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Perturbations of Heart Development and
Function in Cardiomyocytes from Human
Embryonic Stem Cells with Trisomy 21
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ABSTRACT

Congenital heart defects (CHD) occur in approximately 50% of patients with Down syndrome
(DS); the mechanisms for this occurrence however remain unknown. In order to understand
how these defects evolve in early development in DS, we focused on the earliest stages of car-
diogenesis to ascertain perturbations in development leading to CHD. Using a trisomy 21 (T21)
sibling human embryonic stem cell (hESC) model of DS, we show that T21-hESC display many
significant differences in expression of genes and cell populations associated with mesodermal,
and more notably, secondary heart field (SHF) development, in particular a reduced number of
ISL11 progenitor cells. Furthermore, we provide evidence for two candidate genes located on
chromosome 21, ETS2 and ERG, whose overexpression during cardiac commitment likely
account for the disruption of SHF development, as revealed by downregulation or overexpres-
sion experiments. Additionally, we uncover an abnormal electrophysiological phenotype in func-
tional T21 cardiomyocytes, a result further supported by mRNA expression data acquired using
RNA-Seq. These data, in combination, revealed a cardiomyocyte-specific phenotype in T21 cardi-
omyocytes, likely due to the overexpression of genes such as RYR2, NCX, and L-type Ca21 chan-
nel. These results contribute to the understanding of the mechanisms involved in the
development of CHD. STEM CELLS 2015;33:1434–1446

INTRODUCTION

Down syndrome (DS) is the most common
human chromosomal disorder which occurs in
approximately 1 in 750 of live births [1, 2]. It
is caused by the presence of all or part of an
extra human chromosome 21 (HSA21) [3].
Common traits present in all individuals
include mental retardation, reduced brain size,
impaired long-term memory, and cranio-facial
alterations [4]. While abnormalities such as
congenital heart defects (CHD) only occur in
approximately 40%–50% of DS individuals
[5, 6], they represent the leading cause of
morbidity.

Despite the cause of DS being known for
decades, the underlying mechanisms for the
aforementioned pathologies associated with
DS are not yet well-understood. While it is
known that gene-dosage imbalances disrupt
development, the exact mode of action of
these imbalances and the cellular pathways
involved remain to be clearly ascertained [7].
To date, there have been a small number of

studies into the transcript and protein expres-
sion of cells from trisomic tissues, giving only
an indication of the molecular pathways
involved in the pathologies of the disease
[8–11]. Current methods using human trisomic
tissues are restricted because of practical and
ethical reasons, and the limited proliferation
capabilities of cardiac tissue samples preclude
in-depth developmental studies. To date, a
number of human stem cell models have been
established examining the development of the
particular cellular pathways involved in the
neural and hematopoietic pathologies associ-
ated with trisomy 21 [12–16]. While none
have yet definitively identified the underlying
cause of the cardiac defects observed in DS,
recent studies underline the potential copy
number variation (CNV) association with the
risk of heart defects [5, 17].

In this study, we report the derivation of
one human embryonic stem cell (hESC) line
exhibiting complete trisomy 21, and in addi-
tion, two euploid lines from the same donor
couple, making the three hESC lines “fraternal
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siblings.” Additionally, we report on a second genetically unre-
lated hESC line, also exhibiting complete trisomy 21. As it is
known that different hESC lines have different differentiation
capacities due to differences in genetic background [18], the
use of this unique trio of sibling hESC lines significantly
reduces the interline variability seen between lines derived
from unrelated embryos. This is important in an in vitro mod-
eling setting for complex diseases such as DS, as it allows the
differences in differentiation capacities/phenotypes to be
directly attributed to the extra copy of HSA21, as opposed to
their different genetic backgrounds.

Using our hESC-based model of DS, we investigated gene
and protein expression, both over a time course of early
development and specifically in cardiomyocytes. Investigations
also included functional studies and deep sequencing in iso-
lated beating cardiomyocytes. Using these methods, we show
a clear perturbation in the expression of numerous cardiac-
associated genes involved in early cardiac differentiation, sec-
ondary heart field (SHF) development, and in CHD-associated
genes. Furthermore, we identified two genes located on
HSA21, ETS2, and ERG, which may be responsible for these
observed CHD. Finally, we report an abnormal electrophysio-
logical phenotype of differentiated cardiomyocytes from T21-
hESC, similar to that seen in early fetal echocardiograms [19].
This finding was further supported by the mRNA expression
data acquired using RNA-Seq. Together, our analyses provide
insight into the complex developmental patterns at the basis
of CHD in DS.

