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Abstract
Cardiac cell formation, cardiomyogenesis, is critically dependent on oxygen availability. It is

known that hypoxia, a reduced oxygen level, modulates the in vitro differentiation of pluripo-

tent cells into cardiomyocytes via hypoxia inducible factor-1alpha (HIF-1α)-dependent

mechanisms. However, the direct impact of HIF-1α deficiency on the formation and matura-

tion of cardiac-like cells derived from mouse embryonic stem cells (mESC) in vitro remains

to be elucidated. In the present study, we demonstrated that HIF-1α deficiency significantly

altered the quality and quantity of mESC-derived cardiomyocytes. It was accompanied with

lower mRNA and protein levels of cardiac cell specific markers (myosin heavy chains 6 and

7) and with a decreasing percentage of myosin heavy chain α and β, and cardiac troponin

T-positive cells. As to structural aspects of the differentiated cardiomyocytes, the localiza-

tion of contractile proteins (cardiac troponin T, myosin heavy chain α and β) and the organi-

zation of myofibrils were also different. Simultaneously, HIF-1α deficiency was associated

with a lower percentage of beating embryoid bodies. Interestingly, an observed alteration in

the in vitro differentiation scheme of HIF-1α deficient cells was accompanied with signifi-

cantly lower expression of the endodermal marker (hepatic nuclear factor 4 alpha). These

findings thus suggest that HIF-1α deficiency attenuates spontaneous cardiomyogenesis

through the negative regulation of endoderm development in mESC differentiating in vitro.

Introduction
The differentiation and maturation of cardiac progenitors into beating cardiomyocytes is a
complex process controlled by close interactions between specific signaling pathways, tran-
scription factors, and the cellular microenvironment. Deregulation of these processes leads to
the generation of pathological states in the heart [1]. Studies demonstrate the essential role of
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oxygen availability, one of the critical factors regulating cardiomyogenesis during embryonal
and postnatal development [2, 3]. Interestingly, physiological embryonic heart development
occurs under conditions of low oxygen availability, or hypoxia. However, the exposure of the
adult heart to hypoxia is involved in a variety of pathological conditions such as heart failure
and myocardial infarction [4].

Hypoxia triggers the transcription of a large number of genes involved in many cellular pro-
cesses including glycolysis, angiogenesis, apoptosis and cell proliferation with the purpose of
minimizing deleterious effects caused by oxygen insufficiency at the cellular, tissue, and sys-
temic levels [5]. The activation of these genes is generally mediated by hypoxia inducible fac-
tors (HIFs), transcription factors which belong to the basic helix-loop-helix-Per-Arnt-Sim
family [6]. HIFs are heterodimeric protein complexes consisting of an oxygen-independent β
subunit and an oxygen-dependent α subunit with tightly regulated protein stability and activ-
ity. Three HIF-α factors–HIF-1α, HIF-2α and HIF-3α have been recognized [7]. HIF-1α and
HIF-2α are closely related in their protein structures and both recognize common HIF respon-
sive elements [8]. However, they differ in their tissue expression profiles. While HIF-1α expres-
sion is present ubiquitously under hypoxic conditions in any tissue, HIF-2α expression is
identified prominently in vascular endothelial cells during embryonic development and in kid-
ney, liver, heart, brain, and lung [9].

The complete deficiency of HIF-1α (HIF-1α-/-) in mice results in an embryonic lethality of
around E10.5 and is manifested by severe abnormalities including neural fold defects, angio-
genesis dysfunction, and cardiac malformations [10]. In contrast, HIF-2α knockout mice
(HIF-2α-/-) die at around the seventh week after birth due to metabolic defects such as mito-
chondrial dysfunction and abnormalities in liver, heart, and skeletal muscles [11]. On the other
hand, in vitro studies revealed positive effects of ectopically expressed HIF-1α [12] or HIF-2α
[13] in mouse embryonic stem cells (mESC) undergoing cardiomyogenesis. Interestingly, mice
with the conditional knockout of HIF-1α in ventricular cardiomyocytes were shown to be via-
ble but to display defects in cardiac function, vascularity, energy availability, and calcium han-
dling [14]. However, a subsequent study by Krishnan et al. suggested the essential role of HIF-
1α in ventricular cardiomyocyte development via the deregulation of genes associated with car-
diac morphogenesis and contractility, which resulted in functional irreversible changes that
eventually led to embryonic lethality of between E11.5 and E12.0 [2].

Since these in vivo data confirm the deleterious impact of HIF-1α deficiency on heart tissue
development and function, it is therefore of particular interest to describe more precisely the
role this key hypoxia sensor plays in the processes of cellular fate determination during stem
cell differentiation and during cardiomyogenesis, in particular.

For this reason, we employed an in vitromodel of spontaneously differentiated mESC with
wild type (HIF-1α+/+) and knocked out (HIF-1α-/-) HIF-1α gene expressions. A detailed study
of the influence of HIF-1α deficiency on cardiomyogenesis may help to increase general under-
standing of the molecular mechanisms of various cardiovascular diseases and to improve car-
diac regeneration therapy.

