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ABSTRACT

Induced pluripotent stem cells (iPSCs) can be differentiated in vitro and in vivo to all cardiovas-
cular lineages and are therefore a promising cell source for cardiac regenerative therapy. How-
ever, iPSC lines do not all differentiate into cardiomyocytes (CMs) with the same efficiency.
Here, we show that telomerase-competent iPSCs with relatively long telomeres and high expres-
sion of the shelterin-complex protein TRF1 (iPSChighT) differentiate sooner and more efficiently
into CMs than those with relatively short telomeres and low TRF1 expression (iPSClowT). Ascor-
bic acid, an enhancer of cardiomyocyte differentiation, further increases the cardiomyocyte yield
from iPSChighT but does not rescue the cardiomyogenic potential of iPSClowT. Interestingly,
although iPSCslowT differentiate very poorly to the mesoderm and endoderm lineages, they dif-
ferentiate very efficiently to the ectoderm lineage, indicating that cell fate can be determined
by in vitro selection of iPSCs with different telomere content. Our findings highlight the impor-
tance of selecting iPSCs with ample telomere reserves in order to generate high numbers of
CMs in a fast, reliable, and efficient way. STEM CELLS 2017;35:362–373

SIGNIFICANCE STATEMENT

After a heart attack, a significant proportion of cardiomyocytes (CMs) are lost. Two main strate-
gies are under investigation to replace such a large number of CMs: the induction of prolifera-
tion of endogenous cardiac cells and the engraftment of exogenous CMs into the heart. A
major source for exogenous CMs in cell replacement therapy is iPSCs. However not all iPSC
lines differentiate into CMs with the same efficiency and not all have the same telomere
length. Our results indicate that the differentiation efficiency of iPSCs into CMs correlates posi-
tively with telomere length. Selection of iPSC lines with ample telomere reserves thus presents
an attractive strategy to generate high numbers of CMs in a fast, reliable, and efficient way.

INTRODUCTION

Cardiomyopathies and acute myocardial infarc-
tion constitute the leading cause of death
worldwide [1]. Although extensive efforts have
been made to develop new therapies to treat
patients with heart disease, the ability to
repair a damaged heart remains elusive [2, 3].
Cell-based regenerative therapy has emerged
as a promising treatment for heart failure,
prompting research to identify the best cell
candidate that could lead to recovery of heart
function. The heart has been grafted with vari-
ous cell types at different developmental
stages, including embryonic, foetal, and adult
cells [4]; however, their reparative effect has
been partial and variable [5, 6]. Further

studies are therefore needed to identify the
cell sub-type with the highest reparative
potential.

Induced pluripotent stem cells (iPSCs) can
be differentiated in vitro and in vivo to all car-
diovascular lineages [7–10]. However, heart
recovery rates after injection of iPSC-
derivatives into infarcted hearts are unsatisfac-
tory [10–12]. A potential limitation of iPSC-
based regenerative therapy is the large num-
ber of cardiac cells that need to be replaced
after a heart attack [13]. Not all iPSC lines dif-
ferentiate into the cardiac lineage with the
same efficiency [14], and it is therefore desir-
able to select those that generate the largest
number of cardiac cells. The varied propensity
of iPSCs to differentiate into cardiac lineages
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might reflect inherent iPSC molecular heterogeneity [15]. The
specific molecular factors that contribute to differentiation-
fate decisions are only now beginning to be defined.

Telomeres are DNA–protein complexes that protect the
ends of chromosomes from DNA repair and degradation [16].
Telomerase activity is higher in iPSCs than in their parental
somatic cells [17, 18], reflecting the importance of telomere
elongation during somatic cell reprogramming for iPSC gener-
ation and functionality [17, 19–22]. Different iPSC lines and
different cells of the same iPSC line vary in the length of their
telomeres [19]. However, it remains unclear whether telomere
length is a suitable indicator of iPSC cardiac differentiation
efficiency.

In this study, we demonstrate that telomere length
defines the potential of iPSCs to differentiate toward a cardiac
fate. iPSCs with relatively long telomeres tend to differentiate
to the mesoderm and endoderm lineages, in part by building
a suitable microenvironment that facilitates first the genera-
tion of cardiac progenitor cells and subsequently their differ-
entiation into contracting cardiomyocytes (CMs). These results
indicate the value of checking iPSC telomere length before
generating CMs in order to select those ones with ample telo-
mere reserves.

MATERIALS AND METHODS

iPSC Culture and Differentiation

iPSCs were maintained in the undifferentiated state by cultur-
ing on feeder layers of mytomicin-inactivated primary mouse
embryo fibroblasts (MEFs). Cultures were maintained in prolif-
eration medium, consisting of high-glucose DMEM-GlutaMAX
medium (Invitrogen) supplemented with 15% high quality
fetal bovine serum (FBS), 0.1 mM non-essential amino acids
(Invitrogen), 0.1 mM b-mercaptoethanol (Sigma) and leukemia
inhibitory factor (LIF). Medium was changed daily, and cells
were passaged every 2 days.

Differentiation of iPSCs was initiated by the hanging-drop
method [23]. Briefly, iPSCs were grown in iPSC-differentiation
medium (proliferation medium without LIF) supplemented
with 20% FBS and suspended in hanging drops at 1000 cells
per 20 ll drop. Embryoid bodies (EBs) were collected on day
2 and differentiated further on uncoated dishes in differentia-
tion medium with 15% FBS. On day 5, EBs destined for adher-
ent culture were seeded one per well onto p96 well dishes
coated with gelatin (0.1%), type IV collagen (10 mg/cm2;
C6745, Sigma-Aldrich, St. Louis, MO), or Matrigel (8.3 mg/cm2;
354277, Corning). Alternatively, EBs were maintained in float-
ing culture for extracellular matrix (ECM) and outer-layer
staining, cystic EBs analysis, and chimeric EBs experiments.
Samples were collected at days 3, 5, 7, 10, and 15 after initia-
tion of differentiation. Beating colonies on 96-well plates
were counted and the percentage of beating EBs calculated.
At least 100 EBs per time point and condition were evaluated
in each experiment. For experiments with ascorbic acid (AA),
50 mg/ml of AA (Sigma) was added beginning at day 2 of dif-
ferentiation and continuing until the final day of the experi-
ment [24]. In all differentiation experiments medium was
renewed every 2–3 days.

