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Abstract: Mature cardiomyocytes (CMs) obtained from human pluripotent stem cells (hPSCs) have
been required for more accurate in vitro modeling of adult-onset cardiac disease and drug discovery.
Here, we found that FGF4 and ascorbic acid (AA) induce differentiation of BG01 human embryonic
stem cell-cardiogenic mesoderm cells (hESC-CMCs) into mature and ventricular CMs. Co-treatment
of BG01 hESC-CMCs with FGF4+AA synergistically induced differentiation into mature and ven-
tricular CMs. FGF4+AA-treated BG01 hESC-CMs robustly released acute myocardial infarction
(AMI) biomarkers (cTnl, CK-MB, and myoglobin) into culture medium in response to hypoxic injury.
Hypoxia-responsive genes and potential cardiac biomarkers proved in the diagnosis and prognosis of
coronary artery diseases were induced in FGF4+AA-treated BG01 hESC-CMs in response to hypoxia
based on transcriptome analyses. This study demonstrates that it is feasible to model hypoxic stress
in vitro using hESC-CMs matured by soluble factors.

Keywords: pluripotent stem cells; cytokines; cardiac; differentiation; hypoxia

1. Introduction

Heart disease and drug developmental studies have benefited from human pluripotent
stem cell-derived cardiomyocytes (hPSC-CMs). However, hPSC-CMs resemble immature
embryonic or fetal CMs rather than mature adult CMs, and therefore have limitations in
disease modeling and pharmacological studies. Furthermore, hPSC-CMs are a mixture of
CMs with atrial-, ventricular-, and nodal-like phenotypes. Therefore, generation of mature
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and subtype CMs from hPSCs is important for in vitro modeling of adult-onset cardiac
disease and drug discovery. However, despite exciting progress, no strategy to date has
yielded both functionally and structurally mature CMs [1].

A small number of chemical cues or soluble factors able to induce differentiation
of hPSCs into mature ventricular CMs have been reported [1]. Thyroid hormone and
glucocorticoids induce the maturation of different PSCs into immature CMs [2-6]. Ascorbic
acid (AA) enhances the cardiac differentiation of PSCs by promoting the proliferation
of cardiac progenitor cells [7]. In addition, small molecules (Wnt signaling inhibitor,
Rho kinase inhibitor) were shown to induce mature ventricular cardiac differentiation of
PSCs [8,9].

Fibroblast growth factors (FGFs), which function as paracrine growth factors or en-
docrine hormones, have diverse functions in development, health, and disease [10]. FGF2
controls the differentiation of resident cardiac precursors into functional CMs in mice [11].
FGF2 and FGF4, when ectopically expressed in chick embryos, can initiate cardiac devel-
opment by inducing host tissues [12]. FGF2 and FGF10 have been shown to stimulate
the cardiac differentiation of cultured stem cells and cardiac reprogramming of cultured
fibroblasts [10]. FGF8, FGF9, FGF10, and FGF16 act as paracrine signals in embryonic heart
development, and in postnatal heart pathophysiology [10]. FGF signaling was shown to
enforce cardiac chamber identity in the developing ventricle in zebrafish [13]. These previ-
ous studies suggest that FGF signaling could regulate CM differentiation and maturation
in a FGF member-specific manner.

Cardiac Troponin I (cTnl) shows both high specificity and high diagnostic accuracy
for acute myocardial infarction (AMI) and remains in the bloodstream for a prolonged time
compared to other cardiac biomarkers [14-16]. Creatine kinase MB (CK-MB) rises in the
serum 4-9 h after myocardial injury, and returns to baseline at 48-72 h [17]. Although cTnl
and CK-MB are cardiac-specific markers, they appear in the peripheral blood stream 3—4 h
after onset [18]. Myoglobin is an early indicator of AMI because it appears 1-3 h after onset.
However, myoglobin is non-specific [19,20]. Thus, multiple cardiac markers are usually
employed at the same time for early and specific detection of AMI onset [20-22].

In this study, we screened various chemicals, cytokines, and growth factors under
a feeder-free culture system and found that FGF4 and AA induced differentiation of
BGO01 human embryonic stem cell-cardiogenic mesoderm cells (hRESC-CMCs) into mature
ventricular CMs at the expense of nodal CMs. We investigated the feasibility of using
FGF4+AA-treated BGO1 hESC-CMs as an in vitro hypoxic stress model by evaluating
the release of AMI-specific biomarkers (cTnl, CK-MB, and myoglobin) into the media by
normoxia or hypoxia-treated hESC-CMs cultured without or with FGF4+AA. Finally, we
investigated whether FGF4+A A-treated BG01 hESC-CMs are suitable for in vitro hypoxic
stress modeling at the molecular level by analyzing the transcriptomes of FGF4+AA-treated
BGO01 hESC-CMs cultured under normoxic or hypoxic environments for 24 h.

