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ABSTRACT

Both human embryonic stem cell-derived cardiomyocytes (ESC-CMs) and human induced pluripo-
tent stem cell-derived CMs (iPSC-CMs) can serve as unlimited cell sources for cardiac regenerative
therapy. However, the functional equivalency between human ESC-CMs and iPSC-CMs for cardiac
regenerative therapy has not been demonstrated. Here, we performed a head-to-head comparison
of ESC-CMs and iPSC-CMs in their ability to restore cardiac function in a rat myocardial infarction
(MI) model as well as their exosomal secretome. Human ESCs and iPSCs were differentiated into
CMs using small molecule inhibitors. Fluorescence-activated cell sorting analysis confirmed ~85%
and ~83% of CMs differentiated from ESCs and iPSCs, respectively, were positive for cardiac tropo-
nin T. At a single-cell level, both cell types displayed similar calcium handling and electrophysiologi-
cal properties, with gene expression comparable with the human fetal heart marked by striated
sarcomeres. Sub-acute transplantation of ESC-CMs and iPSC-CMs into nude rats post-MI improved
cardiac function, which was associated with increased expression of angiogenic genes in vitro fol-
lowing hypoxia. Profiling of exosomal microRNAs (miRs) and long non-coding RNAs (lncRNAs)
revealed that both groups contain an identical repertoire of miRs and lncRNAs, including some that
are known to be cardioprotective. We demonstrate that both ESC-CMs and iPSC-CMs can facilitate
comparable cardiac repair. This is advantageous because, unlike allogeneic ESC-CMs used in ther-
apy, autologous iPSC-CMs could potentially avoid immune rejection when used for cardiac cell
transplantation in the future. STEM CELLS 2017;35:2138–2149

SIGNIFICANCE STATEMENT

Although both embryonic stem cell-derived cardiomyocytes (ESC-CMs) and induced pluripotent
stem cells-derived CMs (iPSC-CMs) have been studied for cardiac repair, a direct comparison
between both cell types in terms of therapeutic efficacy would be helpful to the field. In this study,
we compared both ESC-CMs and iPSC-CMs at a single-cell level and showed that both cell types
displayed similar calcium handling and electrophysiological properties, with comparable gene
expression to human fetal heart, with striated sarcomeres. Importantly, injection of both cell types
subacutely following myocardial infarction in a rat model demonstrated these cells to facilitate
comparable therapeutic recovery. We have also shown that both ESC-CMs and iPSC-CMs produce
exosomes and have characterized the non-coding RNA repertoire of these exosomes.

INTRODUCTION

Myocardial infarction (MI) and subsequent
ischemic heart failure are the major causes of
mortality and morbidity worldwide. Although a
number of preclinical and clinical studies have
used various types of cells such as bone marrow
cells, skeletal muscle cells, and mesenchymal
stem cells [1], currently no therapy can fully

replace the cardiomyocytes (CMs) lost after MI
and other cardiomyopathies. As a possible alter-
native, transplanting human embryonic stem
cell-derived CMs (ESC-CMs) in animals has dem-
onstrated at least partial functional restoration
and cell engraftment [2–5]. More recently,
Menasche et al. reported a human clinical trial
using human ESC-derived cardiac progenitor
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cells [6]. Therefore, exogenous transplantation of ESC-CMs rep-
resents a promising future therapeutic strategy.

One potential complication of ESC-CMs in clinical studies is
immune rejection, which may be circumvented using induced
pluripotent stem cells (iPSCs) generated from the same patients
[7]. iPSCs are somatic cells reprogrammed to become pluripo-
tent. Similar to ESCs, iPSCs can self-renew and differentiate into
all somatic cell types [8–10]. Unlike ESCs, iPSCs are derived from
mature somatic cells, which underwent reprogramming events
via reintroduction of embryonic genes. However, previous
studies have shown that human ESCs and iPSC have distinct
gene expression profiles [11, 12]. Therefore, the question as to
whether ESC-CMs and iPSC-CMs are equivalent therapeutically
must be answered before iPSC-CMs can be used as an alterna-
tive to ESC-CMs.

To address this question, we directly compared the thera-
peutic efficacy of both cell types by transplanting them into
ischemic rat hearts and measured cardiac function by magnetic
resonance imaging (MRI).We found that ESC-CMs and iPSC-CMs
not only have similar sarcomere structures, gene expression,
calcium and electrophysiological properties but also promote
cardiac repair equally. In addition, we investigated exosomes
produced by both groups of CMs by microRNA (miR) and long
non-coding RNA (lncRNA) profiling because exosomes have
been shown to be involved in cardiac repair [13]. Interestingly,
our results revealed an identical composition of highly abundant
miRs and lncRNAs even though they came from two distinct
pluripotent cell types, suggesting the specificity of exosomal
RNAs is dependent on the differentiated cell type.

MATERIALS AND METHODS

An expanded Methods section is available in the Supporting
Information Experimental Procedures.

