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Abstract

Human induced pluripotent stem (iPS) cells are a promising source of autologous cardiomyocytes to repair
and regenerate myocardium for treatment of heart disease. In this study, we describe a method for enhanced
cardiomyocyte production from human iPS cells by treating embryoid bodies with a histone deacetylase
inhibitor, trichostatin A (TSA), together with activin A and bone morphogenetic protein (BMP)-4. The
resulting cardiomyocytes expressed cardiac-specific transcription factors and contractile proteins at both
gene and protein levels. Functionally, the contractile embryoid bodies (EBs) displayed calcium cycling and
were responsive to the chronotropic agents isoprenaline (0.1 μM) and carbachol (1 μM). The cardiomyo-
cytes derived from human iPS cells may be used to engineer functional cardiac muscle tissue for studying
pathophysiology of cardiac disease, for drug discovery test beds, and potentially for generation of cardiac
grafts to surgically replace damaged myocardium.

Keywords: Trichostatin A, Epigenetic, Induced pluripotent stem cells, Cardiomyocyte, Differentia-
tion, Efficiency, Cardiac tissue engineering

1 Introduction

Induced pluripotent stem (iPS) cells are an ideal source of donor
cells for cardiac regenerative therapies because they have the ability
to self-renew while retaining the potential to differentiate into all
cell types of the body, including cardiomyocytes. Furthermore,
patient-specific iPS cells offer an autologous source of cardiomyo-
cytes for personalized therapeutic strategies to circumvent immu-
nological issues such as rejection of transplants (1).

Cardiomyogenesis from iPS cells is a highly organized process
mediated by several signaling pathways (2). Spontaneous differen-
tiation of cardiomyocytes occurs from pluripotent cells; however, it
is not very efficient, so we and others have used trichostatin A, a
histone deacetylase (HDAC) inhibitor, to direct more efficient
cardiomyocyte differentiation (3–6), presumably through an epige-
netic mechanism. Trichostatin A belongs to the hydroxamic acid
class of HDAC inhibitors and was selected because of its high
potency and pan-HDAC selectivity (7).
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2 Materials

2.1 Cells 1. Human iPS cell lines. iPS(foreskin)-1 and iPS(foreskin)-2 were
obtained from WiCell Research Institute (Madison, WI, USA)
(8). FA3 is an iPS cell line generated from patients with Frie-
dreich’s ataxia (9).

2. Human newborn foreskin fibroblasts (HFF-1) were obtained
from American Type Culture Collection (ATCC, VA, USA).

2.2 Cell Culture

Medium and Solutions

1. Dulbecco’s phosphate-buffered saline without Ca2+ and Mg2+

(DPBS-, Invitrogen, 14190-250).

2. Dulbecco’s phosphate-buffered saline with Ca2+ and Mg2+

(DPBS+, Invitrogen, 14040-182).

3. TrypLE Select enzyme (1�) (Invitrogen, 12563-011).

4. Dulbecco’s Modified Eagle’s Medium: Nutrient Mixture F-12
(DMEM/F-12) Glutamax (Invitrogen, 10565-042).

5. β-Mercaptoethanol (Invitrogen, 21985-023).

6. MEM nonessential amino acids (100�) (Invitrogen, 11140-
050).

7. Penicillin/streptomycin (10,000 U/mL) (Invitrogen, 15140-
122).

8. Human recombinant fibroblast growth factor basic protein
(FGF2, Millipore, GF003).

9. Fetal bovine serum (Sigma-Aldrich, 12003C, Lot 7C0029) (see
Note 1).

10. KnockOut serum replacement (KSR, Invitrogen, 10828-028).

11. Fibroblast growth medium: DMEM/F-12 Glutamax supple-
mented with 10 % fetal bovine serum and 50 U/mL penicillin/
streptomycin.

12. Undifferentiated human iPS culture medium (iPS medium):
DMEM/F-12 Glutamax supplemented with 20 % KSR, 0.1 mM
nonessential amino acid, 0.1 mM β-mercaptoethanol, 50 U/mL
penicillin/streptomycin, and 20 ng/mL FGF2 (seeNote 2).

13. Cardiac differentiation medium: DMEM/F-12 Glutamax sup-
plemented with 20 % fetal bovine serum, 0.1 mM nonessential
amino acid, 0.1 mM β-mercaptoethanol, and 50 U/mL peni-
cillin/streptomycin.