MATERIALS AND METHODS

Embryo Donation and ESC Derivation and Culture

Donated embryos were originally created by assisted repro-
duction technologies for the purpose of procreation and cul-
tured to the blastocyst stage as described elsewhere [20].
Embryos described in this study were of poor quality, there-
fore unsuitable for clinical use and declared as excess to
reproductive needs and donated for investigation. All relevant
clinical procedures and research protocols were in compliance
with the U.S. National Academies’ 2008 Guidelines for Human
Embryonic Stem Cell Research and were approved by the
Genea Ethics Committee, an independent committee consti-
tuted according to the requirements of Australia’s National
Health and Medical Research Council (NHMRC). Derivation
and culture of hESC lines was performed as previously
described [21], and the lines obtained were designated as
GENEA021, GENEA022, GENEA023, and GENEA053, further
abbreviated to GEN021, GEN022, GEN023, and GEN053,
respectively. Cell lines were imported to Switzerland after
approval and authorization from the Swiss Federal Office of
Health (OFSP # 2-0001, www.bag.admin.ch). Methods for cell
culture were adapted from [22, 23].

Single Nucleotide Polymorphism Array

Genotyping was performed using the Affymetrix Genome-
Wide Human SNP Array 6.0 (San Diego, CA, http://www.affy-
metrix.com/). Labeling and hybridization followed the proto-
cols and kits provided by the manufacturer (Affymetrix
Genome-Wide Human SNP Nsp/Sty Assay Kit 5.0/6.0). A set
of 50 arrays previously hybridized and genotyped in the same

laboratory was used as the copy number neutral reference
sample. CNVs and loss of heterozygosity (LOH) were extracted
with the Affymetrix proprietary Genotyping Console Software,
using the standard setup recommended by the producer.
Variations were annotated using the libraries supplied by
Affymetrix (version 29). Genes were annotated to the CNVs
using the biomart database (www.biomart.org).

Methylation Analysis

Genome-wide methylation array was performed using Infinium
HumanMethylation450 Beadchip kit, as per manufacturer’s
instructions http://www.illumina.com/. Further information
about the validation of this product can be seen in [24]. SD and
CpG (CG) island filters were applied upon data analysis. Genomic
DNA was extracted using GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma, https://www.sigmaaldrich.com/).

High Throughput mRNA Sequencing

At day 60 of differentiation, beating cardiomyocyte clusters
from each cell line (GEN021, GEN022, GEN023, and GEN053)
were manually excised by microdissection using a pulled glass
pipette under a stereomicroscope. Clusters were taken from
repeated experiments (at least five) with an average of five
beating clusters per experiment per cell line. RNA was
extracted from pooled clusters using the miRNeasy kit
(Qiagen, Hilden, Germany, http://www1.qiagen.com), as per
the manufacturer’s instructions. mRNA-Seq libraries were pre-
pared from 500 ng of total RNA after size selection using the
IlluminaTruSeq RNA Sample Preparation kit (Illumina RS-930–
2001), as per the manufacturer’s instructions. Libraries were
sequenced in two lanes of the Illumina HiSeq 2000 instru-
ment. The 100 bp paired-end reads generated by the machine
were mapped against the human genome (hg19) using the
default parameters of the Burrows-Wheeler Aligner [25]. For
each gene, exon coverage was calculated using a custom pipe-
line and then normalized in reads per kilobase per million
(RPKM). The clustering and principal component analyses
(PCA) based on the RPKM values were performed using R
(version 2.14.0). EdgeR [26] (version 3.0.7, common dispersion
estimate) and DESeq [27] (version 1.10.1, dispersion estimate
based on the “fit-only” model) packages were used to assess
the differential expression between the trisomic and the
euploid samples. Only the genes with more than one read
per million in at least three samples were conserved for the
analysis. A gene was considered differentially expressed if the
FDR (false discovery rate) corrected p value given by both
EdgeR and DESeq was lower than .01. The functional annota-
tion analysis of the differentially expressed genes was per-
formed using DAVID (Database for Annotation, Visualization
and Integrated Discovery) [28].

Electrophysiological Recordings

Spontaneously beating clusters were dissected using a micro-
scalpel and placed on the gelatin-coated bottom of a perfu-
sion chamber. Intracellular recordings were performed using a
standard electrophysiological technique as described previ-
ously [29].

Knockdown and Overexpression Studies

Undifferentiated hESC line GEN021 was used for the siRNA
knockdown study and GEN023 for the overexpression study.
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Cells were passaged to feeder-free conditions, as described
previously and transfected with Lipofectamine 2000 as per
the manufacturer’s instructions. siRNA knockdown was per-
formed with reagents obtained from Santa Cruz (Santa Cruz,
CA, http://www.scbt.com; siERG: sc-35333; siETS2: sc-37855
or Life Technologies (Rockville, MD, http://www.lifetech.com;
Stealth RNAi siRNA Negative Control Med GC Duplex #3:
12935-113). Plasmids used for overexpression (pERG: pCEFL-
HA-ERG3, pETS2: pSGK-ETS2) were a kind gift from Dr. Carlo
Catapano (IOR Institute of Oncology Research, Switzerland).