Study Design and Animal Surgery

CMs derived from human ESCs and iPSCs were characterized and
cryopreserved on day 30 after the differentiation started. MI was
introduced by ligating the left anterior descending coronary artery
in adult athymic nude rats under anesthesia (2% inhaled isoflur-
ane) by an experienced microsurgeon. Cells were transplanted 4
days after MI. All rats underwent MRI 1 day before transplantation
to establish the baseline of cardiac function and also 1 month after
transplantation. Rats were randomized into three groups receiving
(a) transplantation of 1 3 107 ESC-CMs (n 5 8), (b) transplantation
of 1 3 107 iPSC-CMs (n 5 8), and (c) phosphate-buffered saline
(PBS) as control (n 5 7). Cells were injected at two sites in the
peri-infarct zone with a total volume of�40 ml of PBS per injection
site using a 28-gauge insulin syringe. The hearts were harvested for
histological analysis after completing the MRI 1 month following
transplantation.

Culture, Maintenance, and Differentiation
of Pluripotent Stem Cells

Both pluripotent stem cell types were cultured, maintained,
and differentiated as described previously [14]. Human iPSCs
and ESCs were cultured in E8 media (Gibco, NY, http://www.
thermofisher.com) with daily media replenishment. Cells were
replated using 0.5 mM EDTA at 1:10 or 1:12 ratios every 4 days,
at which time they reached �85% confluence. During

differentiation, cells were treated for 2 days with 6 lM
CHIR99021 (Selleck Chemicals, TX, http://www.selleckchem.com)
in RPMI1B27 supplement without insulin. On day 2, cells were
placed on RPMI1B27 without insulin and CHIR99021. On days 3–
4, cells were treated with 5 lM IWR-1 (Selleck Chemicals, TX,
http://www.selleckchem.com). On days 5–6, cells were removed
from IWR-1 treatment and placed on RPMI1B27 without insulin.
From day 7 onward, cells were placed on RPMI1B27 with insulin
until beating was observed.

Flow Cytometry

Cells were dissociated into single cells using TrypLE (Gibco, NY,
www.thermofisher.com) for 5 minutes at 378C, pelleted, and
fixed in cytofix/cytoperm (BD Biosciences, CA, www.bdbioscien-
ces.com) for 10 minutes at 48C. Cells were then incubated with
1:100 anti-cTnT antibody (Thermo Scientific, NY, www.thermo-
fisher.com MS-295-P), 1:100 CD31 (Dako, Denmark, www.agi-
lent.com M082329–2), fibroblast surface protein 1 (FSP-1;
Millipore, CA, www.emdmillipore.com 07–2274), alpha smooth
muscle actin (SMA; Abcam, United Kingdom, www.abcam.com
ab32575), or their isotype control, followed by incubation with
secondary antibodies conjugated with Alexa 647 (Thermo Fisher,
NY, www.thermofisher.com) (Supporting Information Table S3).
Every incubation step was performed in cytoperm/cytowash
(BD Biosciences, CA, www.bdbiosciences.com). Samples were
run on a BD flow cytometer and analyzed using the FlowJo
software.

Calcium Imaging of ESC-CMs and iPSC-CMs

Spontaneous Ca21 transients were recorded at 378C using a
single-cell line scan mode. Regions of interest were delineated
in each video frame and analyzed for changes in dye intensity
F/F0, in which F0 is the resting fluorescence value at the first
frame of each video. Total Ca21 release or release dynamics
was calculated using IgorPro 6.22. Transient amplitude was
expressed as DF/F0. Decay Tau (mS) was calculated by mono
exponential curve fitting.

Electrophysiology

Whole cell action potentials were recorded with the use of stan-
dard patch-clamp technique, as described previously [14]. More
details are provided in Supporting Information Materials.

Total RNA Isolation, Reverse Transcription, and
Quantitative Real-Time PCR

Cells were washed with PBS and harvested in Trizol (Qiagen, Ger-
many, www.qiagen.com). The human fetal heart sample (18
weeks gestation) was obtained from StemExpress, CA, www.ste-
mexpress.com. The study was approved by the Stanford Institu-
tional Review Board. Total RNA isolation was performed using a
miRNeasy kit (Qiagen). RNA was eluted in water and stored at
2808C. RNA concentration was measured using UV spectropho-
tometry at 260 nm (Nanodrop, Thermo Fisher, NY, www.thermo-
fisher.com) and the purity was determined with the 260A/280A
ratio. cDNA was obtained using the high capacity cDNA Reverse
Transcription Kit (Thermo Fisher, NY, http://www.thermofisher.
com) with random hexamer primers. TaqMan assays for the real-
time polymerase chain reaction (PCR) were purchased from
Applied Biosystems. TaqMan assays for the real-time PCR
(Thermo Fisher, NY, www.thermofisher.com) are listed in Support-
ing Information Table S4. Quantitative real-time PCR for each
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sample was performed in triplicates using the StepOnePlus sys-
tem (Applied Biosystems Thermo Fisher, NY, www.thermofisher.-
com). Fold-differences were normalized to GAPDH and calculated
using the 2–DDCt method.