2. Materials and Methods
2.1. Culture and Cardiac Differentiation of hESCs

A hESC line, BG01 was obtained from the WiCell Research Institute (Madison, WI,
USA). BG01 hESCs were maintained on Matrigel-coated plates in E8 medium (Thermo
Fisher Scientific, Waltham, MA, USA). For cardiac differentiation, BGO1 hESCs were dissoci-
ated into single cells with Accutase (Sigma-Aldrich, Saint Louis, MO, USA) and then seeded
onto a Matrigel-coated at 32,000 cells/cm? in E8 supplemented with 2 pM Thiazovivin
(Sigma-Aldrich), a Rho kinase inhibitor from day —3 to day 0. At day 0, cells were treated
with 6 uM CHIR99021 (Sigma-Aldrich) in the basal medium RPMI 1640 (Thermo Fisher
Scientific), L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich),
and bovine serum albumin (BSA, Sigma-Aldrich) medium for 1 day. At 2 days, cells were
treated with 2 uM IWP2 (Tocris Bioscience, Ellisville, MO, USA) in RPMI 1640 + B27 minus
insulin (RPMI/B27-Insulin) medium for 48 h. Cells were treated with 10 ng/mL FGF2
(Peprotech, Rocky Hill, NJ, USA), 5, 10, 25, 50, and 100 ng/mL FGF4 (Sigma-Aldrich),
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10 ng/mL FGF10 (Peprotech), 200 ug/mL AA, or 10 ng/mL FGF4 + 200 pg/mL AA
(FGF4+AA) in RPMI/B27-Insulin medium from day 5 to day 15.

2.2. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cells with TRIzol (MRC Inc. Cincinnati, OH, USA)
according to the manufacturer’s protocol. The concentration of total RNA was measured
using a NanoDrop spectrophotometer (Thermo Fisher Scientific), and 500 ng of total RNA
was used for complementary DNA synthesis by supplementation with M-MLV reverse
transcriptase (Invitrogen, Seoul, Korea) at 37 °C for 50 min in a 20 pL volume. qRT-PCR was
performed using SYBR Green Mixture (Bio-Rad Laboratories, Hercules, CA, USA), and the
results were recorded using an MYiQ2 Detection System (Bio-Rad Laboratories, Hercules,
CA, USA). The relative gene expression levels were quantified based on Ct and normalized
to the reference gene, GAPDH or 3-ACTIN. To avoid genomic DNA amplification, intron
spanning primers were designed using the ProbeFinder software (https://lifescience.roche.
com/global_en/articles/Universal-ProbeLibrary-System-Assay-Design.html/, accessed
on 10 October 2021). Primer sequences are listed in Table S1.

2.3. Immunofluorescence Staining

CMs were washed twice with phosphate-buffered saline (PBS) and fixed with 4%
paraformaldehyde dissolved in PBS for 20 min. The fixed cells were permeabilized with
0.1% Triton X-100 in PBS for 30 min, washed in PBS + 0.1% Tween 20 (PBST), and blocked
with 5% normal goat serum (NGS, Thermo Fisher Scientific) in PBST. The cells were stained
with the following primary antibodies: anti-cTnT (Thermo Fisher Scientific), anti-«-actinin
(Sigma-Aldrich), anti-MLC2v (Proteintech, Rosemont, IL, USA), anti-MLC2a (Synaptic
Systems, Goettingen, Germany), and anti-cleaved caspase 3 (Cell Signaling Technology,
Danvers, MA, USA) antibodies at 4 °C overnight in 2% NGS in PBST. The cells were washed
twice in PBST and incubated for 1 h with the following secondary antibodies: Alexa Fluor
488 anti-mouse IgG1, Alexa Fluor 594 goat anti-mouse IgG2b, and Alexa Fluor 594 goat
anti-rabbit IgG (all from Molecular Probes, Eugene, OR, USA). The nuclei were stained with
DAPI, and the stained cells were mounted using a fluorescent mounting solution (DAKO,
Carpinteria, CA, USA). Immunofluorescence images were acquired using a fluorescence
microscope (Olympus-Europa GmbH, Hamburg, Germany) and a confocal fluorescence
microscope (Carl Zeiss, Oberkochen, Germany).

2.4. Beating Analysis Using Captured Movies

Contractile properties of BG01 hESC-CMs were estimated by analyzing the movies
taken with a microscope (Nikon, Tokyo, Japan) at 50 x magnification. Movies were captured
at 50 frames per second and then analyzed by NIS software (Nikon), which counts the
variation in light intensity in a selected region during 10 s. The beating kinetics of each
sample were estimated to identify beating regularity and homogeneity.

2.5. AMI Biomarker Analysis Using In Vitro Hypoxic Model

For hypoxic experiment, BGO1 hESCs were treated without or with FGF4+AA in
RPMI/B27-Insulin medium from day 5 to day 15. After washing with RPMI/B27-Insulin
medium, BG01 hESC-CMs in the hypoxia group were cultured in a humidified incubator
at 37 °C with a gaseous mixture of 2% O, 94% Ny, and 5% CO; from day 15 to day 21.
BGO01 hESC-CMs in the normal group were cultured in the same condition except the O,
concentration was 21%. Cell media were collected on days 11, 13, 15, 17, 19, and 21 of
differentiation. Collected media were centrifuged at 12,000 x g for 5 min. Samples were
kept frozen at —80 °C until analysis. A 1:1 mixture of 50 uL of cell medium with 50 pL
of PBS + 5% BSA was prepared. AMI biomarker measurements were performed using
myoglobin (LSI Medience Corp., Tokyo, Japan), CK-MB (LSI Medience Corp.), and hs-cTnl
reagent (LSI Medience Corp.), on the PATHFAST cardiac biomarker analyzer (LSI Medience
Corp.), in accordance with the manufacturer’s instructions.
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2.6. RNA Sequencing (RNA-Seq) Analyses