RESULTS

Characterization of hESC Lines

We first confirmed the pluripotent characteristics of the two
trisomy 21 hESC lines (GEN021 and GEN053), which displayed
similar pluripotent characteristics both in vitro and in vivo
when compared to euploid lines (GEN022 and GEN023—sib-
lings of GEN021) (Fig. 1; Supporting Information Fig. S1).
Furthermore, each line produced beating cardiomyocyte clus-
ters (Supporting Information Movies S1–S4), with comparable
expression of myosin light chain-2a (Mlc2a/MYL7) and of the
transcription factor myocyte enhancer factor 2 (MEF2)
(Supporting Information Fig. S1), indicating cardiogenic reca-
pitulation in vitro. It was observed that one T21-hESC line
(GEN021) produced significantly more observable beating clus-
ters (61.16 7.9) than its siblings GEN022 and GEN023
(36.16 6.8% and 35.46 7.8%), or the other unrelated hESC-
T21 line, GEN053 (21.96 4.7; p <.05, n 5 6 independent
experiments).

Due to the observed variations in differentiation efficiencies
between hESC lines reported in the literature [18], we hypothe-
sized that using cell lines from genetically similar backgrounds
would reduce this variability. Using SNP genotyping, we thus
ascertained genomic similarities between the hESC lines. As
expected, our three sibling lines (GEN021, GEN022, GEN023)
were highly genetically similar in relation to their SNPs (�77%
concordance) in contrast to the genetically unrelated trisomic
line GEN053, observed to be appreciably different (�62% con-
cordance). CNVs were additionally examined in each cell line
(Supporting Information Fig. S2), identifying a very small num-
ber of differences between lines. The structural variations (dele-
tions or insertions) uncovered by this analysis were not
reported to be involved in early cardiogenesis.

As epigenetic properties, such as DNA methylation, are
also known to influence the differentiation capacities of pluri-
potent stem cells further contributing to the interline varia-
tion observed in differentiation studies [30], we next
examined whole genome DNA methylation patterns of each
hESC line. Global epigenomic similarities between the cell
lines can easily be observed from the methylation heat map
in relation to the pluripotency- and early development-
associated genes (Fig. 1C). Upon calculation of the Pearson’s
correlation, we detected a highly similar methylation pattern
between the lines (�94% similarity for all lines; Supporting
Information Table S1). However, the methylation pattern of
five well-known pluripotency genes (NANOG, OCT4, SOX2,
REX1, LIN28) was less uniform (Fig. 1E), despite the highly
similar mRNA expression levels for those pluripotency genes
(Fig. 1D). Interestingly, although REX1 appeared to be more

methylated in GEN021 (Fig. 1E), its mRNA expression level
was not significantly reduced.

Examination of Cardiac Development and
Differentiation

To uncover possible perturbations in the expression pat-
terns of key genes involved in both early cardiogenesis and
in CHD (Supporting Information Table S1), we differentiated
all hESC lines to embryoid bodies (EBs). We examined by
quantitative polymerase chain reaction (qPCR) the expres-
sion of cardiac-associated genes characteristic of the (a)
mesoderm/pre-cardiac, (b) first heart field (FHF), (c) FHF/
SHF, and (d) SHF, in whole EBs collected at specific time
points of development. Firstly, both T21 lines (GEN021 and
GEN053) showed a significantly reduced level of the early
mesodermal marker BRACHYURY (p< .05) compared to
euploid lines (GEN022 and GEN023) (Fig. 2A). The early
pre-cardiac marker MESP1 was also downregulated, how-
ever only in GEN021. In regards to b-catenin (CTNNB1),
known to be necessary for the proliferation and develop-
ment of pre-cardiac mesoderm and cardiac mesoderm, we
detected a significantly lower expression in GEN021 at d4,
which continued as a trend up until d21 in both T21-hESC
lines (GEN021 and GEN053) (Fig. 2B). Moreover, WNT3A,
which plays an important role in early cardiogenesis, was
also reduced in GEN053 (Fig. 2B). These results indicate
that at the earliest stages of mesodermal development and
cardiogenesis, a perturbation is already observed in T21-
hESC in comparison to euploid hESC.