Cardiac MRI

MRI was performed 1 day before and 30 days after cell or PBS
delivery using a preclinical 7T (MR901 Discovery) horizontal
bore scanner (Agilent Technologies, CA, www.agilent.com) with
a shielded gradient system (600 mT/m) as described previously
[15]. For more details, refer Supporting Information Materials.

Immunohistochemistry and Histology

Immunofluorescence and histological analyses were performed
using standard protocols. For more details, refer to Supporting
Information Table S5.

Exosome Isolation from Normoxic and Hypoxic CMs

For each batch of exosome isolation, a total of 2.4 3 107

ESC-CMs or iPSC-CMs were seeded onto six-well plate (2 3

106 cells in 2 ml of media per well). For normoxia, CMs were
grown in RPMI-1640 media supplemented with B27 supple-
ment minus antioxidants for 36 hours, after which the super-
natant was collected for exosome isolation. The same batch
of cells were then cultured in RPMI-1640 glucose-free media
supplemented with B27 supplement minus antioxidants, and
then placed in hypoxic pouches (BD GasPak EZ Anaerobe
Pouch System, BD Biosciences, CA, www.bdbiosciences.com)
for 36 hours, after which the supernatant was collected. For
exosome isolation, both normoxic and hypoxic supernatant
were centrifuged at 400 g for 10 minutes, before being fil-
tered through a 0.22-mm device to remove apoptotic bodies
[16]. Filtered supernatant was then concentrated approxi-
mately 20 times using 100 kDa filters (Amicon Ultra-15, Milli-
pore), before being incubated with 0.5 volumes of Total
Exosome Isolation Reagent (Thermo Fisher, NY, www.thermo-
fisher.com) and incubated at 48C overnight. The supernatant/
reagent mixture was then centrifuged at 10,000 g for an hour
at 48C before discarding the supernatant, and the exosome-
containing pellet was collected for subsequent experiments.

miR Sequencing

Exosomal RNA was isolated using a miRCURY RNA Isolation Kit
(Exiqon, Denmark, www.exiqon.com) according to manufac-
turer’s protocol. Total RNA of each sample was used to prepare
the miRNA sequencing library, which included the following
steps: (a) 3’ adapter ligation; (b) 50 adapter ligation; (c) cDNA
synthesis; (d) PCR amplification; and (e) size selection of �130–
150 bp PCR amplified fragments (corresponding to �15–35 nt
small RNAs). The libraries were denatured as single-stranded
DNA molecules, captured on Illumina flow cells, amplified in
situ as clusters and finally sequenced for 36 cycles on Illumina
HiSeq per the manufacturer’s instructions. The clean reads that
passed the quality filter were processed to remove the adaptor
sequence as the trimmed reads. Trimmed reads were aligned to
the miRBase pre-miRNAs. miRNA read counts were normalized
as tag counts per million miRNA alignments (TpM).

Statistical Analysis

Experimental results are expressed as mean6 SEM. Two-tailed
Student’s t test was used to calculate significant differences in

the ejection fractions of the groups (ESC-CMs, iPSC-CMs, and
PBS control). Multiple comparison correction analysis was per-
formed using an analysis of variance and post-hoc Tukey’s
honestly significant difference test. Differences were consid-
ered significant at p< .05.

RESULTS

Generation and Differentiation of CMs Derived
from Human ESCs and iPSCs

A schematic overview of the study is summarized in Supporting
Information Figure S1. Human iPSCs were generated from
human adult dermal fibroblasts by lentiviral-mediated transduc-
tion of Oct4, Sox2, Klf4, and c-Myc. To compare ESCs and iPSCs,
we used the ESC H7 line as comparison. Human ESCs and iPSCs
were maintained and differentiated as described previously
[14]. Approximately 2 weeks after the induction of differentia-
tion, most of the cells began to contract. Flow cytometry analy-
sis of representative cultures at day 30 indicated that CMs made
up �85% of the total population as measured by cTnT1 staining
(Fig. 1A), whereas only a small number of cells stained positive
for CD31, FSP, or SMA, markers for endothelial cells, fibroblasts,
and smooth muscle cells, respectively (Supporting Information
Fig. S2). At this point, the cells were enzymatically dissociated
from the plates and cryopreserved in liquid nitrogen.