For chimeric experiments, 1 3 105 feeder-free iPSCs were
transduced in the presence of 8 mg/ml of Polybrene with a

lentivirus supernatant (MOI:5) carrying the tdTomato reporter
gene (PGK-tdTomato, produced by the CNIC Pluripotent Cell
Technology Unit). Transduction was carried out for 12 hours
at 378C in 5% CO2. At 5 days after transduction, tdTomato-
positive cells (red-orange fluorescent protein) were sorted on
a flow-assisted cell sorting (FACS) Aria II cell sorter (BD Biosci-
ences) and grown in proliferation medium at low density (500
cells/p35) on feeder layers. Upon appearance of ESC-like colo-
nies, single colonies were picked based on morphology and
tdTomato expression, and expanded on inactivated MEFs.

Flow-Assisted Cell Sorting (FACS)

G1 eGFP-TRF1 iPSCs were dissociated to single cells with
0.025% trypsin (Invitrogen) and depleted of feeder cells by
culturing for 45 minutes in iPSC medium at 378C and 5% CO2.
Floating iPSCs were incubated for 30 minutes at 378C with
10 mg/ml Hoechst33342 (Sigma) and 50 lM verapamil (Sig-
ma) at a concentration of 1 3 106 cells per ml. G1 cells were
FACS sorted on an FACS Aria II (BD Biosciences) according to
eGFP relative fluorescence intensity (10% fractions of eGFPlow

and eGFPhigh). TO-PRO-3 was used to exclude dead cells.

Flow Cytometry

Sorted iPSCs or trypsin-dissociated EBs where fixed and per-
meabilized with ice-cold 90% methanol. Cells were stained
with goat anti-GFP (Acris), rabbit anti-Nanog (Millipore), or
mouse anti-Oct3/4 (Santa Cruz), followed by secondary anti-
bodies as appropriate: anti-goat (Alexa 488, Invitrogen), anti-
rabbit (Cy5 conjutated; Jackson laboratorys), or anti-mouse
IgG2a (Alexa 488, Invitrogen). At least 5 3 105 cells were
incubated with primary antibodies for 60 minutes at 48C. In
each measurement, at least 1 3 104 events were analyzed in
a FACS CantoII or LSRFortessa machine (BD Biosciences), and
data were analyzed using FACSDiva software (BD Biosciences).
For flow cytometry analysis three independent experiments
were performed in triplicate.

Histology and Immunostaining

iPSCs or differentiating EBs cultured on gelatin coated cover-
slips for the indicated times were fixed for 10 minutes in 4%
paraformaldehyde, 5% sucrose in phosphate buffered saline
(PBS), followed by three washes in PBS. Floating EBs were
briefly rinsed in PBS and subsequently fixed in 4% paraformal-
dehyde for 30 minutes (EBs from day 2 and day 5) or over-
night at 48C (EBs from day 10 or 15). For immunofluorescence
analysis, PFA-fixed EBs were incubated overnight in 30%
sucrose/PBS at 48C, and then included in gelatin/sucrose and
frozen for cryostat sectioning. Fixed iPSCs, plated EBs, and cry-
osectioned EBs were incubated at room temperature with
0.25% Triton X-100 in PBS for 30 minutes, followed by incuba-
tion in 5% FBS, PBS for 1 hour and then stained in PBS con-
taining 0.025% Triton X-100 and 1% FBS. Incubation with
primary antibody was carried out overnight at 48C; antibodies
are indicated below. Appropriate Alexa secondary antibodies
(Invitrogen) were diluted 1:1000 in PBS and incubations were
carried out for 1h at RT. Nuclei were counterstained with
DAPI (40,6-diamidino-2-phenylindole; 1:1000 dilution of 5 mg/
ml stock), and stained samples were mounted in Vectashield
(Vector labs).

For histological analysis, EBs were dehydrated and embed-
ded in paraffin. Paraffin-rehydrated sections (5 mm) were
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stained with hematoxylin and eosin (H&E) using a standard
protocol. Sections were examined for pH3 expression by
immunohistochemial staining with a specific primary antibody,
and positive cells were visualized using 3,3-diaminobenzidine
tetrahydrochloride plus (DAB1) as chromogen. The primary
antibodies used in this study were mouse anti-a-actinin
(1:200, Sigma), rabbit anti-a-1-fetoprotein (1:500, Dako),
mouse anti-Cardiac troponinT (1:200, Hybridoma Bank, clone
CT3), rabbit anti-Collagen IV (1:200, Millipore), rabbit anti-
Dsred (1:500, Clontech), goat anti-GFP (1:100, Acris), mouse
anti-Myosin heavy chain (1:20, Hybridoma Bank MF20), rabbit
anti-Nanog (1:200, Millipore), rabbit anti-Nkx2.5 (1:50, Santa
Cruz), mouse anti-Oct3/4 (1:200, Santa Cruz), rabbit anti-
phospho-Histone H3 (Ser10) (1:200, Millipore), goat anti-
Sox17 (1:500, Dako), rabbit anti-TroponinI (1:200, Abcam), and
rabbit anti-Zscan4 (1:200, Millipore).