Materials and Methods

mESC cultivation
The mESC lines HIF-1α+/+ (cell line R1) and HIF-1α-/- were kindly provided by Peter F. Car-
meliet of the Vesalius Research Center, VIB, University of Leuven, Belgium. The cells were
thoroughly characterized according to their cytokinetic and phenotypic profiles as was shown
[15]. It was shown that both parental and HIF-1α-/- cells proliferate at similar rates. The cells
were cultivated on gelatin-coated dishes in Dulbecco’s modified Eagle’s medium (DMEM;
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HyClone; Logan, UT, USA) supplemented with 15% fetal bovine serum (Gibco; Carlsbad, CA,
USA), 100 IU/ml penicillin and 0.1 mg/ml streptomycin (Sigma; St. Louis, MO, USA), 1x non-
essential amino acid (Gibco; Carlsbad, CA, USA), 0.05 mM β-mercaptoethanol (Fluka; Buchs,
Switzerland), and 1 000 U/ml of leukemia inhibitory factor (Chemicon; Temecula, CA, USA).
The cells were maintained at 37°C in humidified air supplemented with 5% CO2.

mESC differentiation
A suspension of mESC (2.5x106 cells/ml) was directly seeded on the top of microwells (1.5%
agarose; VWR) to form embryoid bodies (EBs) of uniform size (for more details, see [16]). After
24 hours of incubation (day 0), the EBs were gently transferred onto an agar-coated dish and
cultivated in medium without leukemia inhibitory factor. On day 5 (5d), the EBs were seeded on
gelatin-coated dishes into DMEM/F-12 (1:1) medium (HyClone; Logan, UT, USA) supple-
mented with insulin-transferrin-selenium (Gibco; Carlsbad, CA, USA) and antibiotics (specifi-
cation above) and cultivated for a further 5 (5+5d), 10 (5+10d) or 15 (5+15d) days (Fig 1).
These time points represent various stages of cardiomyocyte development: cardiac progenitors
(up to 5 days), early cardiomyocyte-like cells (up to 10 days), and beating cardiomyocyte-like
cells (between 15 and 20 days). The stabilization of HIF-1α factor in early phases of the differen-
tiation and the complete absence of the HIF-1α protein in HIF-1α-/- was confirmed (S1 Fig).

Gene expression analysis
Total RNA was extracted using the UltraClean Tissue & Cells RNA Isolation Kit (MO BIO
Laboratories; Carlsbad, CA, USA). 1 μg of total RNA was reversely transcribed into first strand
cDNA using the Transcriptor First Strand cDNA Synthesis Kit according to the manufacturer's
protocol (Roche; Basel, Switzerland). Real-time quantitative PCR (RT-qPCR) reactions were
performed in a LightCycler480 instrument using LightCycler4801 Probes Master solutions
(Roche; Basel, Switzerland) and the following program: an initial denaturation step at 95°C for
10 min, followed by 45 cycles (95°C for 10 s, 60°C for 30 s, and 72°C for 1 s), and a final cooling
step at 40°C for 1 min. Data were normalized to ribosomal protein L13A (Rpl13a) mRNA levels
and presented as 2-ΔΔcq [17]. The sequences of primers and numbers of Universal Probe
Library (UPL) probes are listed in Table 1.

Protein expression analysis
Total protein lysates were prepared from undifferentiated mESC or from mESC differentiated
for particular time intervals (0d, 1d, 2d, 5d, 5+5d, 5+10d) using a lysis buffer (50 mM Tris-
HCl, 100 mMNaCl, 10% glycerol, 1% SDS, 1mM EDTA, proteases and phosphatases inhibitors
(Roche; Basel, Switzerland) at pH 7.4). Protein concentrations were determined using BCA

Fig 1. Schematic illustration of the protocol used for the in vitro differentiation of mESCmESC-
mouse embryonic stem cells; DMEM- Dulbecco’smodified Eagle’s medium; LIF- leukemia inhibitory
factor; FBS- fetal bovine serum; ITS- insulin-transferrin-selenium.

doi:10.1371/journal.pone.0158358.g001
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Protein Assay (Pierce Biotechnology; Rockford, IL, USA) according to the manufacturer’s
instructions. Approximately 15 μg (HIF-1α) or 20 μg (MHCα/β detected by MF20 antibody,
cardiac troponin T (cTnT), α-actinin, octamer-binding transcription factor 4 (Oct4), Forkhead
Box A2 (FOXA2), FORSE-1, Brachyury, VE-cadherin, and α-smooth muscle actin (α-SMA))
of total protein were loaded on a 10% SDS-PAGE gel, transferred onto a polyvinyl difluoride
membrane (PVDF, Merck Millipore; Darmstadt, Germany) and blocked in 5% low-fat milk in
TBS-T buffer (Tris, 0.05% Tween20). The detection of selected proteins was then performed
using the following specific primary and secondary antibodies: rabbit anti-HIF-1α (GeneTex,
Irvine, CA, USA; GTX127309), mouse anti-MF20 (MHCα/β; antibody detects both alpha and
beta MHC isoforms; kindly provided by Dr. Donald Fischman, Developmental Studies Hybrid-
oma Bank, Iowa City, IA, USA), mouse anti-cTnT and rabbit anti-Brachyury (Abcam, Cam-
bridge UK; ab33589; ab20680), rabbit anti-Oct4 and goat anti-FOXA2 (Santa Cruz, Santa
Cruz, CA, USA; sc-9081; sc-6554), mouse anti-FORSE-1 (Hybridoma Bank), rabbit anti-VE-
cadherin (Thermo Fisher Scientific; Waltham, MA USA; PA5-19612), mouse anti-α-SMA
(Biomeda, Foster City, CA, USA; V1031), mouse anti-α-actinin (Sigma; St. Louis, MO, USA;
A7811) and mouse anti-vinculin (Sigma; St. Louis, MO, USA; V9264) as a loading control.
Bound antibodies were detected using anti-mouse and anti-rabbit HRP-conjugated secondary
antibodies (both from Cell Signaling, Danvers, MA, USA; 7076S; 7074S). Optical densities
were quantified by scanning densitometry and expressed in arbitrary units determined by Ima-
geJ software (NIH, USA).

Immunofluorescence staining
For immunofluorescent staining, 5+15d cells were digested with Accutase solution (Biowest;
Nuaillé, France) for 5 min at 37°C and plated on Falcon Culture Slides (Corning Incorporated;
New York, NY, USA) coated with 0.1% gelatin. After 24 hours of incubation, the cells were

Table 1. Sequence of primers used in quantitative RT-PCR.