2.3 Chemicals 1. Mitomycin C from Streptomyces caespitosus (Sigma-Aldrich,
M4287).

2. Gelatin from porcine skin (Sigma-Aldrich, G1890). Prepared
0.1 % gelatin in distilled water and autoclaved to solubilize the
gelatin. Store at 4 �C for 3–4 months.
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3. Trichostatin A (TSA, Sigma-Aldrich, T8552). Prepared
aliquots of stock solution 100 μg/mL in dimethyl sulfoxide
(DMSO, Sigma-Aldrich, D2650) for long-term storage at
�20 �C. A final concentration of 1 ng/mL was prepared with
cardiomyocyte differentiation medium before use.

4. Fibronectin from human plasma (Sigma-Aldrich, F2006).
Prepared aliquots of stock solution 1 mg/mL in DPBS- for
long-term storage at �20 �C. A final concentration of
10 μg/mL fibronectin was prepared with 0.1 % gelatin before
use.

5. Recombinant activin A (R&D Systems, 338-AC). Prepared
aliquots of stock solution 100 μg/mL in DPBS- containing
0.1 % bovine serum albumin (Sigma-Aldrich, A7030) for long-
term storage at �20 �C. A final concentration of 100 ng/mL
was prepared with cardiac differentiation medium before use.

6. Recombinant human bone morphogenetic protein-4 (BMP-4,
PeproTech). Prepared aliquots of stock solution 20 μg/mL in
DPBS- containing 0.1 % bovine serum albumin for long-term
storage at �20 �C. A final concentration of 20 ng/mL was
prepared with cardiac differentiation medium before use.

2.4 Plasticware 1. T-150 cm2 tissue culture flasks (Falcon).

2. Ultra-low attachment surface flat bottom polystyrene six-well
plate (Corning).

3. Center-well organ culture dishes (Falcon).

4. Glass capillary (SDR Clinical Technology), flame-pulled and
sterilized with 70 % alcohol.

3 Methods

3.1 Fibroblast

Expansion,

Inactivation, and

Feeder Layer

Preparation

1. Human fibroblasts were grown in fibroblast growth medium
in T-150 cm2 flasks. Once the cells have reached 90 % conflu-
ent, the growth medium is removed by aspiration and the cells
are washed twice with DPBS-. Incubate cells with 5 mL of pre-
warmed TrypLE solution at 37 �C for 3–5 min to detach cells.

2. Once cells have detached, add 10 mL of fibroblast growth
medium to neutralize the action of the TrypLE. Fibroblasts
can be divided into new T-150 cm2 flasks at a split ratio of 1:5
for further expansion.

3. At passage 18, arrest cell division by treating 90 % confluent
fibroblasts with mitomycin C at a final concentration of
10 μg/mL for 3 h at 37 �C. Following mitomycin C treatment,
wash fibroblasts thoroughly with DPBS- twice and perform a
cell count using trypan blue dye exclusion (see Note 3).
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4. Mitomycin C-inactivated fibroblasts can be aliquoted and
cryopreserved in fibroblast growth medium supplemented
with 10 % DMSO and used for fibroblast feeder plate prepara-
tion upon thawing.

5. To prepare fibroblast feeder plate, mitomycin C-inactivated
fibroblasts are thawed quickly and resuspended in pre-warmed
fibroblast growth medium. Gently disperse fibroblasts onto the
inner well of each organ culture dish at a density of
5.5 � 104 cells/cm2. Add sterile distilled water to the outer
well of each organ culture dish to maintain the humidity of the
culture environment. Incubate dishes at 37 �C in 5 % CO2

overnight and should be used within 5 days after preparation.

6. On the day of iPS cell expansion, wash new feeder plates with
pre-warmed iPS medium once.

3.2 Human iPS Cell

Culture and Expansion

1. To passage iPS cells, remove iPS medium by aspiration and
replace with pre-warmed DPBS+. Using a flame-pulled glass
capillary, dissect undifferentiated colonies of iPS cells manually
into ~0.1 mm2 pieces and detach gently from the feeder layer.
Wash pieces of iPS colonies with DPBS + twice and transfer onto
new feeder plates containing fresh iPS medium (see Note 4).

2. Each feeder plate should contain no more than 12 evenly spaced
iPS cell pieces. Culture iPS cells at 37 �C in 5 % CO2 and change
media every 2–3 days. Passage iPS cells on a weekly basis.