ESC-CMs and iPSC-CMs Shared Comparable
Sarcomeric Structures, Cardiac Gene Expression
Profile, and Ca21 Handling Properties

To evaluate the expression of myofilament proteins and the
sarcomeric organization in ESC-CMs and iPSC-CMs, immunos-
taining with antibodies against cTnT (a highly cardiac specific
myofilament protein) and sarcomeric alpha actinin (present at
the Z-line of the sarcomere) was performed (Fig. 1B). A clear
striated pattern for sarcomeric alpha actinin staining was
observed in both ESC-CMs and iPSC-CMs. Both ESC-CMs and
iPSC-CMs presented a comparable morphology in terms of sar-
comeric length, cell perimeter, multinucleation, and surface
area (Fig. 1C). Collectively, immunofluorescence staining of
myofilament proteins indicated that sarcomeric structures
were similarly developed in ESC-CMs and iPSC-CMs. Next, we
compared the gene expression in ESC-CMs and iPSC-CMs, as
well as fetal human myocardium, by quantitative real-time PCR
using a panel of cardiac markers that included calcium han-
dling (CASQ2), gap junction (GJA5), potassium channel (KCNJ2,
KCNJ5), structural genes (MYH6, MYH7), and sodium channel
(SCN5A) markers. The expression of these genes in ESC-CMs
and iPSC-CMs was comparable with that of human fetal myo-
cardium (Fig. 1D). For example, the expression of KCNJ5,
MYH6, and MYH7 was similar, and the expression of CASQ2,
GJA5, and KCNJ2 in ESC-CMs and iPSC-CMs was within twofold
range of human fetal myocardium’s expression level. To assess
the contractility of ESC-CMs and iPSC-CMs, we next measured
Ca21 transients using the ratiometric dye Fura-2. Peak tran-
sient amplitude, maximal upstroke, decay velocities, time to
peak, and Ca21 reuptake (as measured by the time to 50%
relaxation) were all identical (Fig. 1E). Both ESC-CMs and
iPSC-CMs displayed similar maturity for calcium handling
(transient amplitude: DF/F0 5 3.86 0.3; time to peak:
�200 ms; transient duration: �750 ms; 50% transient duration:
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Figure 1. Cardiomyocytes (CMs) derived from human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) with high
purity and displayed cardiac phenotype. (A): Cardiac differentiation of human ESCs and iPSCs. Representative flow cytometry analysis at
day 30 indicated that the total cell population consisted of �85% CMs as measured by cardiac troponin T (cTnT1) staining. (B): Fixed
and stained cells were imaged using fluorescence microscopy and quantitatively analyzed. Scale bar5 100 lM. (C): Comparable struc-
tures of ESC-CMs and iPSC-CMs in sarcomere length, cell perimeter, percentage of multinucleated cells, and cell surface area (mean6
SEM; n 5 30–40 cell per cell line). (D): Quantitative real-time polymerase chain reaction showed that calcium handling gene (CASQ2),
gap junction (GJA5), potassium channel (KCNJ2 and KCNJ5), structural genes (MYH6 and MYH7), and sodium channel (SCN5A) were pre-
sent in human ESC-CMs and iPSC-CMs at similar levels as those for human fetal heart tissue (mean6 SEM; n 5 3 independent experi-
ments). (E): Ca21 transient of ESC-CMs and iPSC-CMs was measured using ratiometric dye Fura-2. Both ESC-CMs and iPSC-CMs
displayed similar maturity in calcium handling (transient amplitude: DF/F0 5 3.86 0.3; time to peak: �200 ms; transient duration: �750
ms; 50% transient duration: �400 ms; decay tau: �250 ms) (mean6 SEM; n 5 15–20 cells from three independent experiments).
Abbreviations: CM, cardiomyocyte; cTNT, cardiac troponin T; DAPI, 40,6-diamidino-2-phenylindole; ESC, embryonic stem cell; iPSC,
induced pluripotent stem cell; SA, sarcomeric actin.
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�400 ms; decay tau: �250 ms). To assess the action potential
characteristics, patch clamping around days 33–38 demonstrated
a heterogeneous phenotype, with ventricular-like cells being the
predominant phenotype (ESC-CMs: 55% with an MDP of 266.1
mV; iPSC-CMs: 62% with an MDP of 267.8 mV) along with atrial-
like and nodal-like cells (Supporting Information Fig. S3; Table S1).
Both ESC-CMs and iPSC-CMs have similar ratios of nodal-like
(18% and 15%), atrial-like (27% and 23%), and ventricular-like
CMs (55% and 62%). Taken together, these results demonstrated
that CMs derived from human ESCs and iPSCs are relatively
similar at molecular and cellular levels.

Comparable Functional Improvement of Cardiac
Function in Rats Injected with Either ESC-CMs
or iPSC-CMs

It has been reported that human ESC-CMs engraft but do not
alter cardiac remodeling or improve cardiac function in a rat
model of chronic MI where cells were injected at 1 month follow-
ing ischemia-reperfusion [3]. We, therefore, focused on whether
transplantation of ESC-CMs and iPSC-CMs would have therapeu-
tic effects on the recipient hearts using a subacute MI model
instead where cells were injected at 4 days post-MI (Fig. 2A).
MRI was performed 1 day before cell transplantation to establish
the baseline and to exclude the animals without sufficient infarct
(ejection fraction (EF) >60%), thus ensuring that all three groups
have comparable infarct sizes before cell transplantation or con-
trol surgery (Supporting Information Fig. S4). Transplantation of
ESC-CMs (n 5 8), iPSC-CMs (n 5 8), or PBS (n 5 7; control group)
was performed 4 days after MI. The overall experimental design
is outlined in Supporting Information Figure S1. All three groups
showed a progressive ventricular dilation relative to their base-
line (Fig. 2A). While end-diastolic volumes were not significantly
different among the three groups (Fig. 2B), end-systolic volume
increased significantly in the PBS control group (p 5 .03; Fig. 2C).
The difference is better illustrated by comparing the changes in
EF for each group (Fig. 2D, 2E). The EF was improved by 4.8%6