Gene of interest Forward primer 50! 30 Reverse primer 50! 30 UPL probe no.

Rpl13a CATGAGGTCGGGTGGAAGTA GCCTGTTTCCGTAACCTCAA # 25

Actn2 CCGGATTCTGGCTTCTGAT GAGGCAGCTCTCGACGAA # 53

Nkx2.5 GACGTAGCCTGGTGTCTCG GTGTGGAATCCGTCGAAAGT # 53

Myh6 CGCATCAAGGAGCTCACC CCTGCAGCCGCATTAAGT # 6

Myh7 CGCATCAAGGAGCTCACC CTGCAGCCGCAGTAGGTT # 6

Myl2 CCCAGATCCAGGAGTTCAAG CTGCAGCCGCAGTAGGTT # 95

Myl7 CCCATCAACTTCACCGTCTT AACATGCGGAAGGCACTC # 7

Hnf4α CAGCAATGGACAGATGTGTGA TGGTGATGGCTGTGGAGTC # 27

Otx2 GGTATGGACTTGCTGCATCC CGAGCTGTGCCCTAGTAAATG # 55

Brachyury ACTGGTCTAGCCTCGGAGTG TTGCTCACAGACCAGAGACTG # 27

Oct4 GTTGGAGAAGGTGGAACCAA CTCCTTCTGCAGGGCTTTC # 95

Nanog GCCTCCAGCAGATGCAAG GGTTTTGAAACCAGGTCTTAACC # 25

αSMA GACACCACCCACCCAGAG ACATAGCTGGAGCAGCGTCT # 20

Glut1 GGACCCTGCACCTCATTG GCCACGATGCTCAGATAGG # 20

Tie2 TGCCCAGATATTGGTGTCCT CAGTGTGGTGTTCACGTATGTCT # 11

VE-cad GCAGTGGAGAGAGCCTTCTG CTGTGAGCCTCTGCATCCTT # 25

Flk1 CAGTGGTACTGGCAGCTAGAAG ACAAGCATACGGGCTTGTTT # 68

Vegf CA GGCTGCTGTAACGATGAA GCTTTGGTGAGGTTTGATCC # 9

Gata1 GCCTGTCAGCCATCTTATGC GTGGGGAAGGAGGTTGTAGG # 3

PU.1 ATGGAGAAGCTGATGGCTTG GGAACTGGTACAGGCGAATC # 27

doi:10.1371/journal.pone.0158358.t001
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washed in 1x phosphate buffered saline (PBS), fixed in 0.5% formaldehyde for 20 minutes at
room temperature (RT), permeabilized with 0.1% TritonX-100 for 30 min at RT, and then
washed in 1xPBS. After 1 hour of blocking with 10% goat serum, the cells were incubated for
2h at RT with the following primary antibodies: mouse anti-MF20 (MHCα/β; antibody detects
both alpha and beta MHC isoforms; kindly provided by Dr. Donald Fischman, Developmental
Studies Hybridoma Bank, Iowa City, IA, USA) and mouse anti-cTnT (Abcam; Cambridge,
UK; ab33589). Several washing steps later, the cells were incubated for 1h at RT with DyLight
488 conjugate goat anti-mouse IgG (Thermo Fisher Scientific; Waltham, MA USA; TF35502).
Nuclei were counterstained with DAPI (1 μg/ml) and cells were mounted on microscopic slides
in Mowiol (Calbiochem; La Jolla, CA, USA) solution (10%Mowiol 4–88 prepared in 25% glyc-
erol, 100 mM Tris–HCl, and 0.6% 1.4-diazabicyclo-[2.2.2]-octane, pH 8.5). Images were
acquired using a confocal microscope (TCS SP5; Leica; Wetzlar, Germany) equipped with a
63x1.4 oil immersion objective. The percentage of MHCα/β-positive cells were analyzed using
a confocal microscope (Fluoview FV10i; Olympus; Shinjuku, Tokyo, Japan) and determined
using ImageJ software (NIH, USA).

Analysis of cells positive for cardiac markers
The percentage of mESC-derived cardiomyocytes (mESC-CMs) was quantified using flow
cytometric analysis. 5+10d cells were digested using Accutase solution (specification above)
and 1x106 cells/ml were fixed and permeabilized using Cytofix/Cytoperm Fixation/Permeabili-
zation Solution Kit (BD Biosciences; San Diego, CA, USA). The cells were then stained for 30
minutes with mouse anti-cTnT, rabbit anti-myosin light chain 2 (Myl2), or rabbit anti-myosin
light chain 7 (Myl7) antibodies (all purchased from Abcam; Cambridge, UK; ab10214;
ab92721; ab127001) and then incubated for 30 minutes with the appropriate secondary anti-
body: DyLight 488-conjugated goat anti-mouse IgG or DyLight 488 goat-anti rabbit IgG
(Thermo Fisher Scientific; Waltham, MA USA; TF35502; TF35552). A minimum of 10,000
fixed cells were gated with the exclusion of non-single cells. The percentage of cTnT+, Myl7+,
and Myl2+ cells in HIF-1α+/+ and HIF-1α-/- were calculated. Analyses were performed using a
FACSVerse flowcytometer (BD Biosciences; San Diego, CA, USA) and data were analyzed
using Flowing Software 2. Results are shown as the fold change of HIF-1α+/+ cells.