Total RNA was extracted from normoxia (21% Oy)- and hypoxia (2% Oy)-treated BG01
hESC-CMs for 24 h after treatment with FGF4+AA between days 5 and 15 of differentiation
with TRIzol reagent. The concentration of total RNA was measured using a NanoDrop
spectrophotometer, RNA quality was assessed using the Agilent 2100 bioanalyzer with the
RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, The Netherlands). For each RNA
sample, the library construction was performed using QuantSeq Library Prep kit (Lexogen,
Inc., Vienna, Austria) according to the manufacturer’s instructions. High-throughput
sequencing was performed using NextSeq. 500 (Illumina, Inc., San Diego, CA, USA). The
whole transcriptomes were compared, and we identified differentially expressed genes
that displayed a greater than 2-fold change in expression under hypoxic condition for 24 h.
Differentially expressed genes were analyzed using the EXDEGA software (EBIOGEN, Inc.,
Seoul, Korea). Gene classification was based on searches performed using the DAVID
(http:/ /david.ncifcrf.gov/, accessed on 10 October 2021), Medline databases (http://
www.ncbinlm.nih.gov/, accessed on 10 October 2021), KEGG pathway (http://www.
genome.jp/kegg/mapper.html/, accessed on 12 October 2021) and STRING (http://www.
string-db.org/, accessed on 10 October 2021). Heat maps of hypoxia-induced genes in
hESC-CMs were performed using software MultiExperiment Viewer (Mev) [23]. Raw
RNA-sequencing data have been deposited in the Gene Expression Omnibus (accession
number GEO: GSE171824).

2.7. Statistical Analysis

All statistical values are expressed as the mean =+ standard deviation (SD). Significant
differences between means were determined by the Student’s t-test or analysis of variance
(ANOVA) followed by the Student-Newman-Keuls test. Statistical significance was set at
p < 0.05. All statistical analyses were performed using SigmaStat3.5 (SPSS, Chicago, IL, USA).

3. Results
3.1. FGF4 and AA Induce Differentiation of BGO1 hESC-CMCs into Mature Ventricular CMs

To find factors that induce cardiac maturation and subtype differentiation of BG01
hESC-CMCs, we developed a cardiac differentiation protocol with Wnt modulation in
modified chemically defined medium consisting of three components (mCDM3) consisting
of RPMI 1640 basal medium, AA, and BSA. To determine whether cardiogenic mesoderm
differentiation was induced, we examined the gene expression patterns of cell lineage mark-
ers in samples collected from days 1-5 of differentiation. Pluripotent markers (POUS5F1,
NANOG) were rapidly downregulated at day 2 with concurrent upregulation of mesendo-
derm markers (T, MIXL1) followed by upregulation of cardiogenic mesoderm markers
(MESP1, VEGFR?2) at day 5 (Figure S1).

Among the selected factors that induce cardiac maturation and subtype differentia-
tion, we further investigated the effects of FGF2, FGF4, FGF10, and AA on morphological
changes and contraction properties after adding these factors at day 5 of differentiation
for an additional 10 days (Figure S2A,B). Beating BG01 hESC-CMs were observed at ap-
proximately day 9 in untreated, FGF2-, FGF4-, FGF10-, and AA-treated groups (Figure S3).
Different morphological changes and contraction properties were observed in a cytokine-
specific manner on days 11-15 (Figure S3; Videos 51-S5). On approximately day 12, beating
CMs begun to aggregate, and thick clump-like structures were present on day 15 in the
FGF4-treated groups compared to the control group (Figure S3; Video S3). AA-treated
hESC-CMs had a relatively flat morphology compared to the control group (Figure S2B;
Video S5). However, morphological changes and beating contractions of hESC-CMs after
FGEF2- or FGF10-treatment were similar to those of the untreated control group (Figure S2B;
Videos S2 and S4).

Next, we examined the effects of FGF2, FGF4, FGF10, and AA on expression levels of
markers of CM maturation, subtypes, and cell lineages by qRT-PCR (Figure S2C). Levels
of CD31, an endothelial cell marker were markedly increased in FGF2-treated hESC-CMs
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compared to untreated hESC-CMs, as were those of ANP, an atrial marker (Figure S2C).
By contrast, expression of nodal CM markers (TBX18, HCN4) and smooth muscle cell
markers (SMA, SM22) was decreased by FGF2 treatment (Figure S2C). FGF4 increased
expression of a total CM marker (cTnT), a mature CM marker (cTnl), a ventricular CM
marker (MLC2v), and atrial CM markers (MLC2a, ANP), whereas it decreased expression
of nodal CM markers (TBX18, HCN4) and smooth muscle cell markers (SMA, SM22)
(Figure S2C). Similarly, AA increased expression of a ventricular CM marker (MLC2v)
and atrial CM markers (MLC2a, ANP), whereas it decreased expression of a nodal CM
marker (TBX18) and smooth muscle cell markers (SMA, SM22) (Figure S2C). FGF10 slightly
increased expression of ANP, TBX18, HCN4, and SM22 (Figure S2C). These results suggest
that maturation and subtype specification of CMs as well as differentiation of smooth
muscle and endothelial cells occurs in a cytokine-specific manner. We selected FGF4 and
AA for further study because FGF4 and AA induced differentiation of BG01 hESC-CMCs
into mature, and ventricular CMs.