1.8% and 6.3%6 2.1% for ESC-CM and iPSC-CM groups, respec-
tively (Fig. 2E). By contrast, the EF declined in PBS control group
by 4.6%6 1.6% (Fig. 2E). A summary of all parameters measured
via MRI is found in Supporting Information Table S2.

Immunofluorescence Staining Confirms the
Engraftment of ESC-CMs and iPSC-CMs in
Ischemic Rat Hearts

To assess the engraftment of transplanted ESC-CMs and iPSC-
CMs, the infarcted rat hearts were harvested after 1 month and
the engraftment was assessed by immunofluorescence staining.
Human b-integrin staining demonstrated engraftment of ESC-
CMs (Fig. 3A, 3B) and iPSC-CMs (Fig. 3C, 3D) in the myocardium
1 month after injection. Staining with sarcomeric alpha actinin
revealed that ESC-CMs (Fig. 3E, 3F) and iPSC-CMs (Fig. 3G, 3H)
maintained a CM-like morphology after injection. However,
staining of the gap junction protein, Connexin 43, only showed
sporadic distribution within the graft, suggesting that most
injected CMs did not form proper gap junctions within this time
period (Fig. 3A–3D). Staining of CD31, which is expressed on the
endothelium of blood vessels, showed that the grafts were likely
perfused by the blood vessels present in the grafts (Fig. 3E–3H).
As human-derived cardiomyocytes beat significantly slower com-
pared to a rat heart, [4], it is unlikely that the improvement of
ejection fraction resulted from the direct contribution to the

contractility by ESC-CMs or iPSC-CMs. An alternative explanation
may be that human CMs release paracrine factors that promote
angiogenesis and reduce apoptosis in the setting of ischemia,
accounting for the functional benefit and attenuated cardiac
remodeling that were observed (Supporting Information Fig. S5).
To explore this hypothesis, we next investigated the pro-
angiogenic and anti-apoptotic potential by using a simulated
ischemic environment assay under real-time quantitative PCR.
Human ESC-CMs and iPSC-CMs subjected to in vitro ischemia
showed a significantly increased expression of pro-angiogenic
and survival factors (e.g., vascular endothelial growth factor
[VEGF], angiopoietin 1 [ANG1], and epidermal growth factor
[EGF] but not fibroblast growth factor [FGF2]) compared with
control conditions (Fig. 3I). These results indicated that human
ESC-CMs and iPSC-CMs could provide a framework that support
new vessel growth and protect against cell death via secretion
of paracrine factors, and thus better preserve host myocardium
(e.g., via reduced fibrosis) (Supporting Information Fig. S5). This
premise is corroborated by CD31 staining showing that host
blood vessels grew into the grafts (Fig. 3E–3H).

miR Profiling of Exosomes Derived from
Human ESC-CMs and iPSC-CMs

As a variety of stem cell types have been reported to release
paracrine factors in the form of membrane vesicles, we next
sought to study exosomes released by human ESC-CMs and
iPSC-CMs under normoxic versus hypoxic conditions. Both ESC-
CMs and iPSC-CMs were found to secrete exosomes under nor-
moxic conditions as characterized by immunoblotting for exoso-
mal markers CD63 and CD81 (Fig. 4A) as well as by transmission
electron microscopy (Fig. 4B). miR sequencing yielded �13 mil-
lion reads for ESC-CM-derived exosomes (ESC-CM-Exo) and �11
million reads for iPSC-CM-derived exosomes (iPSC-CM-Exo),
respectively. After quality and length filtering, �12 million
reads in ESC-CM-Exo and �10 million reads in iPSC-CM-Exo
were used for further analysis (data not shown). Principal
component analysis revealed four distinct miRNAs profiles
(Fig. 4C). Interestingly, the effects of hypoxia on the relative
abundance of top 20 annotated miRNAs compared to nor-
moxia were negligible for both ESC-CM-Exo and iPSC-CM-Exo
(Table 1), including several miRs associated with cardioprotec-
tion (e.g., miR-1, miR-21, and miR-30) [17–19]. Importantly, a
comparable profile of abundant miRNAs was observed in exo-
somes isolated from another line of ESC-CMs and iPSC-CMs,
demonstrating the specificity of exosomal miRNAs packaging in
stem cell-derived CMs (Supporting Information Fig. S6; Table
S6). Interestingly, upon exposure to hypoxia, the numbers of
miRs that were differentially expressed (both up- and down-
regulated) were lower in iPSC-CM-Exo compared with ESC-CM-
Exo (Fig. 4D, 4E). Functional annotation using gene ontology
(GO) analysis based on abundant miRs found in ESC-CM-Exo
and iPSC-CM-Exo was subsequently performed (Fig. 4F, 4G).