Image Analysis

Z-stack images of fluorescence stainings were acquired with a
Leica TCS SP-5 confocal microscope, and maximum projections
were generated with LAS AF software (Leica). H&E and pH3
stained sections were mounted, and bright-field images were
captured with a Nikon Eclipse 90i microscope. Images were
prepared for figures using Adobe Photoshop CS5.1. The area of
a-actinin immunostaining in plated EBs (1 EB/well) was quanti-
fied using five mosaic reconstruction images of whole plated
EBs, and the area of staining was calculated as a percentage of
the total possible area (DAPI-positive area) using ImageJ soft-
ware (National Institutes of Health, Bethesda, MA, USA). Cells
positive for specific markers were quantified relative to the
total cell number (DAPI-positive). At least 20 EBs were analyzed
per condition. For iPSC staining, positive cells were quantified
in �10 randomly selected fields after DAPI counterstaining. For
EB size analysis, at least 100 EB diameters were measured for
each condition and time point using ImageJ. For quantification
of type IV collagen, maximum projection Z-stacks of cryosec-
tioned EBs were reconstructed, and the collagen IV signal was
analyzed using the Image J area integrated density measure-
ment tool. Signals were subjected to threshold processing. For
imaging quantification, at least three independent experiments
were performed for each condition.

Telomere Quantitative Fluorescence In Situ
Hybridization (QFISH)

Telomere length in iPSCs was assessed by QFISH. Briefly, 2 3

104 sorted iPSCs in 200 ml PBS were attached to glass slides
by cytospin. After air-drying, slides were treated with a 3:1
mix of methanol and ethanoic acid for 30 minutes. Telomere
FISH was performed and quantified as described [25]. DAPI
and telomere fluorescence signals (cy3) were acquired into
separate channels with a Leica SP5 confocal microscope fitted
with a 340 objective. For image quantification, maximum
projections of 5 3 5 mosaic images were generated (15 sec-
tions at 1.0 lm steps), and images were quantified using the
Metamorph platform (Molecular Devices) [25]. At least three
independent experiments were carried out for each condition.

Reverse Transcription and Quantitative PCR

Total RNA was isolated using the Direct-zol RNA MiniPrep Kit
(ZymoResearch). RNA (500 ng) was retrotranscribed using the
High Capacity RNA-to-cDNA Kit (Life Technologies). Semi-

quantitative PCR was performed with GoTaq mastermix. SYBR
Green real-time PCR reactions (Life technologies) were per-
formed in triplicate using an ABI PRISM 7900HT FAST Real-
Time PCR System and 40 cycles of amplification (958C 10 sec-
onds; 608C 30 seconds; 728C 30 seconds). The expression level
of each gene was determined by the relative standard curve
method, performed by making serial dilutions of iPSC or
mouse heart mRNA. All values were normalized to EEF1 and
GusB as endogenous controls. Results are shown as fold
change over EFF1 levels. Each experiment was performed
independently at least three times. Primer sequences for tar-
get genes were obtained from the Universal ProbeLibrary
Assay Design Center (https://qpcr.probefinder.com/organism.
jsp). At least three independent experiments were carried out
for each condition.

Protein Extraction and Immunoblot

Protein extracts were prepared with Laemmli buffer [26]. Total
proteins (30 lg) were separated by SDS-PAGE and transferred
to polyvinylidene difluoride membranes. Antibody incubations
and washes were carried out according to standard proce-
dures. After incubation with horseradish peroxidase-
conjugated secondary antibody (Dako), signal was detected
using the ECL system (Amersham). The following primary anti-
bodies were used: mouse anti-a-actinin (Sigma), mouse anti-a
tubulin and anti-b-actin (Sigma). Densitometric analysis was
performed using Quantity One. At least three independent
experiments were carried out for each condition.

Statistics

Statistical comparisons were made using GraphPad Prism 5.
Data are presented as means6 SEM or6 SD, as indicated in
each figure. Significance of differences were calculated by t

test for comparisons between two groups, ANOVA with Bon-
ferroni post-test for multiple pair-wise comparisons, and
Mann–Whitney test or Kruskal–Wallis test for QFISH analysis.

RESULTS

Robust Cardiomyocyte Differentiation of iPSCs with
Relatively Long Telomeres

To investigate whether the differentiation efficiency of iPSCs
into CMs is dependent on telomere length, we separated
iPSCs into two subpopulations according to telomere length.
We used eGFP-TRF1 iPSCs, a system that allows the separa-
tion of iPSCs according to the expression levels of telomere-
repeat-binding factor 1 (TRF1) and telomere content [22]. To
avoid possible cell-cycle–related differences in telomere num-
ber, we analyzed only cells in G1. The 10% fraction of G1
eGFP-TRF1 iPSCs with the highest GFP intensity (iPSChighT) had
elevated Trf1 expression levels and relatively long telomeres,
whereas the 10% G1 eGFP-TRF1 iPSCs fraction with the lowest
GFP intensity (iPSClowT) had lower Trf1 expression levels and
relatively short telomeres (Supporting Information Fig. S1).
Spontaneous cardiomyocyte differentiation was induced in
unseparated G1 cells (control), iPSChighT, and iPSClowT by LIF
withdrawal [23] (Fig. 1A). When cultured in the absence of
LIF, iPSCs spontaneously aggregate in 3D spheroids called EBs,
some of which progressively begin to beat. Analysis of the
number of EBs with beating areas and the time of beating
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Figure 1. Selection of iPSCs with relatively long telomeres improves spontaneous cardiomyocyte differentiation efficiency. (A): Protocol
used to generate CMs from selected iPSC populations. Control: G1 iPSCs; iPSClowT: G1 iPSCs with relatively short telomeres; iPSChighT: G1
iPSCs with relatively long telomeres. (B): Percentages of beating iPSC-derived EBs from day 6 through day 15. (C): Representative images
showing a-actinin expression levels during iPSC differentiation into CMs. Scale bar, 80 lm. Nuclei were counterstained with DAPI. (D):
Quantification of a-actinin area in iPSC-derived EBs differentiating into CMs. (E): a-actinin expression measured by western blot on dif-
ferentiation day 15. a–tubulin was used as loading control. Numbers represent densitometric fold change relative to control. (F): Repre-
sentative images showing troponin T (TnT) and sarcomere myosin (MF20) expression on day 15. Scale bar, 80 lm. Nuclei were
counterstained with DAPI. (G): Quantification of TnT and MF20 area on differentiation day 15. (H): Expression of CM-associated genes
analyzed by qRT-PCR on differentiation day 10. All bars and values show means6 SEM. All experiments, n � 4. *, p < .05; **, p
< .01; ***, p < .001 versus control. Abbreviations: CMs, cardiomyocytes; EBs, embryoid bodies; iPSCs, induced pluripotent stem cells.
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onset showed that iPSChighT-derived EBs began to beat earlier
and in greater numbers than those derived from iPSClowT or
controls (Fig. 1B). After 15 days in culture, iPSChighT differenti-
ated into beating EBs 7.5 times more than iPSClowT cells and
2.7 times more than control cells, suggesting that selection of
iPSChighT from the iPSC pool markedly improves differentiation
efficiency toward the CM lineage (Fig. 1B).