FGF4 induced differentiation of hESC-CMCs toward ventricular and atrial CMs in
the concentration range of 5 to 50 ng/mL (Figure S4). FGF4 concentrations between
10-25 ng/mL were more effective at inducing differentiation of hRESC-CMCs into ventricu-
lar and atrial CMs (Figure S4). By contrast, FGF4 inhibited expression of TBX18, a nodal CM
marker, in the concentration range of 5 to 100 ng/mL (Figure S4). Interestingly, significant
reduction of SMA, a smooth muscle cell marker was observed in the FGF4 concentration
range of 5 to 25 ng/mL (Figure S4).

3.2. Co-Treatment of FGF4+AA Synergistically Induces Differentiation of Immature BG01
hESC-CMCs into Mature Ventricular CMs

We then examined if the combination of FGF4 and AA had a synergistic effect on the
maturation and ventricular specification of hESC-CMCs because FGF4 or AA elevated
transcript levels of mature and ventricular CM markers (Figure 1A). Interestingly, co-
treatment of cells with FGF4+AA synergistically increased the expression of the ventricular
CM marker, MLC2v, compared to treatment of cells with FGF4 alone (Figure 1B). FGF4+AA
upregulated expression of MLC2v by as much as 35-fold (Figure 1B). By contrast, FGF4+AA
strongly inhibited expression of nodal CM markers (TBX18, HCN4) and smooth muscle cell
markers (SMA, SM22) compared to FGF4 or AA treatment alone during CM differentiation
(Figure 1B).

We immunostained FGF4- or FG4+A A-treated hESC-CMs for a CM marker (cTnT),
ventricular (MLC2v) and atrial (MLC2a) isoforms of myosin light chain, and «-actinin,
a marker of sarcomeric organization, during cardiac differentiation. FGF4- or FG4+AA-
treated hESC-CMs co-stained for cTnT and MLC2v, whereas untreated hESC-CMs were
negative or weakly positive for MLC2v (Figure 1C). FGF4- or FG4+AA-treated CMs were -
actinin+/MLC2v+, whereas untreated control CMs were x-actinin+/MLC2v- (Figure 1D).
Most ¢cTnT+ CMs were also positive for MLC2a in untreated control, FGF4- or FG4+AA-
treated CMs (Figure 1E).

In FGF4+AA-treated group, beating CMs with thick clump-like structures were ob-
served similar to those of FGF4-treated group (Figure 2). Beating properties of FGF4+AA-
treated CMs were investigated by analyzing movies taken under a microscope on day 15
of differentiation. Representative beating patterns are shown by the real-time images of
beating control CMs and FGF4+AA-treated CMs (Figure 2A,B). Interestingly, untreated
CMs showed a heterogeneous beating rate, whereas FGF4+AA-treated CMs showed a
more synchronous beating rate (Figure 2A,B; Videos S6 and S7). Peak-to-peak duration of
FGF4+AA-treated CMs was significantly homogenous relative to that of the control group
(Figure 2C). This result indicated that FGF4+AA co-treatment synchronized contraction of
BGO01 hESC-CMs, which induced functional maturation of CMs.
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Figure 1. Co-treatment of FGF4+AA enhances differentiation of BG01 hESC-CMCs toward ventricular-like CMs but reduces
differentiation into nodal-like CMs. (A) Schematic diagram of CM subtype differentiation protocol from BG01 hESC
along with Wnt modulation followed by 10 ng/mL FGF4 or 10 ng/mL FGF4 + 200 pg/mL AA between days 5 and 15
of differentiation in mCDM3 and RPMI/B27(-Insulin) media. CHIR: CHIR99021; CM: cardiomyocyte; CMC: cardiogenic
mesoderm cell; mCDM3: modified chemically defined medium consisting of three components. (B) qRT-PCR analysis of
a total CM marker (cTnT), a mature CM marker (cTnl), a ventricular CM marker (MLC2v), atrial CM markers (MLC2a,
ANP), nodal CM markers (TBX18, HCN4), and smooth muscle cell markers (SMA, SM22) in BG01 hESC-CMCs treated
with 10 ng/mL FGF4 or 10 ng/mL FGF4 + 200 pg/mL AA in mCDM3 and RPMI/B27(-Insulin) media at differentiation
day 15. Data were normalized to GAPDH level and expressed as relative values. Values represent means + SDs. n = 3 for
each group. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus controls. Significant differences between the means of untreated-,
FGF4-, and FGF4+AA-treated groups were analyzed by a one-way ANOVA followed by the Student-Newman—Keuls test.
(C-E) Immunofluorescence images of BG01 hESC-CMs at differentiation day 15 after treatment with 10 ng/mL FGF4 or
10 ng/mL FGF4 + 200 ng/mL AA. hESC-CMs were stained with the indicated antibodies. Nuclei were stained with DAPI
(blue). Scale bars = 100 pm.
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Figure 2. Co-treatment of FGF4+AA synchronize contraction of BGO1 hESC-CMs. Beating characteristics at day 15 in
(A) untreated CMs and (B) 10 ng/mL FGF4 + 200 ug/mL AA-treated CMs were assessed by monitoring the light intensity
of the selected regions (yellow circles) of interest over a 10 s period. Scale bars = 100 um. (C) Comparison of peak-to-peak
durations. *** p < 0.001 (n = 63 for control and 80 for FGF4+AA; two-tailed unpaired Student’s t-test).