lncRNA Profiling of Exosomes Derived from Human
ESC-CMs and iPSC-CMs

To better characterize the secretome of ESC-CM-Exo and iPSC-CM-
Exo, we next investigated the expression profile of lncRNAs and
related mRNAs of normoxic ESC-CM-Exo and iPSC-CM-Exo. Volcano
plot filtering found 135 lncRNAs and 65 mRNAs to be higher in iPSC-
CM-Exo compared with ESC-CM-Exo, and 72 lncRNAs and 46 mRNAs
were lower in iPSC-CM-Exo compared with ESC-CM-Exo (Fig. 5A, 5B).
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Figure 2. Magnetic resonance imaging (MRI) data showed comparable functional improvements of cardiac functions of rats injected
with embryonic stem cell (ESC)-derived cardiomyocytes (CMs) and induced pluripotent stem cell (iPSC)-derived CMs. Quantitative MRI
was used to assess left-ventricular ejection fractions of ischemic rats receiving ESC-CMs (n 5 8), iPSC-CMs (n 5 8), or phosphate-buffered
saline (PBS) (n 5 7). (A): The top row shows representative two-chamber long-axis views at end-diastole 1 day before (D–1) and 30 days
after (D30) cell implantation or PBS. The middle row shows the same hearts at end-systole, whereas the bottom row shows correspond-
ing late gadolinium enhancement images at mid-ventricular level. (B): End-diastolic volumes increased in all groups but were not signifi-
cantly different. (C): End-systolic volumes increased significantly in the PBS group (mean6 SEM; p 5 .03), but the increases were not
significant in ESC-CM and iPSC-CM groups. (D, E): Ejection fractions increased in ESC-CM and iPSC-CM groups but declined in the PBS
group (mean6 SEM; p 5 .03). Abbreviations: CM, cardiomyocyte; ED, end-diastole; ES, end-systole; ESC, embryonic stem cell; iPSC,
induced pluripotent stem cell; LGE, late gadolinium enhancement; PBS, phosphate-buffered saline.
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Figure 3. Immunofluorescence images of grafted embryonic stem cell (ESC)-derived cardiomyocytes (CMs) and induced pluripotent
stem cell (iPSC)-derived CMs post transplantation in ischemic rat hearts. One month after cell injection, grafts were found in the border
zone. The grafts were typically separated from the host myocardium by scar tissue. (A–D): Grafts that stained positive for human beta
integrin 1 (b-Integ) were found in the hearts given cell injection, with minimal cell junctions that stained positive for connexin 43
(Cx43). (E–H): Grafts were positive for sarcomeric alpha actinin (a-act) and displayed striated sarcomeric structure as indicated by
arrows. CD31 staining (arrow heads) revealed that the grafts were perfused by blood vessels that had grown into the graft. Scale
bars5 (A, C, E, G) 100 mm; (B, D, F, H) 50 mm. (I): Gene expression analysis revealed that ESC-CMs and iPSC-CMs under ischemic condi-
tions significantly increased expression of vascular endothelial growth factor, angiopoietin-1 (ANG1), and endothelial growth factor com-
pared with the normoxia condition (mean6 SEM, p< .05 from four independent experiments) but not fibroblast growth factor-2.
Abbreviations: CM, cardiomyocyte; DAPI, 40,6-diamidino-2-phenylindole; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell.
FGF2, fibroblast growth factor2; VEGF, vascular endothelial growth factor; EGF, epidermal growth factor.
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Hierarchical clustering also showed a distinctive lncRNA and gene
expression profiling between ESC-CM-Exo and iPSC-CM-Exo (Fig.
5C). Interestingly, similar to miRNAs, the profile of abundant
lncRNAs between ESC-CM-Exo and iPSC-CM Exo was also
highly similar (Supporting Information Table S7). A complete

list of differentially expressed lncRNAs and mRNAs between
ESC-CM-Exo and iPSC-CM-Exo is attached separately as Sup-
porting Information (Supporting Information Tables S8, S9).
GO enrichment analysis of differentially expressed mRNAs

Figure 4. microRNA profiling of exosomes harvested from embryonic stem cell (ESC)-derived cardiomyocytes (CMs) and induced plurip-
otent stem cell (iPSC)-derived CMs under normoxic and hypoxic conditions. (A, B): Characterization of exosomes by immunoblotting of
exosomal markers and transmission electron microscopy. (C): Principal component analysis of exosomal miRs under four different condi-
tions. (D, E): Heat map of differentially expressed miRs in both ESC-CM-Exo and iPSC-CM-Exo under hypoxic condition compared with
control (normoxic condition). (F, G): Gene ontology analysis of abundant miRNAs in both ESC-CMs and iPSC-CMs. Abbreviations: CM,
cardiomyocyte; ESC, embryonic stem cell; GO, gene ontology; iPSC, induced pluripotent stem cell.
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between both groups implicated various processes including
cell migration and tissue development (Fig. 5D).