We then examined possible differences at later points in
cardiac differentiation, specifically cardiac specification during
the development of the two heart fields. First, HAND1 and
MEF2C, key genes involved in the FHF were not differentially
expressed (Fig. 2C). However, when examining genes associ-
ated with both the FHF/SHF, specifically GATA4, NOTCH1,
NKX2–5, and TBX20, we observed many significant differences
in expression levels between the T21-hESC and the euploid
hESC (Fig. 2D). Of particular interest, GATA4 was significantly
overexpressed at d8 in both the T21-hESC, while GEN021
exhibited a significantly reduced level of expression of NKX2–
5 at d4. Additionally, NOTCH1 was also significantly less
expressed at all three time points (d4, 8, 21) in GEN021, with
TBX20 also significantly less expressed at d4 in both T21-
hESC. Key genes associated with SHF development, specifically
ISL1, WNT11, FGF10, HAND2, and TBX1, showed several
important differences between the T21-hESC and the euploid
hESC. Of most significant relevance is the differential expres-
sion of both ISL1 and WNT11. ISL1, a master regulator in the
development of the SHF, was greatly reduced both d4 and d8
in both T21 lines, while WNT11 was increased at d21 in both
T21 lines with TBX1 reduced only in GEN021 at d4 (Fig. 2E).
We next confirmed by fluorescence-activated cell sorting
(FACS) that the number of ISL11 and GATA41 cells was
indeed reduced and increased, respectively, in both the T21-
hESC lines (n 5 3, p< .05; Fig. 2F), correlating well with the
mRNA expression data (Fig. 2D, 2E). These combined results,
along with further examinations of other genes involved in
cardiovascular development (Supporting Information Fig. S7),
show complex yet clear and significant perturbations in
expression of genes and proteins associated with early heart
development in the T21-hESC.
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Figure 1. Pluripotent stem cell based model of Down syndrome (DS) using human embryonic stem cell (hESC) exhibiting T21 and sib-
ling controls. (A): Graphic representing the hESC DA model. (B): Phase contrast images (3100) of undifferentiated colonies from all
hESC lines and their representative karyotypes. (C): Heat map exhibiting DNA methylation patterns of genes associated with pluripo-
tency and early development. (D): mRNA expression of pluripotent genes. (E): DNA methylation percentages at pluripotent genes. See
also Supporting Information Figures S1, S2.
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Figure 2. Time course of mRNA expression of genes associated with cardiac development. (A): Expression of mRNA in genes associated
with mesodermal development. (n 5 3–4). (B): Expression of mRNA in genes associated with pre-cardiac development (n 5 3–4). (C):
mRNA expression of genes associated with FHF (n 5 3–4). (D): mRNA expression of genes associated with FHF/SHF (n 5 3–4). (E): mRNA
expression of genes associated with SHF (n 5 3–4). (F): Comparison of cell populations by fluorescence-activated cell sorting at d8 of dif-
ferentiation expressing either ISL1 or GATA4 (n 5 3). Scheme: * p< .05 (comparison to GEN021); #, p< .05 (comparison to GEN053).
Abbreviations: FHF, first heart field; SHF, secondary heart field.
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Figure 3. Expression of ETS2, ERG, TWIST1, and T-box transcription factors. (A): mRNA expression of ETS2, ERG, and TWIST1 (n 5 3–4).
(B): mRNA expression in differentiating human embryonic stem cell upon siRNA-mediated downregulation or plasmid-based overexpres-
sion of ETS2 or ERG (n 5 3–4 independent experiments) *, p< .05; #, p 5 .06.
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Identification of CHD Candidate Genes on HSA21

In relation to candidate causative genes within the “CHD can-
didate region” present on HSA21 [31, 32], so far no specific
gene(s) located on HSA21 have been directly associated with
CHD in DS. Yet, from the recent literature, we identified both
ETS2 and ERG as possible candidates underlying the cardiac
phenotype in DS. ETS2 and ERG are both Ets-family transcrip-
tion factors located in the CHD candidate region on HSA21
and have been either directly [33, 34], or indirectly [35, 36]
associated with heart development. To determine whether
ETS2 and ERG could be potential contributors in the cardiac
phenotype observed in DS patients exhibiting CHD, we exam-
ined their expression levels during EB differentiation. Our
results show a significant overexpression of ETS2 in GEN021
at d30 in comparison to both euploid controls (Fig. 3A), while
ERG was significantly higher in both trisomic cells at d30 in
comparison to euploid controls. This correlated with a
reduced expression of TWIST1 (Fig. 3A) a transcription factor
associated with cardiac cushion, valve development, and
epithelial-mesenchymal transition (EMT). Indeed, TWIST1 has
been shown to directly interact with members of the Ets fam-
ily [37, 38], Ets factors being involved with EMT [39].