3.3 Cardiomyocyte

Differentiation of

Human iPS Cells

1. To induce formation of embryoid bodies (EBs), dissect undif-
ferentiated colonies of iPS cells manually into ~0.2 mm2 pieces
(Fig. 1a) and detach gently from the feeder layer. Wash pieces

Fig. 1 (a) Representative phase-contrast micrograph of undifferentiated human induced pluripotent stem (iPS)
cells following manual dissection. (b) Three-day-old embryoid bodies derived from human iPS cells in
suspension
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of iPS colonies with DPBS + once and transfer to an ultra-low
attachment surface six-well plate containing pre-warmed
cardiac differentiation medium where they will form EBs (see
Note 5) (Fig. 1b).

2. To direct cardiac differentiation during EB formation, supple-
ment cardiac differentiation medium with 100 ng/mL activin
A and 1 ng/mL TSA for 1 day (day 0–1); follow by 20 ng/mL
BMP-4 and 1 ng/mL TSA for 5 days (day 1–5). Change media
at day 1 and 3 (see Notes 6 and 7).

3. After 6 days of EB formation, transfer EBs onto matrix-coated
tissue culture plates containing pre-warmed cardiac differentia-
tion medium. Tissue culture plates are coated with 0.1 % gela-
tin and 10 μg/mL fibronectin for at least 60 min at 37 �C
before use (see Note 8).

4. Culture EBs in cardiac differentiation medium at 37 �C in 5 %
CO2 and change medium every 2–3 days. Beating cells appear
as early as 1 day post-plating and treatment with TSA signifi-
cantly increased the proportion of EBs beating (Fig. 2).

5. Cells from beating EBs can be harvested for various end-point
analyses. These include:

l Immunostaining with antibodies for cardiac progenitor
markers (e.g., NKX2.5 and GATA4), cardiac contractile
proteins (e.g., cardiac troponin T, cardiac troponin I,
α-actinin, and myosin heavy chain), and gap junctions
(connexin-43).

Fig. 2 Trichostatin A (TSA) enhances the cardiomyogenic effect of activin-A and BMP4 (AB) in all three human
iPS cell lines tested: iPS(Foreskin)-1, iPS(Foreskin)-2 and FA3. *p < 0.05, **p < 0.01 and **** p < 0.0001
by two-way ANOVA and Bonferroni post hoc test. Figure modified from (3)
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l Quantitative polymerase chain reaction (qPCR) to show the
expression of genes encoding the cardiac-restricted tran-
scription factors (e.g., MEF2C, GATA4, and NKX2.5) and
the cardiac-specific structural and contractile proteins (e.g.,
ACTC1, TNNT2, TNNI3, MHL7, and MYL7).

l Electrophysiological properties of the derived cardiomyo-
cytes with the microelectrode array recordings or patch
clamping.

l Calcium transient imaging with the fluorescent Ca2+ indica-
tor, Fluo-4AM (Invitrogen).

4 Notes

1. Fetal bovine serum can vary by source and lot. The batch-to-
batch variability of serum may affect the rate of differentiation
of human iPS cells into cardiomyocytes. Therefore, the same
source and batch of serum should be used throughout the
experiment to ensure consistency and reproducibility of exper-
imental result.

2. bFGF should be added freshly to media before use. Multiple
freeze/thaw cycles will result in loss of cytokine activity of
bFGF and should be avoided. Therefore, aliquots of small
volumes of bFGF should be prepared and stored at �20 �C.

3. Avoid excessive treatment with mitomycin C which can induce
cytotoxicity and affect the quality of fibroblasts as feeder cells
for human iPS cells.

4. The washing step is important to reduce the transfer of fibro-
blasts to new feeder plates.

5. The size of EB can affect the rate of cardiac differentiation. To
ensure differentiation experiments are reproducible, EBs that
are uniform in size and shape can be generated with commer-
cially available products such as AggreWell from Stem Cell
Technologies.

6. The effective time window of TSA is narrow. In a dose-response
study, we have shown that the cardiomyogenic effect of TSA is
most effective at 1 ng/mL in the three human iPS cell lines
tested (3). At high concentration (>10 ng/mL), TSA induced
cytotoxicity. We recommend a dose-response experiment should
be performed to determine the optimal dose of TSA for each
new pluripotent cell line. Similarly, optimization of activin A and
BMP-4 growth factor concentrations may be required to achieve
optimal efficiency of cardiomyogenic differentiation.

7. Duration of treatment with growth factors, activin A and BMP-
4, is crucial to achieve efficient and reproducible cardiomyogenic
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differentiation. Therefore, record the time when growth factors
were added and change media according to the treatment dura-
tion, i.e., 24 h for activin A and 5 days for BMP-4.

8. The tissue culture plates can be coated with 0.1 % gelatin alone.
We found that addition of 10 μg/mL fibronectin promotes EB
attachment.
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