Transmission electron microscopy
Five-day-old EBs were seeded on a glass slide for the next 15 days (5+15d), fixed in 300 mM
glutaraldehyde in 100 mM cacodylate buffer with 0.2% tannic acid, and post-fixed in 40 mM
osmium tetroxide in 100 mM cacodylate buffer. Samples were dehydrated by increasing the
concentration of ethanol (from 50 to 100%) and embedded in LRWhite embedding medium
(Polysciences, Inc.; Warrington, PA, USA). Polymerization was carried out at 4°C using UV
light. Ultrathin sections (60 nm thick) were cut using a Leica EM UC6 ultramicrotome and
stained with uranyl acetate and lead citrate. Sections were examined under an FEI Morgagni
268D transmission electron microscope (FEI Company; Eindhoven, The Netherlands) [18].

Analysis of cardiac cell beating
The beating characteristics of differentiated EBs were determined using CBAnalyser (for more
details, see [19]). Briefly, the digital video of beating EBs or individual cells was recorded in
phase contrast for approximately 5 minutes per sample using a digital camera (Olympus C-
5060) mounted on an inverted microscope (Olympus IX41) at room temperature. The beating
parameters were then analyzed from the recordings by CBAnalyser. Representative videos doc-
umenting the beating of HIF1alpha+/+ and HIF1alpha-/- mESC-CMs (S1 Mov and S2 Mov),
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together with figures showing the analysis performed by CBAnalyser (S2 Fig) are included in
the Supporting information files.

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM). Statistical differences between
mean values were tested by one-way ANOVA with the Tukey HSD post hoc test and by Stu-
dent’s t-test. P� 0.05 was considered statistically significant.

Results

HIF-1α deficiency negatively affects cardiac differentiation
To evaluate the role of HIF-1α in the process of cardiomyogenesis, the model of HIF-1α+/+ and
HIF-1α-/- mESC differentiated via EB formation was employed. The progress of cardiomyo-
genic differentiation was characterized on the basis of changes in the expression of cardiac cell
specific markers, such as NK2 transcription factor related locus 5 (Nkx2.5) [20], myosin heavy
chain 6 and 7 (Myh6,Myh7)/MHCα/β [21], and Actn2 and cTnT [22]. The mRNA and protein
levels of these markers were analyzed in undifferentiated mESC and in mESC differentiated for
selected time intervals (5, 5+5d, 5+10d) (Fig 2).

The expression of all evaluated cardiac specific markers gradually increased during the dif-
ferentiation of wild type HIF-1α+/+ mESC at both mRNA and protein levels, reaching their
highest significant values generally in 5+5d (Nkx2.5,Myh7, MHCα/β) and 5+10d cells (Actn2,
Nkx2.5,Myh6,Myh7, MHCα/β) (Fig 2A and 2B; gray bars). In contrast, equivalent analysis of
HIF-1α-/- cells did not reveal any significant enhancement of Nkx2.5 orMyh6 expression mea-
sured at mRNA levels during differentiation (Fig 2A; black bars). Interestingly, we observed a
significant increase in Actn2 expression in 5d-old HIF1α-/- EBs; however, this pattern dimin-
ished with the progression of differentiation and eventually resulted in significant differences
in Actn2mRNA levels between HIF1α+/+ and HIF1α-/- 5+10d cells (Fig 2A). Finally, although
we detected a significant increase inMyh7mRNA expression levels in HIF1α-/- 5+5d and 5
+10d cells (Fig 2A; black bars), their HIF1α+/+ counterparts displayed significantly higher lev-
els of this cardiac specific marker (Fig 2A; gray bars). Mutual comparisons of the expression
profiles of cardiac specific genes between HIF-1α+/+ and HIF-1α-/- cells revealed similar trends
only during the early stage of differentiation (5d) (Fig 2A). In contrast, in the late stages of car-
diac cell development in 5+5d (Nkx2.5 and Myh7) and in 5+10d cells (all tested genes), the
mRNA levels of these markers were significantly lower in HIF-1α-/- cells (Fig 2A) and partially
corresponded to western blot data showing lower protein levels of MHCα/β and cTnT (Fig 2B)
as well as α-actinin (S3 Fig), when compared to their levels detected in HIF1α+/+ cells.

HIF-1α deficiency is associated with lower cardiomyogenic maturation
status
In order to characterize the maturation status of mESC-CMs derived from HIF-1α+/+ and
HIF-1α-/- cells, the intracellular localization of cTnT and myosin heavy chains (MHCα/β) was
analyzed together with the ultrastructural features of the contractile apparatus. Further, cTnT
and MHCα/β positive mESC-CMs were determined. Finally, the prevalence of atrial- or ven-
tricular-like phenotypes of mESC-CMs was analyzed according to the expression profiles of
atrial-specificMyl7 and ventricular-specificMyl2 genes [23].

Mutual comparison ofMyl7 andMyl2mRNA levels showedMyl7 expression to be several
orders higher compared toMyl2 in both 5+10d HIF-1α+/+ and HIF-1α-/- mESC-CMs (Fig 3A).
Furthermore, the mRNA levels ofMyl2 andMyl7 genes were significantly higher in HIF-1α+/+
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mESC-CMs compared to HIF-1α-/- mESC-CMs (Fig 3A). These findings correspond to the
flow cytometric analysis showing a higher ratio of cells positive for ventricular-specific Myl2 to
cells positive for atrial-specific Myl7 (0.45 ± 0.03) in HIF-1α+/+ mESC-CMs compared to HIF-
1α-/- mESC-CMs (0.29 ± 0.02) (S4 Fig).

Next, the intracellular localization of cTnT and MHCα/β was specified in 5+15d HIF-1α+/+

and HIF-1α-/- mESC-CMs (Fig 3B). Although immunofluorescent staining showed similar
localization patterns for cTnT in both HIF-1α+/+ and HIF-1α-/- mESC-CMs, the uniform and
fiber-like intracellular distribution of MHCα/β in HIF-1α+/+ mESC-CMs differed from the
spot arrangement of these proteins in HIF-1α-/- mESC-CMs.