To examine the direct role of ETS2 and ERG in early meso-
dermal and cardiac differentiation, we performed in parallel a

knockdown and overexpression study in differentiating EBs
from GEN021 (siRNA knockdown) and GEN023 (expression
vector overexpression). mRNA expression of ISL1, GATA4,
TBX20, and BRACHYURY was examined by real-time PCR to
determine if these two candidate genes play a role in the per-
turbations observed in the early differentiation patterns of
T21-hESC. After validation of the knockdown/overexpression
system (Supporting Information Fig. S3), we observed signifi-
cant differences in the expression levels of ISL1 (Fig. 3B), both
of which were correlative according to either overexpression
or knockdown. Indeed, as expected, the ETS2/ERG knockdown
in GEN021 led to increased ISL1 expression, while ETS2/ERG
overexpression in GEN023 produced a corresponding signifi-
cant decrease in ISL1 expression. The same response was
observed with BRACHYURY, however only in the ETS2 treat-
ment group (Fig. 3B). While GATA4 remained unchanged in
any of the ETS2 and ERG overexpression treatment groups
(Fig. 3B).

As T-box transcription factors have been shown to directly
bind to both ETS2 and ERG, influencing their expression [40,
41], we next analyzed the expression of a selection of T-box
transcription factors. Highly implicated in heart development
and well associated with CHD, several T-box genes (TBX1,-3,
25, 220) were also found to be significantly overexpressed

Figure 4. mRNA expression of T-box transcription factors at day 30 of differentiation in whole EBs (left) and in isolated cardiomyocytes
(right) (n 5 3–4). *, p< .05 (comparison to GEN021); #, p< .05 (comparison to GEN053). See also Supporting Information Figure S3.
Abbreviation: EB, embryoid body.
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Figure 5. Analysis of electrophysiological differences in functional cardiomyocytes. (A): Multicellular recordings of action potentials
(AP) in spontaneously beating clusters of cardiomyocytes at 1606 5 days of differentiation. Representative AP recordings in a 159-day
old euploid and a 160-day old T21 beating cardiomyocyte cluster. (B): Dose-dependent increase of the beating frequency rate of T21
(GEN21) or euploid (GEN023) human embryonic stem cell-derived beating clusters from 40 to 80 days old in response to the bAR ago-
nist isoproterenol (normalized data from n 5 8–10 per condition; *, p< .05). (C): mRNA expression of the sodium calcium exchanger
(NCX), as well as the channels KCNE2, KCNE1, HCN2, HCN4, and KCNJ6 in early embryonic body development (n 5 3). Scheme: *, p< .05
(comparison to GEN021); #, p< .05 (comparison to GEN053).
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in T21 whole EB cultures at the d30 time point (Fig. 4, n 5

3–4 independent experiments). However, in dissected beating
cardiac clusters, only TBX5 (GEN053) and TBX20 (GEN021 and
GEN053) were significantly overexpressed (Fig. 4; n 5 4 inde-
pendent experiments; *#, p< .05). We qualitatively confirmed
TBX20 protein overexpression, specifically associated with

CHD [42], in GEN021 in comparison to GEN022 and GEN023
(n 5 2 independent experiments, Supporting Information
Fig. S4). Therefore, altogether, our results so far point to an
overall perturbation in mesoderm and cardiac development,
with identification of possible associated pathways involving
ETS2, ERG, TWIST1, and T-box genes.

Figure 6. mRNA-Seq transcriptome analysis. (A): Comparison of the normalized gene expression levels between the euploid samples
(GEN022 and GEN023, average log2 RPKM (reads per kilobase per million) value) and the trisomic samples (GEN021 and GEN053, aver-
age log2 RPKM value). Each blue dot represents one of the 23,228 expressed genes. The HSA21 genes are shown in orange. (B): PCA
based on the RPKM values of HSA21 genes. The two first principal components (PC1 and PC2) are plotted. The contribution of each
component is indicated in parenthesis. PC1 discriminates the euploid samples (in blue) from the trisomic samples (in orange). (C):
REVIGO visualization of the biological processes significantly associated with the list of differentially expressed genes. The color and the
size of each node represent the p value associated with the gene ontology (GO) term (dark red for small p values) and the frequency of
the GO term in the human database, respectively. The degree of similarity between the terms is shown by the width of lines connecting
the nodes. See also Supporting Information Figures S5, S6. Abrreviations: PCA, principal component analysis; PC, principal component.

Table 1. Analysis of the action potential parameters in euploid and T21 human embryonic stem cell-derived cardiomyocytes recorded at
day 160 of culture

Euploid (GEN022) n Trisomic (GEN021) n p

MDP (mV) 235.66 3.3 5 233.56 2.4 7 >0.05
APA (mV) 55.16 6 5 47.2 61.7 7 >0.05
APD30 (ms) 266.26 26.4 5 164.46 15.9 7 <0.001*
APD50 (ms) 315.86 21.5 5 1986 14.6 7 <0.001*
APD70 (ms) 375.86 23.8 5 228.46 14.8 7 <0.001*
APD90 (ms) 5046 41.5 5 270.36 17.5 7 <0.001*
APD90cFram (ms) 503.86 41.5 5 270.36 17.5 7 <0.001*
APD90cFrid (ms) 366.16 24.5 5 288.96 11.6 7 <0.05*
DDR (mV/ms) 0.00646 0.0012 5 0.0246 0.0036 7 <0.001*
Vmax (mV/ms) 2.286 0.46 5 2.086 0.26 7 >0.05
Freq (bpm) 23.66 1.7 5 76.76 6.6 7 <0.001*