To verify that the beating cells were mature CMs, we
examined the emergence of CM markers by immunofluores-
cence. Under differentiation conditions, iPSChighT showed pro-
gressive expression of the CM sarcomere protein a-actinin,
whereas expression in iPSClowT remained very low even after
15 days (Fig. 1C, 1D). Differential expression of a-actinin on
day 15 between iPSChighT- and iPSClowT-derived EBs was corrob-
orated by western blot (Fig. 1E). Immunofluorescence on day
15 for two additional CM markers, sarcomere myosin (MF20)
and troponin T (TnT), further confirmed that iPSChighT cells dif-
ferentiate into mature CMs more efficiently than iPSClowT or
control iPSCs (Fig. 1F, 1G). Consistent with the higher protein
expression of CM markers, iPSChighT-derived EBs had significant-
ly higher mRNA expression of the CM genes TnT, alpha-myosin

heavy chain (a–MHC), beta-myosin heavy chain (b-MHC), myo-

sin light chain 2 ventricular transcript (Mlc2v), and myosin light

chain 2 atrial transcript (Mlc2a), reflecting efficient maturation
into ventricular and atrial CMs (Fig. 1H). Taken together, these
data indicate that selection of iPSCs with relatively long telo-
meres before differentiation strongly increases the number of
differentiated mature CMs and conversely that iPSCs with rela-
tively short telomeres have a deficient differentiation toward
the CM lineage.

Telomere Length Defines the Cardiomyocyte
Differentiation of iPSCs from Their Initial Stages

The generation of mature CMs from iPSCs after LIF removal follows
a series of consecutive differentiation stagesmarked by the sequen-
tial expression of genes associated with pluripotency, early meso-
derm, cardiac progenitors, and differentiated CMs [27, 28]. To
determine the differentiation stage at which conversion of iPSChighT

into CMs was facilitated and conversion of iPSClowT obstructed, we
monitoredmRNA expression of genes associated with pluripotency,
early mesoderm, cardiac progenitors, and CMs over the differentia-
tion time course. We also monitored expression of the main DNA
methyltransferases in undifferentiated iPSCs because DNAmethyla-
tion is fundamental to the correct establishment and maintenance
of the pluripotent state [29] and de novomethyltransferase expres-
sion is downregulated in embryonic stem cells (ESC) with critically
short telomeres [21]. Interestingly, iPSClowT had lower mRNA levels
of Dnmt3b than control iPSCs, whereas expression of Dnmt3b and
Dnmt1 in iPSChighT was higher (Supporting Information Fig. S2A);
however, these changes were modest compared with those
observed in ESC with critically short telomeres [21]. These results
indicate that iPSC subpopulations differing in telomere content also
differ in expression of DNA methyltransferases, which could affect
their ability to initiate differentiation. Subsequent qRT-PCR analysis
revealed that initial iPSC differentiation wasmarked by decreases in
the pluripotency markers Oct3/4 and Nanog, consistent with the
activation of differentiation transcriptional programs in control
iPSCs, iPSChighT, and iPSClowT. However, compared with controls, lev-
els of Oct3/4 and Nanog at days 3 and 5 after LIF removal were sig-
nificantly lower in iPSChighT-derived EBs and significantly higher in
iPSClowT-derived EBs (Fig. 2A). The correlation between telomere

content and low Oct3/4 and Nanog mRNA levels was also observed
for protein expression assessed by flow cytometry and immunoflu-
orescence (Fig. 2B, 2C). The downregulation of pluripotency genes
in day-3 iPSChighT-derived EBs was accompanied by marked upregu-
lation of the early-mesodermal genes Brachyury, Mesp1, and Dkk1

(Fig. 2D). Interestingly, despite the low levels of these genes in
undifferentiated iPSCs, iPSChighT expressed higher levels of Dkk1

than iPSClowT before LIF removal (Supporting Information Fig. S2B).
Similar to the expression of early-mesodermal genes, expression of
the cardiac-progenitor-specific transcription factors Tbx5, Gata4,
andNkx2.5 in iPSChighT-derived EBs on day 7was double that in con-
trol EBs (Fig. 2E). Immunofluorescence analysis confirmed the
robust increase in the expression of Nkx2.5 in differentiating
iPSChighT on day 7 (Fig. 2F). Conversely, expression of these early
mesoderm and cardiac progenitor genes was impaired in iPSClowT

during the spontaneous differentiation process (Fig. 2D-2F). The
temporal patterns of gene expression associated with pluripotency,
early mesoderm, cardiac progenitors, and differentiated CMs fur-
ther indicated that iPSChighT and iPSClowT differ in their ability to dif-
ferentiate toward the cardiac lineage at a stage before the
induction of mesoderm derivatives (Supporting Information Fig.
S3A). Moreover, the expression levels of Gfp equalized in the three
EB populations on day 2 of differentiation and those of Trf1 and
telomere lengths equalized on day 5 (Supporting Information Fig.
S3B, S3C). These expression data reinforce the conclusion that telo-
mere content defines iPSC fate decisions during the early stages of
differentiation. Notably, Trf1 downregulation during differentiation
might be explained by the parallel reduction in Oct3/4, since this
pluripotent factor binds to the TRF1 promoter, reducing its expres-
sion [22].