Further, data from electron transmission microscopy revealed that both HIF-1α+/+ and
HIF-1α-/- mESC-CMs display ultrastructural features of early and non-fully mature cardiac

Fig 2. Effect of HIF-1α deficiency on cardiomyogenesis in vitro. (A) Relative gene expression of selected
cardiac markers detected at mRNA level during cardiomyogenesis of wild type and HIF-1α-deficient mESC
as revealed by real-time quantitative PCR analysis. The mRNA levels of α-actinin (Actn2), NK2 transcription
factor related locus 5 (Nkx2.5), myosin heavy chain 6 (Myh6), and myosin heavy chain 7 (Myh7) were
analyzed in undifferentiated ESC (mESC) and in 5-day-old EBs (5d) further differentiated for 5 or 10 days (5
+5d, 5+10d). Data are presented as means ± SEM from at least 5 independent experiments; * p < 0.05, **
p < 0.01, *** p < 0.001 (HIF-1α+/+ vs. HIF-1α-/- cells); # p < 0.05, ## p < 0.01, ### p < 0.001 (compared to
parental mESC). (B) Protein levels of myosin heavy chains α and β (MHCα/β detected using anti-MF20
antibody) and cardiac troponin T were detected by western blot in the cells derived from wild type and HIF-1α
deficient mESC and normalized to the vinculin signal. The densitometric analysis was performed on the basic
of 4 independent experiments and data are presented as means ± SEM, # p < 0.05 (compared to parental
mESC).

doi:10.1371/journal.pone.0158358.g002
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cells (Fig 3C). However, in comparison with HIF-1α-/- mESC-CMs differentiated for 20 days
(5+15d), HIF-1α+/+ mESC-CMs revealed a greater degree of myofibril organization. The myo-
fibrils exhibited straight segments formed by up to eight sarcomeres in HIF-1α+/+ mESC-CMs,
and up to four in HIF-1α-/- mESC-CMs. No other muscle-specific bands were visible in the sar-
comere constructs, either in HIF-1α+/+ or HIF-1α-/- mESC-CMs.

To further characterize the progress of cardiomyogenic differentiation, the percentage of
mESC-CMs positive for cardiac specific markers cTnT and MHCα/β was analyzed on the basis
of flowcytometric measurements (5+10d; cTnT) and immunocytochemistry (5+15d; MHCα/
β) (Fig 3D). Data further support the importance of HIF1α, since there was a lower degree of
cell positivity for cTnT and MHCα/β in HIF-1α-/- mESC-CMs compared to HIF-1α+/+

mESC-CMs (Fig 3D).

HIF-1α deficiency negatively affects the generation of beating embryoid
bodies and cardiac cells
In order to further characterize the differences in cardiomyogenesis between HIF-1α+/+ and
HIF-1α-/- mESC, we determined the relative number of beating EBs, the duration of contrac-
tion, and the frequency of beating during cardiac differentiation (Fig 4A–4C). As shown in Fig
4A, the percentage of beating EBs decreased in HIF-1α-/- mESC-CMs compared to HIF-1α+/+

mESC-CMs. Moreover, the advanced differentiation status of mESC-CMs was associated with
a significantly shortened duration of contraction only in HIF-1α+/+ mESC-CMs (5+15d)

Fig 3. Characterization of wild type and HIF-1α deficient mESC-CMs. (A) The mRNA levels of myosin
light chain 2 and 7 (Myl2,Myl7) genes as revealed by real-time quantitative PCR analysis. Data are
presented as means ± SEM from at least 4 independent experiments; * p < 0.05, ** p < 0.01 (HIF-1α+/+ vs.
HIF-1α-/- cells); ## p < 0.01, ### p < 0.001 (compared to parental mESC). (B) The intracellular localization of
cardiac troponin T (cTnT) and myosin heavy chain α and β (MHCα/β-using anti-MF20 antibody) proteins was
specified by confocal microscopy in wild type and HIF-1α deficient differentiated cells (5+15d) processed
from at least 3 independent experiments. (C) Transmission electron microscopy of wild type and HIF-1α
deficient mESC-CMs at 5+15 day. Data are presented as means ± SEM from 4 independent experiments.
The arrows indicate the presence of myofibrils, z Z-disk, gly glycogen andmmitochondria. (D) Analysis of the
percentage of cardiac troponin T- positive cells (5+10d) performed by flow cytometry, and of myosin heavy
chain α and β- (MHCα/β-using anti-MF20 antibody) positive cells (5+15d) performed by
immunocytochemistry. Data are presented as means ± SEM of HIF-1α+/+ cell fold change from at least 3
independent experiments; * p < 0.05 (HIF-1α+/+ vs. HIF-1α-/- cells).

doi:10.1371/journal.pone.0158358.g003
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compared to HIF-1α+/+ mESC-CMs differentiated for 5+10d (Fig 4B). However, we observed
no differences in the frequency of beating between cells differentiated for 5+10d and 5+15d in
both types of mESC-CMs (Fig 4C). These data describing the functional parameters of cardio-
myocyte-like cells correspond with the observation that the cell positivity for the tested cardiac
specific markers (cTnT, and MHCα/β) was lower in HIF-1α-/- mESC-CMs compared to HIF-
1α+/+ mESC-CMs (Fig 3D).