Abbreviations: APA, AP amplitude; ADP30, 50, 70, and 90, AP duration needed to achieve 30%, 50%, 70%, and 90% of repolarization;
APD90cFram, corrected APD90 according to Framingham’s formula; APD90cFrid, corrected APD90 according to Fridericia’s formula; bpm, beats per
minute; DDR, diastolic depolarization rate; Vmax, maximal upstroke velocity; Freq, frequency of spontaneous Aps; MDP, maximal diastolic potential.
*, p< .05
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Functional Differences Between Trisomic and Euploid
Cardiomyocytes

To examine the functional characteristics of hESC-derived car-
diomyocytes, we performed multicellular recordings of action
potentials (AP) in spontaneously beating clusters of sibling
cardiomyocytes. AP profiles detected from T21 and euploid
cardiomyocytes up to 1606 5 days of differentiation differed
substantially, as evident from representative recordings shown
in Fig. 5A. In particular, frequency of spontaneous beating
was significantly higher in T21 cardiomyocytes (Table 1),
together with a significantly faster diastolic depolarization rate
in T21 compared to euploid cardiomyocytes. Additionally, AP
profiles revealed a substantially shorter duration of repolariza-
tion in T21, as shown by measurements of time needed to
achieve 30%, 50%, 70%, and 90% of repolarization. The differ-
ence in AP duration in euploid and trisomic cardiomyocytes
was maintained after correction for beating rate. Other AP
parameters, namely maximal diastolic potential, AP amplitude,
and maximal upstroke velocity were not different in T21 and
euploid cardiomyocytes. Overall, the above functional data
show a global perturbation of electrophysiological properties
in T21 cardiomyocytes, pointing the attention to two different
parameters of AP, namely duration and spontaneous fre-
quency. In addition, using multielectrode arrays, we also con-
firmed a higher AP frequency in trisomic beating clusters
upon submaximal beta-adrenergic stimulation by isoprotere-
nol, compared to euploid clusters (Fig. 5B).

Candidate genes which may underlie the observed electro-
physiological differences were examined for their expression
profiles at d30 by qPCR. These include ion channel genes
located on HSA21 (KCNE1, KCNE2, KCNJ6), HCN channels (HCN2,
HCN4), and the sodium-calcium exchanger (NCX). Significant dif-
ferences in expression levels were observed in both NCX and
KCNE2 between GEN021 and its sibling controls (Fig. 5C).

Whole Transcriptome Analysis of Day 60
Cardiomyocytes Derived from hESC Using
mRNA-Sequencing

To further examine specific differences in cardiomyocytes gen-
erated from both T21 and euploid hESC, we performed next
generation sequencing on isolated beating cardiomyocytes
(CM) at day 60 of differentiation. We first assessed the expres-
sion level of each gene by calculating the exon coverage of the
longest transcript and by normalizing the number of reads to
RPKM. In total, 23,228 genes were expressed, including 291
genes on HSA21. As expected, most of the HSA21 genes were
overexpressed in the trisomic samples compared to the normal
samples (Fig. 6A; Supporting Information Fig. S5). Clustering
analysis based on HSA21 gene expression showed a clear
separation of the two groups (Supporting Information Fig.
S5). In the PCA, the first principal component (PC1) clearly
discriminates the euploid from the trisomic group and
explains most of the variance between the samples (77.25%,
Fig. 6B). We next assessed the differential expression
between the euploid and the trisomic samples using the
edgeR and DESeq programs [27]. In total, 501 genes were
predicted as differentially expressed by both packages (FDR
<1% in edgeR and DESeq). Among them, 280 genes were
found upregulated in the trisomic group and 221 genes
downregulated (Supporting Information Table 2).

To check if specific biological processes were over-
represented in the 501 differentially expressed genes, we per-
formed a functional annotation analysis using DAVID.
Interestingly, the 221 genes downregulated in the trisomic sam-
ples were mainly associated with developmental terms and cel-
lular adhesion processes (Fig. 6C; Supporting Information Fig.
S6). The analysis of the 280 upregulated genes however,
revealed biological terms almost exclusively related to muscle
and heart contraction or development processes (Fig. 6C).
Importantly, this list was also enriched for genes involved in five
signaling pathways, all related to the heart function: dilated car-
diomyopathy (19 genes, p 5 5.15E-13), hypertrophic cardiomy-
opathy (16 genes, p 5 5.67E-10), cardiac muscle contraction (12
genes, p 5 5.07E-06), calcium signaling pathway (16 genes,
p 5 1.79E-05), and arrhythmogenic right ventricular cardiomyop-
athy (10 genes, p 5 3.86E-04). Interestingly, among the 33
upregulated genes involved in these pathways, 3 genes were
common to all of them: CACNA1D, RYR2, and SLC8A1, that
encode for the L-type, voltage-dependent calcium channel, alpha
1D subunit, the ryanodine receptor 2 (cardiac), and the sodium/
calcium exchanger, respectively. Notably, these genes are all
associated with calcium signaling and excitation-contraction
coupling in cardiomyocytes (Supporting Information Fig. S6).

