‑coated 
surface over multiple passages  (52). This previous study 
additionally selectively induced the differentiation of a human 
ESC monolayer into cells of cardiac muscle lineage by transient 
treatment with activin A and BMP‑4 in N2/B27, a chemically 
defined medium comprising DMEM/F12 with N2 and B27 
supplements and BSA, amongst other ingredients. As a result 
of differentiation, hESCs maintained in N2/B27 proceeded 
from the mesendoderm lineage toward the mesoderm‑cardiac 
muscle lineage. The differentiation of human ESCs into 
the cardiac mesoderm and simultaneous suppression of the 
neuroectodermal lineage was promoted by culturing in a 
reduced volume medium with GSI followed by KO‑DMEM. The 
KO‑DMEM/B27 culture conditions induced the differentiation 
and maturation of the cardiac lineage cells  (39). MSFM is 

Figure 6. Relative expression levels of cardiac lineage‑specific genes in HF and cardiomyocyte‑like cells. Expression levels of the cardiac lineage‑specific 
genes Tnnt2, Mesp1, Isl1, Mef2c, Nkx2.5 and Tbx5 were examined and normalized to the levels in the HF cell group. Data is represented as the mean ± standard 
error of the mean (n=3). *P<0.05 and ***P<0.001 vs. the HF group. HF, hair follicles; Tnnt2, troponin T2, cardiac type 2; Isl1, islet 1; Mesp1, mesoderm posterior 
bHLH transcription factor 1; Mef2c, myocyte enhancer factor 2c; Nkx2.5, NK2 homeobox 2.5; Tbx5, T‑box 5.
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another chemically well‑defined medium that supports the 
proliferation and self‑renewal of mouse spermatogonial 
SCs (35,53). In the present study, α‑MEM containing FBS and a 
number of chemically defined media (N2/B27, KO‑DMEM/B27 
and MSFM) without FBS were assessed for their ability to 
promote cardiac lineage commitment in HF cells. The mRNA 
expression levels of the cardiac‑specific genes Tnnt2 and Isl1 
were higher in a chemically defined medium when compared 
with a serum‑containing medium, suggesting that the presence 
of serum inhibits cardiac differentiation owing to reasons that 
have yet to be determined.

Various growth factors are known to promote cardiogenesis 
in PSCs (13,38,39,41,42). Although GSI alone does not affect 
the self‑renewal and differentiation capacity of human ESCs 
by blocking Notch signaling, GSI in a reduced‑volume culture 
medium may accelerate mesodermal differentiation (37,39,40). 
A number of other studies have demonstrated that 
activin/nodal/transforming growth factor‑β, Wnt and BMP 
signaling pathways are critical for establishing the development 
of the cardiovascular system  (15,17,41,54‑61). The BMP 
antagonist noggin is transiently but notably expressed in the 
heart‑forming region during gastrulation and functions at 
the level of mesendoderm induction to establish conditions 
conducive to cardiogenesis (42). Although GSI, BMP‑4, activin A 
and noggin are known to influence cardiac differentiation at a 
number of different stages, the present study did not examine 
the positive effects of these growth factors on cardiac‑specific 
differentiation of HF cells. However, HF cells cultured in the 
presence of VEGF demonstrated increased cardiac‑specific 
gene expression levels. In a previous study, VEGF receptor 2 
was demonstrated to be expressed in a cell population that had 
the potential to generate cell types of cardiac lineage (38). Thus, 
it is likely that VEGF is necessary for cardiac differentiation.

In the present study, spontaneously beating cardiomyo-
cyte‑like cells were generated using HF cells cultured on a 
feeder layer in KO‑DMEM/B27 supplemented with VEGF. 
Specifically, OP9 feeder cells increased the expression levels 
of cardiac‑specific genes to a greater extent compared with 
other feeder cells. OP9 cells have been used to induce the 
differentiation of PSCs into cardiac and endothelial cells, 
indicating that OP9 cells have a potential function in the differ-
entiation of PSCs into contracting cardiac colonies (51,62‑64). 
The results of the present study are consistent with these 
earlier reports. However, it may be difficult to determine the 
underlying mechanism and number of cells involved, but with 
an increase in the expression of specific genes owing to the 
implementation of the aforementioned method, the results of 
the present study may lay a necessary foundation for further 
study. Interestingly, HF cells were induced to differentiate 
into beating cardiomyocyte‑like cells when cultured on each 
of the feeder cell lines, although the precise functions of the 
feeder cells in cardiac differentiation remains unclear. Thus, 
the precise mechanism and necessity of each growth factor 
requires further elucidation.

In conclusion, the results of the present study demonstrate 
that cardiomyocyte‑like cells may be derived from HF cells 
under suitable culture conditions. These may provide a useful 
in vitro system for the standardization of the method for the 
derivation of cardiomyocytes, and offer a potential cell source 
for the development of cell‑based therapeutics.
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