3.3. AMI Biomarkers Are Released into the Culture Medium of FGF4+AA-Treated BG01
hESC-CMs in Response to Hypoxic Injury

To investigate the feasibility of FGF4+AA-treated BG01 hESC-CMs as an in vitro
hypoxic stress model, we evaluated the release of AMI-specific biomarkers (cTnl, CK-MB,
and myoglobin) by collecting media samples from normoxia (21% O,) or hypoxia (2%
O,)-treated hESC-CMs cultured without or with FGF4+AA. Culture media from hESC-CMs
exposed to normoxia or hypoxia and cultured for 24 h without or with FGF4+AA were
collected on days 11, 13, 15, 17, 19, and 21 of differentiation. AMI specific biomarkers (cTnl,
CK-MB, and myoglobin) were evaluated using PATHFAST (Figure 3A).
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Figure 3. Non-invasive and continuous detection of AMI biomarkers from the culture medium of BG01 hESC-CMs.
(A) Schematic diagram of detection of hypoxia-induced AMI biomarkers using hESCs cultured without or with 10 ng/mL
FGF4 + 200 pg/mL AA between days 5 and 15 of differentiation. Culture media from hESC-CMs grown under normoxic or
hypoxic conditions for 24 h without 10 ng/mL FGF4 + 200 ug/mL AA were collected every 2 days between days 11 and
21 of differentiation. CM: cardiomyocyte; CMC: cardiogenic mesoderm cell. AMI specific biomarkers, cTnl (B), CK-MB
(C), and myoglobin (D) were evaluated using PATHFAST. Values represent means + SDs. * p < 0.05 and ** p < 0.01 versus
normoxia. Two-tailed unpaired Student’s ¢-test.
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cTInl, CK-MB, and myoglobin levels were very low in samples collected on days 11, 13,
and 15 before hypoxic injury in both untreated and FGF4+AA-treated CMs
(Figure 3B-D; Figure S5). Hypoxic treatment triggered a strong increase in cTnl, CK-MB,
and myoglobin expression on days 17, 19, and 21 of differentiation in the FGF4+A A-treated
groups (Figure 3B-D; Figure S5). In FGF4+AA-treated groups, cInl level was sharply in-
creased by 2.71-fold 2 days after hypoxia, and elevated values were maintained at 2.14-fold
at 4 days and 1.86-fold at 6 days after hypoxia compared to the control cells (Figure 3B;
Figure S5A). No significant difference in cTnl levels between normoxia and hypoxia in un-
treated hESC-CMs were found (Figure 3B; Figure S5A). CK-MB levels in FGF4+A A-treated
hESC-CMs were increased by approximately 2.55-fold at 2 days after hypoxia, but returned
to approximately 1.37- and 1.25-fold of control cell levels at day 4 and day 6 after hypoxia
(Figure 3C; Figure S5B). CK-MB levels were slightly increased at 2 and 4 days after hypoxia
in untreated hESC-CMs (Figure 3C; Figure S5B). Myoglobin level was sharply increased
by 5.24-fold at 2 days after hypoxia, and remained elevated at 6.12-fold and 7.4-fold at 4
and 6 days after hypoxia compared to levels in normoxic FGF4+AA-treated hESC-CMs
(Figure 3D; Figure S5C). A slight increase in myoglobin was observed 4 days after hypoxic
injury in untreated hESC-CMs (Figure 3D; Figure S5C). These results showed that only
FGF4+AA-treated BG01 hESC-CMs robustly released AMI biomarkers into culture medium
in response to hypoxic injury, indicating that these cells are appropriate for use as in vitro
hypoxic stress model.

3.4. Levels of AMI Biomarkers Released into Culture Medium Are Correlated with Sequential
Changes in the Contractile Properties of Hypoxia-Exposed BG01 hESC-CMs

We further investigated the relationships between biomarkers (cTnl, CK-MB, and
myoglobin) and contractile properties (beat-rate and peak-to-peak duration) of BG01 hESC-
CMs during hypoxic injury. Interestingly, we found an apparent correlation between
changes in contractile properties and AMI biomarkers (cTnl and CK-MB) during hypoxic
injury (Figures S6 and S7). A strong decrease in beat-rate was observed at 2 days after
exposure to hypoxia, and these effects were accompanied by a marked increase in cTnl and
CK-MB release (Figures S6 and S7). A gradual reduction in cInl and CK-MB release from
days 4 to 6 after hypoxia was positively correlated with changes in contractile properties
(Figures 56 and S7). In addition, peak-to-peak duration of FGF4+AA-treated CMs showed
an inverse correlation with cInl and CK-MB release during hypoxia injury (Figures S6
and S7). Myoglobin level was elevated at day 2 in response to hypoxia, whereas higher
levels were sustained overall during hypoxia treatment (Figures S6 and S7). The correlation
between contractile properties and myoglobin release was less obvious than that between
cInl and CK-MB and hypoxic conditions (Figures S6 and 57).