DISCUSSION

In this study, using a sibling hESC model for recapitulating
early cardiogenesis in DS, we have uncovered several genes
involved in early mesodermal and SHF development which
are differentially expressed in T21-hESC in comparison to
euploid hESC. Of note, we identified two genes, ETS2 and
ERG, located on HSA21 and shown to be associated to EMT
and cardiac cushion development, whose overexpression may
contribute to the CHD observed in DS. Finally, in T21 cardio-
myocytes we identified significant functional differences and a
cardiomyocyte-specific disease-type phenotype.

Using sibling hESC lines allows the assignation of very small
differences in differentiation and development to the disease
itself, as opposed to differences in genetic/epigenetic back-
ground or in derivation/culturing conditions. The latter are oth-
erwise emphasized when comparing genetically unrelated
pluripotent stem cell lines with varying intrinsic differentiation
capacities, genomic stability, and epigenetic patterning [30].
Indeed, our disease model of DS has allowed the identification
of expression differences only in the sibling T21-hESC (e.g.,
BRACHYURY), while for some other genes, both T21-hESC were
concurrently significantly higher or lower than the euploid con-
trols (e.g., GATA4 and ISL1, respectively). We therefore suggest
that small but biologically significant gene expression differences
may only be uncovered in genetically related pluripotent lines,
in particular for complex genetic diseases such as trisomies.
Significant expression differences between unrelated T21-hESC
would require a larger number of lines to definitively observe
the effect of genes more greatly affected by aneuploidy.

CHD are known to be associated with altered expression
or mutations in several genes, including: NKX2–5 [43], GATA4
[44], ISL1 [45], NOTCH1 [46], as well as with several T-box
genes, including: TBX1 [47], TBX5 [48], and TBX20 [42, 49].
Here we have identified several important transcription fac-
tors differentially expressed at specific time points in the
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trisomic cells, in comparison to their euploid counterparts.
Genes involved in early cardiac development such as NKX2–5,
MESP1, GATA4, b-catenin, NOTCH1, WNT11, and ISL1 have
shown multiple differences in their mRNA expression levels,
with ISL1 and GATA4 showing the most clear differential
expression, also observed at the protein level by FACS analy-
sis. In particular, genes associated with the development of
early mesoderm and the SHF were mainly under-expressed at
early time points of differentiation.

We have shown that two important early mesodermal/
cardiac progenitor genes—BRACHYURY (required for the for-
mation of the primitive streak) and MESP1 (one of the ear-
liest markers of the heart, exclusively expressed in all
cardiovascular progenitors [50])—are less expressed at d8 in
trisomic cells, a point in development which would have
major implications for mesodermal lineage development.
Additionally, we have shown that WNT11 and WNT3A were
also less expressed in T21 cells. Wnt signaling plays an impor-
tant role in cardiogenesis via canonical Wnt/b-catenin path-
way and noncanonical Wnt/Ca21 and JNK pathways [51].
Specifically, the noncanonical WNT11, a marker of the outflow
tract (OFT) and the only Wnt whose expression overlaps with
the pre-cardiac mesoderm [52], was decreased, likely due to a
reduction in ISL1 and/or in ISL1-expressing cells.

ISL11 progenitors give rise to the SHF, which includes the
OFT as well as a majority of cells in both the right ventricle
and the atria, and some cells within the left ventricle [53].
Inactivation, or underexpression, of ISL1 is thus expected to
affect OFT and right ventricle formation, resulting in per-
turbed heart development. Of particular note, Wnt signaling
pathway is known to influence the development of SHF with
knockout studies showing hypoplasia of SHF structures, includ-
ing the interventricular septae. Moreover, abnormal heart for-
mation has been observed when the close relationship
between b-catenin and ISL1 expressions are affected [54–57],
as what was observed in our differentiation experiments.