Embryoid Bodies Derived from iPSCs with Distinct
Telomere Content Vary in Size, Cell Composition, and
Number of Cysts

Previous reports indicate that the differentiation efficiency of
mouse ESCs is influenced by EB size, with EBs of intermediate size
showing the greatest differentiation potential [30]. We therefore
analyzed the influence of iPSC telomere length on EB size. After 2
days of differentiation, iPSChighT-derived EBs were larger than
iPSClowT-derived or control EBs, and these size differences were
increased further by day 5 (Fig. 3A, 3B). Immunofluorescence stain-
ing for the mitosis marker phospho–histone H3 (Ser10) (pH3)
revealed an elevated proliferation capacity in iPSChighT-derived EBs
and a diminished capacity in iPSClowT-derived EBs (Fig. 3C, 3D),
pointing to distinct proliferation rates as a likely contributor to the
size difference between EBs with differing telomere content. How-
ever, significant differences in proliferation frequency were not
observed between sorted iPSChighT and iPSClowT growing in prolifer-
ation medium (containing LIF) (Supporting Information Fig. S4A,
S4B). Therefore, initial telomere length appears to be important for
iPSC propagation in differentiation conditions, but not for their
propagation in proliferation conditions. Indeed, iPSClowT main-
tained in proliferation medium restored control eGFP levels over a
few passages (Supporting Information Fig. S4C), resulting in a
recovery in EB size (Supporting Information Fig. S4D) and beating
efficiency (Supporting Information Fig. S4E).

In addition to cell proliferation, proper EB growth requires
the generation of endodermal cells. qRT-PCR showed
increased expression of early-endoderm specific markers in
sorted iPSChighT before LIF removal (Supporting Information
Fig. S5A), suggesting that signaling cues responsible for
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guiding early-endoderm development are enriched in iPSCs
with relative long telomeres. To further assess the potency of
iPSChighT to differentiate into endoderm, we examined the for-
mation of the outer endoderm layer, a structure with similari-
ties to the extra-embryonic primitive endoderm that provides
factors needed for the survival and differentiation of inner
cells [31–33]. The expression levels of Sox17 and Afp, two
extra-embryonic endoderm markers [34–37], were notably
higher in iPSChighT-derived EBs than in control or iPSClowT-
derived EBs (Fig. 3E). Immunofluorescence analysis confirmed
high levels of Sox17 and Afp in the outer layer of iPSChighT-
derived EBs (Fig. 3F). In contrast, iPSClowT-derived EBs had low
levels of Sox17 and Afp and did not express these endoder-
mal markers in most outer layer cells (Fig. 3F). Telomere
length thus determines the differentiation of primitive
endoderm.

The outer endodermal EB cells secrete ECM components,
forming a basement membrane (BM) that supplies survival

factors to nearby EB cells [38–40] whereas EB cells far from
the BM undergo apoptosis, which contributes to EB cavitation
[31, 33, 41]. Before differentiation, iPSChighT showed higher
transcript expression than iPSClowT of the essential BM com-
ponents Col4a1, Col4a2, Lama1, and Lamb1 (Supporting Infor-
mation Fig. S5B). To confirm the influence of iPSC telomere
content on the degree of BM assembly in EBs, we determined
the localization and expression levels of the ECM components
fibronectin and collagen type IV [42]. iPSChighT-derived EBs
contained a well-structured BM characterized by abundant
expression of collagen type IV (Fig. 4A, 4B; Supporting Infor-
mation Fig. S6A, S6B) and fibronectin (Supporting Information
Fig. S6C), consistent with the high endodermal marker expres-
sion in their outer layer. In contrast, iPSClowT-derived EBs
showed sparse and disorganized expression of collagen type
IV (Fig. 4A, 4B; Supporting Information Fig. S6A, S6B) and
fibronectin (Supporting Information Fig. S6C), suggesting dis-
rupted deposition in the EB discontinuous BM. We also found

Figure 2. iPSC telomere length defines cell-fate decisions during early differentiation. (A): qRT-PCR analysis of Oct3/4 and Nanog gene
expression levels during iPSC differentiation. (B): Flow cytometry analysis of the percentage of iPSCs displaying detectable Oct3/4 or Nanog
expression during iPSC differentiation. (C): Representative immunohistochemistry images showing Oct3/4 and Nanog protein expression in
cryosected day-5 EBs. Scale bar, 60 lm. (D): qRT-PCR analysis of early mesodermal markers (Brachyury, Mesp1, Dkk1) in day-3 EBs. (E):
qRT-PCR analysis of cardiac progenitor transcripts (Tbx5, Gata4, Nkx2-5) in day-7 EBs. (F): Representative immunohistochemistry images
showing Nkx2.5 protein levels in day-7 EBs. Scale bar, 80 lm. All bars and values show means6 SEM. All experiments, n � 4. *, p <
.05; **, p < .01; ***, p < .001 versus control. Abbreviations: EBs, embryoid bodies; iPSCs, induced pluripotent stem cells.
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that most iPSChighT- and control-derived EBs formed cystic cav-
ities (Fig. 3G, 3H), whereas iPSClowT-derived EBs mostly lacked
cavities (Fig. 3G, 4A, and 4B), consistent with the contribution
of a well-structured BM to cavity induction.