HIFs are naturally stabilized in developing EBs during in vitro
differentiation of mESC
The involvement of HIF-1α protein in the employed model of EB-mediated differentiation was
proven by the protein stabilization of both HIF-1α and HIF-2α and by the expression profile of
putative HIF-1α target genes (vascular endothelial growth factor (Vegf), and glucose trans-
porter 1 (Glut1)) (Fig 5A–5C). Interestingly, the presence of HIF-1α protein had already
appeared 24 hours after EB formation (0d) (Fig 5A). Further, the maximum level of HIF-1α
protein stabilization was observed on day one (1d). From the second day of differentiation
(2d), this stabilization rapidly decreased and reached a minimum in 10-day-old cells (5+5d).
The lack of HIF-1α protein in HIF-1α-/- EBs demonstrated the efficiency of HIF-1α gene dele-
tion in these cells (S1 Fig). Considering the fact that HIF-1α and HIF-2α proteins may partially
substitute each other in their functions [5], we also analyzed HIF-2α protein stabilization
(Fig 5B). Similarly to HIF-1α, the HIF-2α protein signal reached a maximum on day 1 and
then rapidly decreased. Interestingly, in the late stages of differentiation (5+5d and 5+10d), the
level of HIF-2α protein stabilization again increased. Finally, statistical analysis of densitomet-
ric data did not reveal any significant differences between HIF-1α+/+ and HIF-1α-/- cells at any
time points (Fig 5B).

The expression profile of the Glut1 gene was significantly enhanced in HIF-1α+/+ EBs com-
pared to their HIF-1α-/-counterparts (Fig 5C). Similarly, at all observed time points, HIF-1α+/+

Fig 4. Effect of HIF-1α deficiency on the generation of beating embryonic bodies and cardiac cells. (A)
Beating areas within EBs were counted from day 8 of differentiation (5+3d), (B) the duration of contraction
and (C) frequency of beating was analyzed in both 5+10d, 5+15d cells and determined using CBAnalyser.
Data are presented as means ± SEM from 3 independent experiments.

doi:10.1371/journal.pone.0158358.g004
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cells revealed a generally higher expression of Vegf in comparison with HIF-1α-/- cells. Interest-
ingly, Vegf expression significantly increased in HIF-1α-/- EBs differentiated for 10 and 15
days.

HIF1α deficiency reduces endoderm formation and attenuates the
mESC differentiation of the cells of mesodermal origin
In order to verify the differentiation status of HIF-1α+/+ and HIF-1α-/- cells, the expression
profiles of the pluripotency markers Oct4 and homeobox protein Nanog were analyzed (Fig
6A). The mRNA levels of both markers significantly decreased during the differentiation of
both tested cell lines. HIF-1α+/+ mESC were characterized by the significantly higher gene
expression of the Oct4. However, the increased gene expression of Oct4 was not confirmed at
the protein level (Fig 6B).

Regarding the negative effect of HIF-1α deficiency on cardiomyogenesis described above,
we decided to analyze markers specific to mESC differentiation into all three germ layers at the
specific time points (mESC, 2d, and 5d). The markers for endoderm (hepatic nuclear factor 4 α
[HNF4α; FOXA2]), ectoderm (orthodenticle homolog 2 [Otx2]; FORSE-1), and mesoderm
(Brachyury) were detected (Fig 6C–6H). The mRNA levels of Otx2 and Brachyury gradually
increased with the progression of differentiation in both HIF-1α+/+ and HIF-1α-/- cells (Fig 6C
and 6E). Moreover, the expression of Otx2 was significantly upregulated on Day 5, similarly to
the protein level of FORSE-1 (Fig 6D). However, the protein level of Brachyury did not change

Fig 5. Stabilization and transcriptional activity of HIFs during in vitro differentiation. The protein levels
of (A) HIF-1α and (B) HIF-2α were evaluated in wild type and HIF-1α deficient cells by western blot and
normalized to the vinculin signal. Data are presented as means ± SEM. The densitometric analysis is
representative of 3 independent experiments; # p < 0.05, ## p < 0.01, ### p < 0.001 (compared to parental
mESC). (C) The mRNA levels of HIF-1α target genes glucose transporter 1 (Glut1) and vascular endothelial
growth factor (Vegf) were measured by real-time quantitative PCR analysis. Data are presented as
mean ± SEM from at least 4 independent experiments; * p < 0.05, *** p < 0.001 (HIF-1α+/+ vs. HIF-1α-/-

cells); ### p < 0.001 (compared to parental mESC).

doi:10.1371/journal.pone.0158358.g005

The Role of HIF-1α in Cardiomyogenesis In Vitro

PLOSONE | DOI:10.1371/journal.pone.0158358 June 29, 2016 10 / 17



during differentiation in either cell line (Fig 6F). On the other hand, the mRNA levels ofHnf4α
was increased (5d) after a slight decline on Day 2 (Fig 6G). Interestingly, mutual comparison of
wild type and knockout cells showed a significant difference in the expression ofHNF4α on
Day 5. This was further supported by demonstration of the protein levels of another endoder-
mal marker FOXA2 (Fig 6H).

To specify the effects of all observed findings, including the repression of endodermal as
well as cardiac differentiation, the markers of other cell types in both HIF-1α+/+ and HIF-1α-/-

cells were analyzed (Fig 7A–7D), namely the markers for smooth muscle cells (αSMA), endo-
thelial cells (TEK tyrosine kinase [Tie2], VE-cadherin [VE-cad], and fetal liver kinase 1 [Flk1]),
and hematopoietic cells (Gata1, PU.1; data not shown). The mRNA levels of cell specific mark-
ers gradually increased along with the progression of HIF-1α+/+ cell differentiation, becoming
significant already in 5+5d cells (Tie2, Flk1, VE-cad, αSMA) (Fig 7A and 7C). Similarly, 5+5d
(Flk1, αSMA) and/or 5+10d (Tie2, Flk1, αSMA, VE-cad) HIF-1α-/- cells also exhibited signifi-
cant increases in the mRNA levels of the tested gene markers. However, mutual comparison of
wild type and knockout cells revealed significantly lower expression profiles in HIF-1α-/- 5+5d