Interestingly, we have identified expression changes in
ETS2 and ERG, members of the Ets family of transcription fac-
tors, both located on human HSA21, specifically in the candi-
date DS region for CHD [58]. By reducing their mRNA levels in
early differentiating trisomic cells or increasing them in
euploid cells we could re-establish, or respectively enhance,
the levels of the early mesoderm marker BRACHYURY and of
downstream effectors such as ISL1 and GATA4. In chick
embryos, it was observed that high levels of ETS2 mRNA are
expressed in the atrioventricular canal (AVC) and OFT regions
[59]—the regions which undergo the EMT [60]. It is hypothe-
sized that during this process, or in the perturbation of EMT,
septal and valvular defects arise, thus making disruptions in
this process a possible candidate pathway for CHD in DS. As is
the case particularly for WNT11 [41], many cardiac genes con-
tain Ets binding sites in their promoters including cardiac a-
MyHC, b-MyHC, MLC-2, cardiac troponin T, cardiac troponins C
and I, ANF, a-cardiac actin [61], and also basic helix-loop-helix
transcription factor TWIST1 [37, 38]. In the heart, TWIST1 is
expressed in the cardiac cushions [62] and has been associated
with migration, differentiation, and proliferation of mesenchy-
mal populations, including metastatic dissemination of cancer
cells through its EMT induction properties. Of note, TWIST1 has
been shown to coimmunoprecipitate with ETS2 [63] and to
coexpress with a number of T-box genes in other mesenchymal

derived tissues, such as the developing limbs [64]. Whether
TWIST1/T-box interactions act in a common developmental
pathway remains to be established.

We propose that due to the overexpression of ETS2 and
ERG in early heart development as a result of the extra chro-
mosome in DS, septal formation is disturbed. This may occur
as a consequence of the overexpression of ETS and ERG
directly, or indirectly, by the overexpression of TBX20, or other
T-box genes. Indeed, our observation of increased expression
of many T-box genes (TBX1, -3, -5, and -20), suggests an overall
disturbance in normal cardiogenesis, possibly altogether leading
to a phenotype of CHD. This is in line with the reported effects
of TBX differential expression in cardiac malformations [47, 48].
For instance, overexpression of TBX5 leads to a loss of ventricu-
lar septum and atrioventricular cushions (AC) cushions in mice
[65]. Similarly, differential expression of TBX20 has been shown
to be involved in CHD such as atrioventricular septal defects,
ventricular septal defects, and tetralogy of fallot [42, 66, 67].

Finally, our mRNA-seq analysis reveals an extensive dysregu-
lation of different genes related to muscle and heart contrac-
tion, which hold potential consequences at a functional level.
Indeed, our electrophysiological measurements show a well-
defined modification of the functional phenotype in differenti-
ated cardiomyocytes. Specifically, in euploid cardiomyocytes, AP
frequency and morphology are similar to those previously
described in mature hESC cardiomyocytes maintained in long-
term culture [22, 29], suggesting the attainment of a similar
maturation grade. Conversely, in T21-cardiomyocytes, both
parameters recall those observed in immature cardiomyocytes,
suggesting the presence of abnormalities in their functional mat-
uration. This process is closely mediated by diverse ion channels
and regulatory proteins that control and shape distinct phases
of AP [68, 69]. In particular, the elevated beating frequency and
the fast diastolic depolarization rate in T21-cardiomyocytes are
suggestive of elevated functional expression of ion currents,
namely; If—or HCN-mediated, sodium-calcium exchanger and L-
type calcium currents that we previously reported to positively
control these parameters in hESC-derived cardiomyocytes [29,
69]. This observation is in line with our gene expression analysis
showing a robust overexpression of CACNA1D and SLC8A1,
encoding for the L-type, voltage-dependent calcium channel,
alpha 1D subunit, and the sodium/calcium exchanger, respec-
tively, in T21 compared to euploid cardiomyocytes. Additionally,
the overexpression of RYR2 receptor in T21-cardiomyocytes may
potentially further sustain the elevated beating frequency
detected in these cells, in agreement with data showing a key
role of ryanodine receptors in driving pacemaker function of
spontaneous beating cells [70]. Of note, the differences in AP
frequency detected in our model are in line with the higher
heart rate values documented in trisomic embryos [71, 72].
Taken together, these results contribute to the concept of a
global derangement of electrophysiological maturation attained
by T21-cardiomyocytes. Whether this observation encompasses
other functional properties of T21-cardiomyocytes, namely
contraction-relaxation as suggested by gene expression data, is
an interesting perspective of future investigations. It is also
interesting to speculate that the cause of the high number of
spontaneous miscarriages in trisomy 21 fetuses (�75% [73])
may be the consequence of abnormalities in cardiomyocyte
function, thus preventing their survival to term. Further analysis
is warranted in order to determine if this may truly be the case.
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CONCLUSION

Here we show that hESC carrying trisomy 21 exhibit both
developmental and functional differences upon differentiation
to cardiomyocytes. Furthermore, studying complex diseases
such as Down syndrome using sibling hESC lines allows a
more sensitive approach to uncovering underlying perturba-
tions in early development.
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