Ascorbic Acid Enhances Collagen Deposition and
Cardiomyocyte Differentiation of iPSCs with Ample
Telomere Reserves, but Not of Those with Low
Telomere Content

AA increases the efficiency of iPSC differentiation into CMs by
changing the ECM composition of EBs. Specifically, AA induces
the expression of collagen [24, 43], an indispensable ECM and
BM component. Expression analysis revealed that AA signifi-
cantly increased Col4a1 levels in EBs (Supporting Information
Fig. S6B). Immunofluorescence analysis confirmed an AA-
dependent increase in collagen IV protein, deposited just
beneath the endoderm where the BM is located (Fig. 4A, 4B;

Supporting Information S6B). Moreover, AA-induced collagen
IV expression was not observed in iPSClowT-derived EBs
(Fig.4A, 4B; Supporting Information Fig. S6A, S6B). AA-treated
EBs also showed elevated fibronectin matrix deposition, with
fibronectin expression highest in AA-treated iPSChighT-derived
EBs (Supporting Information Fig. S6C).

Previous studies indicated that AA-induced collagen
expression enhances iPSC differentiation into CMs by support-
ing the expansion of cardiac progenitors [24]. iPSChighT- and
control-derived EBs both showed an AA-dependent increase
in cardiac progenitor and CM marker gene expression, where-
as this increase was not observed in iPSClowT-derived EBs (Fig.
4C, 4D). These changes were reflected in an AA-dependent
increase in the percentage of beating iPSChighT and control-
derived EBs, but not iPSClowT-derived EBs (Fig. 4E). These
results indicate that AA accelerates and increases CM differ-
entiation of iPSCs with ample telomere reserves, but is unable

Figure 3. iPSCs with relatively long telomeres differentiate into bigger EBs covered by a properly formed outer endoderm layer. (A):
Phase contrast microscopy of EBs during the differentiation of iPSCs of differing telomere length. Scale bar, 200 mm. (B): Quantification
of EB diameters on day 2 and day 5 of iPSC differentiation. (C): Representative pH3 immunostaining in day-2 and day-5 EBs. Scale bars,
35 lm on day 2; 80 lm on day 5. (D): Quantification of pH3-positive cells on differentiation days 2 and 5. (E): qRT-PCR analysis of the
endoderm markers Sox17 (day-5 EBs) and Afp (day-10 EBs). (F): Representative immunostaining showing Sox17 and Afp protein levels
and localization in day-5 and day-10 EBs. Scale bars, 70 lm and 200 lm. (G): Hematoxylin and eosin stained histological sections of
paraffin-embedded EBs on differentiation day 10. Scale bar, 200 lm. (H): Percentage of embryonic bodies containing cysts. Bars and val-
ues show means6 SEM. *, p< .05; **, p< .01; ***, p< .001 versus control. Abbreviations: EBs, embryoid bodies; iPSCs, induced plu-
ripotent stem cells.
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to drive iPSCs with relatively short telomeres into a CM differ-
entiation program. Thus the selection of iPSC pools with rela-
tively long telomeres combined with AA treatment during
differentiation provides a highly-efficient method for obtaining
CMs.

Proliferation and Differentiation Capacity of iPSCs with
Different Telomere Content Is Determined Cell-
Autonomously

The low collagen levels in iPSClowT-derived EBs, despite AA
treatment, suggested that the weak CM differentiation of rel-
atively short-telomere iPSCs might be due to the lack of ECM
components. However, seeding of EBs onto the major ECM
component collagen IV on differentiation day 5 did not
increase the proportion of beating iPSClowT-derived EBs on
day 15 (Supporting Information Fig. S7A). The beating efficien-
cy of iPSClowT-derived EBs was also unaffected by seeding on
matrigel, an artificial ECM mainly composed of growth factors,

laminin and collagen IV (Supporting Information Fig. S7A).
Lack of CM differentiation was confirmed by assessing CM
markers (Supporting Information Fig. S7B). In contrast, seed-
ing of iPSChighT-derived EBs on collagen IV or matrigel
increased the proportion of beating EBs on differentiation day
15 to 100% (Supporting Information Fig. S7A).

To test the ability of relatively short-telomere iPSCs to dif-
ferentiate in a normal microenvironment, we generated chi-
meric EBs composed of a 1:9-part mix of tdT/iPSClowT and
control iPSCs (chimericlowT). For comparison, we generated
chimeric EBs composed of a 1:9 mix of tdT/iPSChighT and con-
trol iPSCs (chimerichighT). iPSCs were first transduced with a
lentivirus carrying the tdTomato reporter gene (PGK-tdT) to
distinguish the relatively short- and long-telomere subpopula-
tions in chimeric EBs. Since the microenvironment is a well-
established source of growth factors [44], we first investigated
the proliferation capacity of tdT/iPSClowT and tdT/iPSChighT in
the normal microenvironment of chimeric EBs. Generation of