Fig 6. Effect of HIF-1α deficiency on lineage specification of spontaneously differentiating mESC. The
mRNA levels of (A) embryonic stem cell markersNanog and octamer-binding transcription factor 4 (Oct4);
(C) ectodermmarker orthodenticle homolog 2 (Otx2); (E) mesodermmarker Brachyury; and (G) endoderm
marker hepatic nuclear factor 4 α (HNF4α) were evaluated in wild type and HIF-1α deficient cells during the
early stage of differentiation (mESC, 2d, 5d) using real-time quantitative PCR analysis. Data are presented as
means ± SEM from at least 3 independent experiments; *** p < 0.001 (HIF-1α+/+ vs. HIF-1α-/- cells); #
p < 0.05, ## p < 0.01 (compared to parental mESC). The protein levels of (B) Oct4, (D) FORSE-1, (F)
Brachyury and (H) Forkhead Box A2 (FOXA2) were determined by western blot analysis in the cells derived
from wild type and HIF-1α deficient mESC and normalized to the vinculin signal. The densitometric analysis
was performed on the basic of 3 independent experiments and data are presented as means ± SEM, *
p < 0.05 (HIF-1α+/+ vs. HIF-1α-/- cells); # p < 0.05, ## p < 0.01 (compared to parental mESC).

doi:10.1371/journal.pone.0158358.g006
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(Flk1 and VE-cad) and in 5+10d (Tie2, Flk1, VE-cad and αSMA) cells. Further, the protein level
of cell specific markers became significant on 5+5d (αSMA in both cell lines) and on 5+10d
(VE-cadherin in HIF-1α+/+ mESC-CMs) (Fig 7B and 7D). Moreover, the level of VE-cadherin
was significantly enhanced in wild type mESC-CMs on 5+10d compared to their knockout
counterpart.

Discussion
In this study, we demonstrated the importance of HIF-1α deletion for the spontaneous cardiac
differentiation of mESC in vitro. Our data provide significant evidence that HIF-1α deletion
negatively modulates both the quality and quantity of newly-formed and partially-differenti-
ated mESC-CMs, as revealed by the attenuated expression profiles of cardiac specific markers
in HIF-1α-/- cells (Nkx2.5, Actn2,Myh6,Myh7, MHCα/β, cTnT) and by the lower percentage
of HIF1α-/- cells positive for specific cardiac markers (cTnT, MHCα/β). Furthermore, our data
suggest the significant negative impact of HIF-1α deletion on the formation of endoderm,
which participates in the signalization required for cardiomyocyte differentiation.

We carefully considered our own previously published protocols for mESC differentiation
and also the protocols established by others [16, 19, 24] and employed an in vitro EB-based cel-
lular model to investigate the effect of HIF-1α deficiency on spontaneous cardiomyogenesis
(for a detailed scheme of the differentiation protocol, see Fig 1 and the Materials and methods
section). Interestingly, we demonstrated that EB formation itself is associated with the natural
stabilization of both HIF-1α and HIF-2α proteins and with the potentiation of HIF-related
transcriptional activity (Glut1, Vegf). To our knowledge, this is the first time that the

Fig 7. Effect of HIF-1α deficiency on cellular fate of spontaneously differentiating mESC. The gene
expression profiles of (A) endothelial differentiation markers and (C) smooth muscle marker were analyzed
during the differentiation process of wild type and HIF-1α deficient cells. The mRNA levels of (A) TEK tyrosine
kinase (Tie2), VE-cadherin (VE-cad) and Fetal Liver Kinase 1 (Flk1) and (C) alpha smooth muscle actin
(αSMA) were measured by real-time quantitative PCR analysis. Data are presented as means ± SEM from at
least 5 independent experiments; * p < 0.05, ** p < 0.01, *** p < 0.001 (HIF-1α+/+ vs. HIF-1α-/- cells); #
p < 0.05, ## p < 0.01, ### p < 0.001 (compared to parental mESC). The protein levels of (B) VE-cadherin and
(D) αSMA were determined by western blot analysis in the cells derived from wild type and HIF-1α deficient
mESC and normalized to the vinculin signal. The densitometric analysis was performed on the basic of 3
independent experiments and data are presented as means ± SEM, *** p < 0.001 (HIF-1α+/+ vs. HIF-1α-/-

cells); # p < 0.05, ## p < 0.01 (compared to parental mESC).

doi:10.1371/journal.pone.0158358.g007
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stabilization of both transcription factors in similar time frames has been demonstrated. More-
over, our data show similar profiles for HIF-2α protein stabilization during the differentiation
of both HIF-1α+/+ and HIF-1α-/- cells and, therefore, strongly suggest the particular lack of
dependence of HIF-2α accumulation and its function on HIF-1α presence. Our results are con-
sistent with the observations published byWartenberg et al., who showed the transient up-reg-
ulation of HIF-1α in growing EBs up to the eighth day of differentiation [25]. In contrast, Qi
et al. observed only HIF-2α stabilization [26].

It was previously shown, that the deletion of HIF-1α in ventricular cardiomyocytes led to
several cardiac-specific developmental and morphological defects [2, 14]. On the other hand,
the ectopic expression of HIF-1α protein was previously shown to promote the differentiation
and maturation of cardiac cells derived from mESC (Ng, 2010). In accordance with these find-
ings, our data show the deleterious effect of HIF-1α absence on spontaneous in vitro cardio-
myogenesis. Further, we show for the first time that HIF-1α is associated with structural
changes, which are reflected in the altered localization pattern of MHCα/β, essential compo-
nents of the cardiomyocyte contractile apparatus, and in a reduction in the numbers and
degree of organization of myofibrils. Moreover, we also show here for the first time that the
presence of the HIF-1α protein is not essential for the occurrence of beating cardiomyocytes.
Interestingly, the frequency of beating seems to be HIF-1α independent. However, in contrast
to HIF-1α wild type cells, the duration of contraction in HIF-1α-/- mESC-CMs does not accel-
erate during the late phase of differentiation. These results support our previous observation
showing a decrease in the maturation status of HIF-1α-/- mESC-CMs compared to their wild
type counterpart. This is in complete agreement with the in vivo results [14]. However, it is par-
tially in contrast with the in vitro study published by Ateghang at al. [27], who showed the
complete absence of beating cardiomyocytes in 11-day-old EBs differentiated from HIF-1α-/-

mESC. This inconsistency could be partially explained by the differences in mESC differentia-
tion protocols and thus by the discrepancy in the maturation status of the analyzed
mESC-CMs. Nevertheless, previously published studies and our data enable us to suggest that
HIF-1α is one of the key factors regulating the differentiation and maturation of mESC-CMs
[12, 28].