Next, we evaluated changes in contractile properties (beat-rate and peak-to-peak
duration) of hESC-CMs during hypoxic injury. Beat-rate of FGF4+AA-treated hESC-CMs
was rapidly reduced during the initial 2 days of acute hypoxia, but gradually recovered
over the next 17 days, and returned to normal levels at 25 day (Figure S8A,B). Peak-to-
peak duration of FGF4+AA-treated CMs showed a negative correlation with beat-rate
(Figure S8A,C).

3.5. RNA-Seq Analysis Demonstrated That FGF4+AA-Treated BGO1 hESC-CMs Are a Suitable In
Vitro Hypoxic Stress Model

To investigate whether FGF4+A A-treated BG01 hESC-CMs are suitable an in vitro
hypoxic stress model at the molecular level, we analyzed the transcriptomes of FGF4+AA-
treated hESC-CMs cultured under normoxic (21% O,) or hypoxic (2% O,) conditions
for 24 h (Figure 4A). In total, of 25,737 genes, 4673 differentially expressed genes (2731
upregulated and 1942 downregulated genes) with fold changes greater than 2 were found
using the ExXDEGA program (Figure 4B-D).

We focused on hypoxia-induced genes mimicking the AMI environment in BG01
hESC-CMs exposed to hypoxia using the DAVID, Medline, and KEGG pathway databases.
Differentially expressed genes regulating glycolytic processes, hypoxia-inducible factor 1
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(HIF-1) signaling, oxygen levels, and apoptotic processes in hESC-CMs by culturing under
hypoxia for 24 h were clustered using Euclidean distance correlation and visualized by a

heatmap (Figure 4E-F).
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Figure 4. Transcriptome of FGF4+AA-treated BG01 hESC-CMs showing expression of hypoxia-responsive genes.
(A) Schematic diagram of transcriptome analysis of FGF4+AA-treated hESC-CMs cultured under normoxic (21% O;)
or hypoxic (2% O;) conditions for 24 h. CM: cardiomyocyte; CMC: cardiogenic mesoderm cell. (B) Scatter plot showing
transcript expression in BG01 hESC-CMs cultured under normoxic- or hypoxic conditions for 24 h after treatment with
FGF4+AA between days 5 and 15 of differentiation. (C,D) Gene ontology analysis of differentially expressed genes in
hESC-CMs cultured under hypoxia for 24 h. Clustered heatmaps of differentially expressed genes related to (E) glycolytic
process, HIF-signaling pathway, cellular response to oxygen levels, and response to hypoxia, and (F) apoptotic process, and
regulation of apoptotic process in BG01 hESC-CMs cultured under hypoxia for 24 h (fold change 2; log2 normalized read

counts of 4 were selected).

Genes (ALDOA, ENO1, ENO2, ENO4, HK1, HK2, LDHA, PFKL, PGK1, and PKM)
related to glycolysis, which results in the breakdown of glucose and production of pyru-
vate, were induced in hypoxic hESC-CMs (Figures 4E and 5A; Figure 59). Genes re-
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lated to cellular responses to oxygen levels (AQP1, BNIP3, BNIP3L, CAV1, CCNB]1,
DNMT3B, EGLN1, EGLN3, EPO, ERO1A, FAM162A, FOXO3, NDRG1, P4HB, PDK1, PGK1,
STC1, STC2, and VEGFA) were induced in hESC-CMs cultured under hypoxia for 24 h
(Figures 4E and 5A; Figure S9). In addition, hypoxia-induced genes including HIF-1 sig-
naling pathway genes (CAMK2B, IGF1, INSR, PIK3R3, PRKCG, SLC2A1, and TFRC), and
genes related to response to hypoxia (ADM, ATGPTL4, EDNRA, ENG, ETS1, HSP90B1,
ITGA2, LONP1, MB, PAM, and VCAM) were expressed by hypoxic hRESC-CMs (Figures 4E
and 5A; Figure 59).
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Figure 5. Transcriptome of FGF4+AA-treated BG01 hESC-CMs showing expression of hypoxia-responsive genes. Validation
of hypoxia-responsive genes and potential cardiac biomarkers induced in FGF4+AA-treated hESC-CMs by qRT-PCR
analysis. Protein—protein interaction networks among differentially expressed genes related to (A) glycolytic process, HIF-
signaling pathway, cellular response to oxygen levels, and response to hypoxia, and (B) apoptotic process, and regulation of
apoptotic process in BG01 hESC-CMs. Differentially expressed genes involved in (C) hypoxia-responses, and (D) apoptotic
processes in BGO1 hESC-CMs were evaluated using the same samples as those used for RNA-Seq using qRT-PCR. Data were
normalized to expression of the housekeeping gene 3-ACTIN. Values represent means =+ SDs from triplicate data. Potential
cardiac biomarkers in the diagnosis and prognosis of coronary artery diseases were indicated with red color in (A-D).
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Results from protein—protein interaction analysis illustrated the genes (BIK, BIRC5,
BIRC?, BUB1, BUB1B, CAPN3, CASP6, CASP9, CDK1, CKAP2, CSE1L, CXCR4, DAB2,
DDIT4, DHCR24, GAPDH, HMOX1, MX1, PFKFB3, PPP1R13L, PPP2R2B, PSME3, RORA,
SERPINE1, SIAH2, SLC8A3, STAT1, TPX2, UNC5B, and UNC5C) involved in apoptotic
processes and regulation of apoptotic processes (Figures 4F and 5B; Figure S9).