Figure 4. Ascorbic acid supplementation does not support cardiomyocyte differentiation of short-telomere iPSCs. (A, B): Representative
images showing collagen IV expression in untreated and ascorbic-acid (AA)-treated day-5 and day-10 EBs. Arrowheads show collagen IV
deposition at the BM. Troponin T (TnT) staining shows marked increases in CM numbers after AA treatment in iPSChighT-derived EBs.
Scale bar, 80 mm. Inset 40 mm. (C, D): qRT-PCR analysis of (C) cardiac progenitor genes and (D) CM-specific genes, showing AA-
stimulated upregulation, especially in iPSChighT-derived EBs. (E): Percentage of beating EBs derived from untreated and AA-treated iPSCs.
Data are means6 SEM. * indicates statistical comparison with the control of the same treatment group; # indicates statistical compari-
son with the corresponding non-AA-treated group. * and #, p< .05; ** and ##, p< .01; *** and ###, p� .001. Abbreviations: BM, base-
ment membrane; CMs, cardiomyocytes; EBs, embryoid bodies; iPSCs, induced pluripotent stem cells; TnT, Troponin T.
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chimeric EBs did not alter the proportions of tdT/iPSClowT or
tdT/iPSChighT positive for the proliferation marker pH3 (Fig. 5A,
5B). Consistent with the proliferation behavior of iPSChighT and
iPSClowT in non-chimeric EBs, the proportion of tdT/iPSClowT

cells decreased early during chimeric EB differentiation,
whereas the proportion of tdT/iPSChighT cells increased (Fig.
5C, 5D). Thus the influence of telomere content on iPSC prolif-
eration capacity is independent of the microenvironment at
early stages of in vitro differentiation.

To study the differentiation of tdT/iPSClowT and tdT/
iPSChighT in chimeric EBs, we analyzed the expression of the
pluripotent marker Oct3/4. On day 5 after LIF withdrawal,
Oct3/4 was present in �60% of tdT/iPSClowT from chimeric
EBs but was almost absent from tdT/iPSChighT (Fig. 5E, 5F).
Such a high percentage of Oct3/4-positive tdT/iPSClowT cells
suggests that a normal microenvironment cannot fix the
altered differentiation of iPSCs with relatively short telomeres.
Consistent with this finding, most of chimericlowT EBs were
negative for Troponin T, whereas an elevated percentage of
chimerichighT EBs were Troponin-T-positive 15 days after LIF
withdrawal (Fig. 5G, 5H), indicating that iPSCs with relatively
short telomeres barely contribute to the CM pool even in a
normal microenvironment. Endoderm identity in tdT/iPSClowT

and tdT/iPSChighT EBs was monitored 15 days after LIF with-
drawal by measuring the endodermal marker Sox17. Only
0.97%6 0.5% of tdT/iPSClowT differentiated into endoderm in
chimeric EBs, whereas the proportion in tdT/iPSChighT EBs was
15.82%6 4.5% (Supporting Information Fig. S8A, S8B). A nor-
mal microenvironment thus does not rescue the inability of
short-telomere iPSCs to differentiate into cells of the endoder-
mal lineage.

Ectoderm identity was evaluated by measuring the imma-
ture neuron marker Tuj1. The number of tdT, Tuj1 double-
positive cells in tdT/iPSClowT chimeric EBs was more than dou-
ble that in tdT/iPSChighT chimeric EBs (Supporting Information
Fig. S8C, S8D). Consistent with this finding, analysis of non-
chimeric EBs revealed higher Tuj-1 protein and RNA expres-
sion in iPSClowT-derived EBs than in iPSChighT-derived EBs (Sup-
porting Information Fig. S8E, S8F). iPSClowT- and iPSChighT-
derived EBs showed even larger expression differences for the
neural progenitor marker Nestin (Supporting Information Fig.
S8G, S8H). Interestingly, this early neuroectodermal gene is
also elevated in undifferentiated iPSClowT, although at a very
low level (Supporting information Fig. S8G, S8H). Thus,
iPSClowT do not efficiently differentiate into mesoderm and
endoderm but possess an inherent ability to differentiate to
the ectoderm lineage.

DISCUSSION

Reprogramming of somatic cells into iPSCs involves net telo-
mere elongation, a requirement for achieving pluripotency
status [17, 22, 45–47]. However, little is known about the
involvement of telomere length in directing the differentiation
fate of telomerase-competent mouse iPSCs. This study demon-
strates that cells with relatively long telomeres and high
expression of TRF1, a shelterin-complex protein exclusively
located at telomeres [48], differentiate more efficiently into
CMs than cells with relatively short telomeres and low TRF1
expression. Our results also identify approaches to increasing

iPSC telomere content and CM differentiation efficiency.iPSCs
show inherent molecular and functional heterogeneity, result-
ing in differentiation potentials biased toward specific germ
lineages [15]. Our chimeric EB experiments demonstrate that
fate decisions during early differentiation are determined by
cell-intrinsic factors that depend on telomere length. Yet iPSC
differentiation fate might also be influence by cell-extrinsic
factors [15, 49]. The ECM plays essential roles during heart
development and contributes to cell fate determination [42,
50–53]. Two ECM components, collagen IV and fibronectin,
facilitate mesoderm induction and CM differentiation [54, 55].
Our results show that the expression levels and organization
of collagen IV and fibronectin in EBs depend on the initial
iPSC telomere length. Collagen IV and fibronectin are synthe-
sized by endodermal cells [32, 55, 56], and the low expression
of these extracellular components might therefore be due to
the failure of iPSClowT-derived EBs to form a complete and
organized outer endodermal layer. Moreover, iPSClowT-derived
EBs were unable to differentiate into CMs even in the pres-
ence of exogenous collagen IV or matrigel. In contrast, these
conditions increased the CM differentiation efficiency of
iPSChighT to 100%. Based on these findings, we conclude that
cell-autonomous and microenvironmental factors both modu-
late early differentiation fate of iPSCs differing in telomere
length.