DISCUSSION

Recent advances in differentiating CMs from pluripotent stem
cells using a small molecule differentiation protocol has enabled
the generation of highly pure CMs (>85%) from ESCs and iPSCs,
thus preventing possible complications resulting from heteroge-
neous cell populations and making it possible to directly
compare the efficacy of ESC-CMs and iPSC-CMs in cell transplan-
tation therapy. The most important observation in this study is
that the transplantation of iPSC-CMs into ischemic rat hearts
attenuated the cardiomyopathy progression after initial MI to
the same extent as ESC-CM transplantation, and hence could
provide a viable solution to the problem of immune rejection
associated with ESC therapy in the future. Although both ESC-
CM and iPSC-CM groups showed similar end-diastolic volume as
the PBS group, the increase in end-systolic volume of left ventri-
cle chamber was less profound in both ESC-CM and iPSC-CM
groups compared with PBS group, suggesting the preservation
of cardiac function by cell injection. Importantly, the ejection
fraction increased significantly in both ESC-CM and iPSC-CM
groups at day 30 by �5% compared with day 21. By contrast,
the ejection fraction in the PBS group continued to deteriorate.

Despite their positive influence on post-MI cardiac modeling,
the transplanted CMs still appeared phenotypically immature.
Although the transplanted cells maintained CM morphology as
shown by sarcomeric alpha actinin staining, they were separated
from the host myocardium by scar tissues and their sarcomere
structures were not as well organized as adult CMs. Furthermore,
connexin 43 staining suggests that most of the transplanted cells
were not electrically coupled. Therefore, it is unlikely that the
beneficial effects were provided by the contractile force gener-
ated by transplanted cells. A more plausible scenario is that the
host cells were influenced indirectly by paracrine factors secreted
from the transplanted cells. Indeed, previous studies [20, 21] and
the data we presented here show that the transplanted CMs
could secrete paracrine factors that may enhance angiogenesis,

improve the extracellular matrix, or modulate the immune
response, thus improving survival of host myocardium. Impor-
tantly, we have demonstrated that both ESC-CMs and iPSC-CMs
are capable of secreting exosomes, which are known to transfer a
wide range of active biomolecules, including mRNA, miRNAs,
lncRNAs, proteins, and lipids, making them key modulators of the
intercellular communication network.

As previous studies have demonstrated that hypoxic precon-
ditioning of cells before transplantation enhances their therapeu-
tic potential, we hypothesized that the miRNA expression profile
will be altered upon in vitro exposure of ESC-CMs and iPSC-CMs
to hypoxia. Interestingly, the 20 most abundant miRNAs in both
ESC-CM-Exo and iPSC-CM-Exo were found to be similar regardless
of exposure to hypoxia or normoxia, suggesting the strong pres-
ence of a cell type-specific miRNA packaging system. Among
these miRNAs, several have been reported to be cardioprotective,
including miR-1, miR-21, and miR-30 [17–19]. In addition, we
observed that although exposure to hypoxia led to the differential
expression of selected miRNAs (including miR-210 and cardiopro-
tective miR-133) in ESC-CM-Exo, these effects were markedly
blunted in iPSC-CM-Exo, reflecting subtle differences between
the two cell types. Similarly, the contents of lncRNAs between
exosomes from both groups of cells were also highly similar.

Although we do not fully understand why the transplanted
CMs failed to reach maturity, we speculate three possible rea-
sons. The first possibility is species differences, as we trans-
planted human CMs into rat hearts with a normal beating rate of
>400 beats per minutes compared with a normal human heart
rate of <100 beats per minutes. In fact, when CMs were trans-
planted in slower heart-rate animals such as pigs [20], monkeys
[5], or guinea pigs [4], they have been reported to electrically
couple with host CMs. Second, the cells we transplanted are less
mature compared with adult CMs, which is reflected in cell mor-
phology, Ca21 transient, and electrophysiology. Therefore, they
might need stimuli from the ideal microenvironment or more
time to become mature. Third, the huge number of dying cells in
the injection sites may induce unfavorable host responses and
result in a hostile environment for cells to survive. Therefore,
although we showed that iPSC-CMs could serve as a viable
source for cell transplantation therapy, protocols to further