We also investigated whether hypoxia-responsive genes identified in our in vitro hypoxic
system could function as potential cardiac biomarkers in the diagnosis and prognosis of
coronary artery diseases, including unstable angina and AMI. Indeed, we found that BIRCS5,
ENG, HMOX1, STC1, STC2, SERPINE], and VEGF induced in response to hypoxia in this
study have been reported as potential cardiac biomarkers in clinical studies (Figure 5).

RNA-Seq data were validated by qRT-PCR analysis by evaluating the expression
of selected hypoxia-induced genes regulating glycolytic processes, oxygen levels, HIF-1
signaling, and selected apoptotic genes (Figure 5C,D). qRT-PCR analysis showed that the
selected genes were upregulated or downregulated in hESC-CMs exposed to hypoxia
in a similar manner as to what we observed with RNA-Seq analysis, thus validating
the RNA-Seq data (Figure S10). We also found that expression of an apoptotic marker,
cleaved caspase 3, was increased and plasma membrane damage was observed in hypoxia-
treated hESC-CMs (Figure S11). Taken together, hypoxia treatment of FGF4+A A-treated
hESC-CMs modulated the induction of genes associated with hypoxia-induced cellular
responses including potential cardiac biomarkers, demonstrating that FGF4+AA-treated
BGO01 hESC-CMs are a feasible in vitro hypoxic stress model at the molecular level.

4. Discussion

Here, we demonstrated for the first time that FGF4 and AA induce differentiation of
BG01 hESC-CMCs into mature ventricular CMs at the expense of nodal CMs via screening
of soluble factors in a feeder-free culture system. Interestingly, FGF4+AA co-treatment
synergistically induced differentiation of BG01 hESC-CMCs into mature ventricular CMs
with synchronized contraction. Moreover, FGF4+AA-treated BG01 hESC-CMs robustly
released AMI biomarkers (cTnl, CK-MB, and myoglobin) into culture medium in response
to hypoxic injury. Hypoxia-responsive genes related to cellular responses to oxygen levels,
HIF-1 signaling, glycolytic processes, apoptotic processes, and regulation of cell death
were induced in FGF4+AA-treated BG01 hESC-CMs in response to hypoxia based on
transcriptome analysis. This study demonstrated the feasibility of in vitro hypoxic stress
modeling using hESC-CMs.

In this study, we identified that FGF4 or FGF+AA can induce differentiation of BG01
hESC-CMCs into mature ventricular CMs at the expense of nodal CMs (Figure 1B; Fig-
ures S2C and S4B). By contrast, FGF2 markedly induced differentiation into the endothelial
cell lineage, whereas FGF10 slightly increased expression of ANP, TBX18, HCN4, and SM22
in BGO1 hESCs (Figure S2C). FGF2 plays roles in self-renewal, survival, and adhesion
of hPSCs, and maintains undifferentiated growth of hPSCs in feeder-free conditions in
mTesrl or E8 medium [24,25]. In addition to its proliferative effects on undifferentiated
hPSCs, FGF2 could be used to facilitate endothelial differentiation of hPSC-derived CMCs.
FGF2 also controls the differentiation of resident cardiac precursors into functional CMs
in mice [11]. FGF10 stimulates cardiac differentiation of cultured stem cells [11]. These
findings suggest that FGF members modulate lineage specification of hESC-derived CMCs
in a FGF member-specific manner.

Although the mechanistic action of FGF4, AA, and FGF4+AA on CM maturation and
ventricular CM specification should be determined in future studies, we demonstrated here
that FGF4 or AA can induce differentiaton of hESC-CMCs into mature ventricular CMs
at the expense of nodal CMs. However, CM maturation and ventricular CM specification
in hESC-CMCs treated with FGF4, AA, and FGF4+AA for 10 days was still partial and
incomplete compared to adult ventricular CMs. Therefore, longer culture times or a
combinatorial approach including soluble factors, extracellular matrix components, and
mechanical forces may be required for further maturation and ventricular CM specification.



Cells 2021, 10, 2741

13 of 16

PATHFAST cTnl-1l is a Food and Drug Administration (FDA)-cleared high sensitivity
point-of-care troponin assay that has demonstrated similar diagnostic performance for
myocardial infarction against a central laboratory high sensitivity assay [16,26,27]. We
found correlation coefficients of > 0.98 between the PATHFAST system and an immuno-
membrane strip devised to simultaneously measure cTnl, CK-MB, and myoglobin from
positive serum [28]. Indeed, we were able to detect AMI biomarkers released into culture
medium in response to hypoxic injury using the PATHFAST cardiac biomarker system.