Interestingly, the presence of relatively short telomeres
impaired mesoderm and endoderm differentiation, but
favored ectoderm differentiation. This biased differentiation of
iPSClowT might reflect the fact that the ectodermal lineage is
the default differentiation fate of pluripotent cells [57–59].
Differentiation fate is also influenced by EB size, with larger
EBs preferentially differentiating to mesoderm and endoderm,
while smaller EBs preferentially differentiate to ectoderm
[60–66]. Consistent with their small size, iPSClowT-EBs express
high levels of ectoderm markers, whereas the larger iPSChighT-
EBs express high levels of endoderm and mesoderm markers.
Remarkably, transient increases or decreases in relative telo-
mere length are sufficient to alter the expression patterns of
germ layer genes, potentially affecting early differentiation
decisions. Regardless of the exact reason for the predisposi-
tion of iPSCs with different telomere content to differentiate
into different lineages, the results of this study indicate that
selecting for telomere content provides a method for deter-
mining iPSC fate in vitro.

Differentiation is also altered in ESCs lacking telomerase
activity and containing critically short telomeres (Tert-/- S ESCs)
[21]. Similar to our results, the absence of LIF in the culture
medium of Tert-/- S ESCs led to a delayed downregulation of
the pluripotent gene Nanog when cells were stimulated to
differentiate in vitro, in part due to Dnmt downregulation
[21]. Previous in vivo studies also show that short telomeres
negatively affect teratoma formation and chimera production
[17, 22, 47, 67]. The present results thus extend previous
observations showing the influence of telomere length on the
differentiation fate of telomere-competent iPSCs.

The positive correlation between CM differentiation effi-
ciency and telomere length suggests that strategies that
increase telomere length in pluripotent cells would augment
CM yield. One such strategy is to increase the passage num-
ber of iPSCs under proliferation conditions, because telomeres
continue to elongate after reprogramming [17]. Supporting
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this earlier finding, our results indicate that sorted iPSCs with
low telomere content elongate their telomeres in the pres-
ence of LIF, resulting in telomere preservation through cell
passaging and better CM differentiation efficiency after LIF
withdrawal. Therefore, faulty CM differentiation might be
restored by exposing iPSCs to a proliferation medium before
transfer to differentiation conditions. The differentiation effi-
ciency of iPSC colonies with relatively long telomeres was fur-
ther increased by treatment with AA. AA promotes CM
differentiation by stimulating the proliferation of cardiac pro-
genitors [24], and the lack of an effect in iPSCs with relatively
short telomeres could therefore be due to a shortage or
abnormal functioning of cardiac progenitors. Our results on
the early differentiation of iPSClowT cells support this idea,
revealing sharply reduced expression peaks of cardiac progeni-
tor genes and abnormally elevated expression levels of

pluripotency genes. The inability of AA to increase collagen IV
expression in iPSClowT might reflect their faulty differentiation
to Sox17-positive cells, since Sox17 activates the transcription
of Col4a1 and Col4a2 [35]. Moreover iPSClowT plated onto
type IV collagen or matrigel are unable to properly differenti-
ate into CMs, unlike iPSChighT, which all derived-EBs differenti-
ate to CMs under these conditions. These findings, together
with the chimera experiments, highlight the importance of
selecting iPSCs with relatively long telomeres for obtaining
large numbers of CMs.

CONCLUSION

After a heart attack, �109 CMs are lost [68]. Two main strate-
gies are under investigation to replace this huge number of

Figure 5. Selecting iPSCs according to telomere content leads to cell-autonomous differences in proliferation and differentiation. (A):
pH3-positive cells (%) in 2-day EBs composed of tdT/iPSClowT only; a 1:9 mix of tdT/iPSClowT and control iPSCs (chimericlowT EBs); tdT/
iPSChighT only; or a 1:9 mix of tdT/iPSChighT cells and control iPSCs (chimerichighT EBs). (B): Representative immunostaining of tdT (anti-
Dsred antibody) and pH3 in non-chimeric and chimeric day-2 EBs. Filled arrowhead highlights non-coexpression of tdT and pH3 in chi-
mericlowT EBs; unfilled arrowhead marks tdT, pH31 coexpressing cells in a chimerichighT EB. Scale bar, 20 mm. (C): Percentages of tdT/
iPSClowT in chimericlowT EBs and tdT/iPSChighT in chimerichighT EBs on differentiation days 5 and 15. (D): Representative images of tdT
cells in chimeric EBs on the indicated days of differentiation. Scale bar, 40 mm. (E): Quantification of the contribution of tdT/iPSClowT and
tdT/iPSChighT to the overall Oct3/4 population in chimeric EBs. Statistical significance was determined by comparing the proportion of
tdT/iPSClowT Oct3/41 cells with the proportion of tdT/iPSChighT Oct3/41. (F): Representative immunostaining of Tdt and Oct3/4 in chime-
ric EBs. Filled arrowheads mark the coexpression of TdT and Oct3/4 preferentially found in chimericlowT EBs; unfilled arrowhead marks
the absence of TdT and Oct3/4 coexpression predominantly found in chimerichighT EBs. Scale bar, 20 mm. (G): Percentage of chimeric EBs
with tdT-positive CMs. Only EBs positive for TdT and TnT were included in the analysis. (H): Representative immunostaining of TdT and
TnT in chimeric EBs. Magnified views of boxed areas are shown to the right. Scale bars, 40 and 8.5 mm. Bars and values show means6
SEM. All experiments, n � 4. **, p< .5; ***, p< .001. Abbreviations: CMs, cardiomyocytes; EBs, embryoid bodies; iPSCs, induced plu-
ripotent stem cells; TnT, Troponin T.
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CMs: inducing the proliferation of endogenous cardiac cells
and grafting exogenous CMs into the injured heart [69, 70].
iPSCs are an important source of exogenous CMs for cell
replacement therapy. However, not all iPSC lines differentiate
into CMs with the same efficiency [14] and not all have the
same telomere length [67]. Our results indicate that the CM
differentiation efficiency of iPSCs correlates positively with
telomere length. Selection of iPSC lines with ample telomere
reserves is thus an attractive strategy for generating large
numbers of CMs in a fast, reliable, and efficient way.
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