Table 1. Top 20 abundant exosomal miRNAs

ESC-CM normoxia ESC-CM hypoxia iPSC-CM normoxia iPSC-CM hypoxia

hsa-miR-novel-chr18_20848 hsa-miR-1–3p hsa-miR-novel-chr18_20848 hsa-miR-1–3p
hsa-miR-1–3p hsa-miR-novel-chr18_20848 hsa-miR-1–3p hsa-miR-novel-chr18_20848
hsa-miR-143–3p hsa-miR-143–3p hsa-miR-143–3p hsa-miR-143–3p
hsa-miR-30d-5p hsa-miR-30d-5p hsa-miR-148a-3p hsa-miR-21–5p
hsa-miR-148a-3p hsa-miR-27b-3p hsa-miR-30d-5p hsa-miR-30d-5p
hsa-miR-novel-chr9_61538 hsa-miR-148a-3p hsa-miR-novel-chr9_61538 hsa-miR-378a-3p
hsa-miR-100–5p hsa-miR-100–5p hsa-miR-378a-3p hsa-miR-148a-3p
hsa-miR-21–5p hsa-miR-21–5p hsa-miR-21–5p hsa-miR-27b-3p
hsa-miR-99a-5p hsa-miR-378a-3p hsa-miR-99b-5p hsa-miR-99a-5p
hsa-miR-27b-3p hsa-miR-99a-5p hsa-miR-99a-5p hsa-miR-26a-5p
hsa-miR-378a-3p hsa-miR-novel-chr9_61538 hsa-miR-27b-3p hsa-miR-99b-5p
hsa-miR-99b-5p hsa-miR-26a-5p hsa-miR-151a-3p hsa-miR-novel-chr9_61538
hsa-miR-novel-chrX_63253 hsa-miR-novel-chr3_39325 hsa-miR-92a-3p hsa-miR-92a-3p
hsa-miR-novel-chrY_65063 hsa-miR-99b-5p hsa-miR-320a hsa-miR-novel-chr3_39325
hsa-miR-92a-3p hsa-miR-92a-3p hsa-miR-30a-5p hsa-miR-191–5p
hsa-miR-320a hsa-miR-374b-5p hsa-miR-191–5p hsa-miR-30a-5p
hsa-miR-423–3p hsa-miR-151a-3p hsa-miR-100–5p hsa-miR-151a-3p
hsa-miR-151a-3p hsa-let-7g-5p hsa-miR-novel-chrX_63253 hsa-let-7g-5p
hsa-miR-26a-5p hsa-miR-133a-3p hsa-miR-novel-chrY_65063 hsa-miR-125a-5p
hsa-miR-125a-5p hsa-miR-30c-5p hsa-miR-125a-5p hsa-miR-novel-chr5_49778
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Figure 5. LncRNA and mRNA profiling of normoxic exosomes harvested from embryonic stem cell (ESC)-derived cardiomyocytes (CMs) and
induced pluripotent stem cell (iPSC)-derived CMs. (A, B): Volcano plot of differentially expressed lncRNA (left) and mRNA (right) between
iPSC-CMs and ESC-CMs. (C): Hierarchical clustering of lncRNAs and mRNAs between iPSC-CMs and ESC-CMs. (D): Gene ontology analysis of
biological processes based on upregulated and downregulated genes between iPSC-CMs and ESC-CMs. Microarray data from this study have
been deposited to the GEO database under the accession number GSE100218. Abbreviations: CM, cardiomyocyte; ESC, embryonic stem cell;
iPSC, induced pluripotent stem cell.
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mature CMs and methods to minimize cell death during delivery
will be required to fully assess the efficacy of cell transplantation
therapy. In addition, further work is needed to determine the
optimal maturation state of to-be-transplanted CMs for maximal
therapeutic efficacy. Various methods have been described to
improve the maturity of both ESC-CMs and iPSC-CMs, including
prolonged culture, substrate stiffness, cell patterning, electrical
stimulation, and biochemical cues. Immature cells may have a
higher proliferative capacity that may be beneficial in the context
of replacing damaged myocardium, and these cells are relatively
resistant to ischemia and oxidative stress. However, these cells
may also present a proarrhythmic risk following transplantation
due to their automaticity. In addition, immature CMs are associ-
ated with a weaker contractile force and lack mature excitation–
contraction coupling, both of which could limit their functional
contractile output in the infarcted myocardium. As this study
investigated only the functional efficacy of day 30 ESC-CMs ver-
sus iPSC-CMs, future studies are warranted to investigate differ-
ent maturation states or differentiation timing for comparison
with achieve maximal regenerative efficacy.

It has been shown that iPSCs can induce an immune
response [22], but the immunogenicity can be drastically
reduced after differentiation into specific lineages [23–25].
Therefore, iPSC derivatives remain a better alternative than
ESC derivatives to avoid the complications from immune
rejection. Furthermore, significant progress has been made on
nonintegration methods to generate iPSCs [26], which will
make iPSC derivatives even more ideal as candidates for cell
replacement therapy in the future.

CONCLUSION

In summary, our study demonstrated that transplantation of
both ESC-CMs and iPSC-CMs provided comparable functional

recovery, with cells engrafted but not electrically coupled a
month after transplantation. We also demonstrated that CMs
from both groups are capable of producing exosomes that har-
bor similar miRs. Collectively, our study indicates that autolo-
gous transplantation of iPSC-CMs may be an attractive
alternative to allogenic transplantation of ESC-CMs in the future.
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