In this study, we found that genes related to cellular responses to glycolytic processes,
oxygen levels, HIF-1 signaling, and apoptotic processes were induced in hESC-CMs cul-
tured under hypoxia for 24 h (Figures 3 and 4; Figure S5). These genes have been previously
identified as hypoxia-responsive genes in other cell types including hypoxic CMs as well
as animal model of myocardial ischemia and infarction.

Among hypoxia-responsive genes identified in our in vitro hypoxic system, we also
found potential cardiac biomarkers (BIRC5, ENG, HMOX1, VEGF, STC1, STC2, and SER-
PINE1) which they may have potential clinical value in the diagnosis and prognosis of
coronary artery diseases (Figure 4). BIRC5 level was higher in deceased patients, and it
increased prediction performance when used together with high sensitivity C-reactive
protein (hs-CRP) and heart-type fatty acid binding protein, suggesting that BIRC5 is a
potential cardiac biomarker [29,30]. A decrease in ENG level predicted overall cardio-
vascular mortality in AMI patients [31]. Plasma HMOX1 levels were associated with the
severity of coronary heart disease, which was the highest in patients with AMI, followed
by unstable angina pectoris and finally stable angina pectoris [32]. Serum VEGEF levels on
admission in patients with AMI were higher than those in controls and peaked on day
7, and were also higher than in patients with preinfarction angina versus those with no
preinfarction angina [33]. STC1 was found to be differentially expressed in culprit coronary
plaques of patients with AMI versus those with stable angina [34], and STC2 was shown
to be an independent predictor of all-cause death and readmission due to heart failure in
ST-segment elevation myocardial infarction [35]. Plasma SERPINE1 levels were elevated in
patients with cardiovascular risk factors, and the performance of plasma SERPINE1 was
consistent with biomarkers in clinical use (N-terminal pro-B-type natriuretic peptide and
CRP) [36].

In this study, we developed a FGF4+A A-based protocol to induce differentiation of
hESC-CMCs into mature ventricular CMs in a feeder-free culture system. In response
to hypoxic injury, AMI biomarkers are robustly released into the culture medium, and
hypoxia-response genes and potential AMI biomarkers are identified in mature ventricular
hESCs-CMs via transcriptome analyses, demonstrating that FGF4+AA-treated hESC-CMs
are a feasible in vitro hypoxic stress model.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cells10102741/s1, Figure S1: Temporal expression patterns of cell lineage markers during
cardiogenic mesoderm differentiation of BGO1 hESCs, Figure S2: FGF4 and AA enhance gene
expression of mature, ventricular, and atrial CM subtype markers, but reduce gene expression of
nodal CM and smooth muscle cell markers in BG01 hESC-CMCs, Figure S3: Sequential morphological
changes during cardiac differentiation of BGO1 hESC-CMCs, Figure S4: Effective FGF4 concentrations
at inducing differentiation of BG01 hESC-CMCs into ventricular and atrial CMs, Figure S5: Non-
invasive and continuous detection of AMI biomarkers from the culture medium of hESC-CMs,
Figure S6: Relationship between AMI biomarkers and contractile properties of BG01 hESC-CMs,
Figure S7: Relationship between AMI biomarkers and contractile properties of BG01 hESC-CMs,
Figure S8: Sequential changes in the beating properties of BG01 hESC-CMs exposed to hypoxia,
Figure S9: Protein-protein interaction networks among differentially expressed genes in hypoxia-
induced BG01 hESC-CMs, Figure S10: Validation of differentially expressed genes in hypoxia-induced
BGO01 hESC-CMs with qRT-PCR, Figure S11: Expression of an apoptotic marker, cleaved caspase 3
(C-cas3), was increased in hypoxia-treated BG01 hESC-CMs, Table S1: Primers used for qRT-PCR,
Video S1: BG01 hESC-CMs (control) untreated between days 5 and 15 of differentiation in mCDM3
and RPMI/B27(-Insulin) media, Video S2: BG01 hESC-CMs treated with FGF2 between days 5 and 15
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of differentiation in mCDM3 and RPMI/B27(-Insulin) media, Video S3: BG01 hESC-CMs treated with
FGF4 between days 5 and 15 of differentiation in mCDM3 and RPMI/B27(-Insulin) media, Video
S4: BG01 hESC-CMs treated with FGF10 between days 5 and 15 of differentiation in mCDM3 and
RPMI/B27(-Insulin) media, Video S5: BG01 hESC-CMs treated with AA between days 5 and 15
of differentiation in mCDM3 and RPMI/B27(-Insulin) media, Video S6: BG01 hESC-CMs (control)
untreated between days 5 and 15 of differentiation in mCDM3 and RPMI/B27(-Insulin) media, Video
S7: BGO1 hESC-CMs treated with FGF4+AA between days 5 and 15 of differentiation in mCDM3 and
RPMI/B27(-Insulin) media.
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