Heart development is further characterized by the progressive metabolic shift of cardiac
cells from fetal to adult gene programming [29]. While the fetal phenotype is characterized by
high regenerative capacity, anaerobic glycolysis, and the predominant expression ofMyh7, the
adult phenotype is associated with extremely limited cardiomyocyte renewal, oxidative phos-
phorylation, and the predominant expression ofMyh6 [30, 31]. Therefore, our observations
that mESC-CMs are specified by the predominant expression ofMyh7, by the presence of non-
fully maturated myofibrils (premyofibrils or nascent myofibrils) [32], and by the high potential
of cells to differentiate preferentially into atrial-like cardiomyocytes are of particular impor-
tance. Furthermore, these phenomena are promoted by HIF-1α deficiency. Taking all these
results into consideration, we can conclude that our data strongly indicate the non-fully matu-
rated state of both wild type and HIF-1α-deficient mESC-CMs, which exhibit features similar
to those of fetal cardiomyocytes. Moreover, besides the characterization of cardiomyocytes on
the basis of their maturation and metabolic status, the expression profiles of markers suitable
for distinguishing between atrial-like and ventricular-like cardiomyocytes were also evaluated,
since this knowledge can provide us with further insights into the functional fate of mESC-
derived cardiac-like cells [23]. We demonstrated a lower ratio of ventricular-specific Myl2
mESC-CMs to cells positive for atrial-specific Myl7 in HIF-1α+/+ compared to HIF-1α-/- cells.
This finding tempts us to speculate, that besides having a general impact on the formation and
maturation of mES-CMs, HIF1α protein might also modulate the atrial/ventricular fate of car-
diac-like cells and thus their functional properties [33].
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Spontaneous cardiomyogenesis via EBs is associated not only with the formation of other
cell types of mesodermal origin including fibroblast, endothelial, and smooth muscle cells, but
also with the early formation of endoderm and ectoderm layers [34, 35]. Recent publications
have provide clear evidence that specific endoderm signalization is required for cardiomyo-
genic cell fate [35–38]. The role of essential cardiomyogenic factor BMP2, which is specifically
secreted by the visceral endoderm, has been documented in depth [35, 36, 39]. Importantly,
our data clearly demonstrate that HIF-1α deletion has a negative effect on the endoderm for-
mation, which is probably closely related with the decrease of cardiomyogenesis in vitro. How-
ever, the further study is required. Furthermore, based on the expression profiles of
differentiated mESC, our study brings new important evidence, that HIF-1α-deficient cells do
not prefer differentiation to other cell types of a mesoderm origin. Interestingly, both the devel-
opment and maturation of cardiomyocytes was previously described to be essentially depen-
dent on the establishment of intercellular endothelial-cardiomyocyte interactions [40]. The
observation that HIF-1α deficiency negatively regulates also the gene expressions of endothelial
cell markers (Flk1, Tie2, VE-cadherin) as well as the protein levels of VE-cadherin is therefore
of particular interest and, together with our data presented above, point to the complex impor-
tance of HIF-1α for cardiac cell development.

In conclusion, this study presents the first evidence of the role of HIF-1α in the differentia-
tion and maturation of mESC-derived CMs in vitro (Fig 8). HIF-1α deficiency negatively
affects the differentiation and maturation of cardiac-like cells, as well as the percentage of these
newly formed cells. Interestingly, this phenomenon is further associated with the reduced for-
mation of endoderm. These results may provide a novel perspective on cardiac differentiation
and offer a useful means of studying cardiac regeneration induced by various pathophysiologi-
cal conditions associated, for example, with hypoxic stress.

Fig 8. Scheme indicating the possible role of HIF-1α in the regulation of cardiomyogenesis in vitro.
For more details see discussion.

doi:10.1371/journal.pone.0158358.g008
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Supporting Information
S1 Fig. The protein levels of HIF-1α. The representative western blot analysis of the protein
levels of HIF-1α protein in wild type and HIF-1α deficient mESC during the early phase of dif-
ferentiation. The protein levels of the vinculin is shown.
(PDF)

S2 Fig. The representative figures showing the analysis performed by the CBAnalyser.
(PDF)

S3 Fig. The protein levels of α-actinin. The protein levels of α-actinin were evaluated in wild
type and HIF-1α deficient cells by western blot and normalized to the vinculin signal. Data are
presented as means ± SEM. The densitometric analysis is representative of 3 independent
experiments.
(PDF)

S4 Fig. The ratio of cells positive for ventricular-specific myosin light chain 2 (Myl2) to
cells positive for atrial-specific myosin light chain 7 (Myl7). The ratio of cells positive for
Myl2 to cells positive for Myl7 that was determined by flow cytometric analysis. Data are pre-
sented as means ± SEM from at least 3 independent experiments.
(PDF)

S1 Mov. Representative video documenting the beating of HIF1alpha+/+ mESC-CMs.
(MOV)

S2 Mov. Representative video documenting the beating of HIF1alpha-/- mESC-CMs.
(MOV)
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