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Abstract

Immature phenotypes of cardiomyocytes derived from human induced pluripotent stem cells
(hiPSC-CMs) limit the utility of these cells in clinical application and basic research. During
cardiac development, postnatal cardiomyocytes experience high oxygen tension along with a
concomitant downregulation of hypoxia-inducible factor 1a (HIF-1a), leading to increased fatty
acid oxidation (FAO). We hypothesized that targeting HIF-1a alone or in combination with other
metabolic regulators could promote the metabolic maturation of hiPSC-CMs. We examined the
effect of HIF-1a inhibition on the maturation of hiPSC-CMs and investigated a multipronged
approach to promote hiPSC-CM maturation by combining HIF-1a inhibition with molecules that
target key pathways involved in the energy metabolism. Cardiac spheres of highly-enriched
hiPSC-CMs were treated with a HIF-1a inhibitor alone or in combination with an agonist of
peroxisome proliferator activated receptor a (PPARa) and three postnatal factors
(triiodothyronine hormone T3, insulin-like growth factor-1 and dexamethasone). HIF-1a
inhibition significantly increased FAO and basal and maximal respiration of hiPSC-CMs.
Combining HIF-1a inhibition with PPARa activation and the postnatal factors further increased
FAO and improved mitochondrial maturation in hiPSC-CMs. Compared with mock-treated
cultures, the cultures treated with the five factors had increased mitochondrial content and
contained more cells with mitochondrial distribution throughout the cells, which are features of
more mature cardiomyocytes. Consistent with these observations, a number of transcriptional
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regulators of mitochondrial metabolic processes were upregulated in hiPSC-CMs treated with the
five factors. Furthermore, these cells had significantly increased Ca2* transient kinetics and
contraction and relaxation velocities, which are functional features for more mature
cardiomyocytes. Therefore, targeting HIF-1a in combination with other metabolic regulators
significantly improves the metabolic maturation of hiPSC-CMs.
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1. Introduction

The ability to derive cardiomyocytes from human induced pluripotent stem cells (hiPSC-
CMs) holds great potential for clinical application, disease modeling and drug discovery for
cardiovascular diseases. However, these hiPSC-CMs structurally and functionally resemble
cardiomyocytes at an early fetal stage and remain immature [1]. Thus, there are serious
caveats to their use in modeling adult-onset diseases and other applications. Multiple
approaches have been used to improve hiPSC-CM maturity [2—7], including three-
dimensional (3D) tissue engineering, long-term culture, modulation of substrate stiffness,
mechanical stress, and electric stimulation. However, metabolic regulation in hiPSC-CMs
remains to be further elucidated.

The human adult heart requires a high metabolic demand compared to other organs in the
body and the energy metabolism and bioenergetics are crucial factors for maintaining its
normal function. A transition in energy metabolism is implicated in cardiomyocyte
development and differentiation. Fetal cardiomyocytes reside in a hypoxic environment and
rely mainly on glycolysis to generate ATP, whereas adult cardiomyocytes depend mostly on
mitochondrial oxidative phosphorylation (fatty acid oxidation—FAOQ) for energy production
[8]. Thus, targeting cardiac energy metabolism could be a promising strategy to promote
cardiomyocyte maturation.

The cardiac energy metabolism is regulated by several molecular pathways during cardiac
development. The hypoxia-inducible factor 1a. (HIF-1a) is a key regulator of genes
associated with glycolysis in fetal cardiomyocytes [8]. After the transition from fetal to
postnatal life, HIF-1a signaling decreases while the peroxisome proliferator activated
receptor a (PPARa), an activator of fatty acid oxidation, increases as cardiomyocytes
mature [8, 9]. Previous research has shown that treatment of neonatal rat cardiomyocytes
with fatty acids and the PPARa agonist, WY-14643 (WY), increased the expression of
enzymes involved in FAO [10]. The activation of PPARa has also been demonstrated to be a
key regulator of cardiac metabolism and maturation [11].

Additionally, there are rapid increases in the levels of hormones shortly after birth, including
glucocorticoid [12] and thyroid hormone T3 (tri-iodo-L-thyronine) [13], which play a role in
increasing cardiac mitochondrial function to meet the need for FAO. Growth factors such as
the insulin-like growth factor 1 (IGF-1) are also present in the developing heart to support
the growth and metabolism of myocardial cells [14].
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Using factors that are present during postnatal heart development is an attractive approach to
promote cardiomyocyte maturation. For example, glucocorticoid promoted structural
maturation and increased mitochondrial respiration in primary mouse fetal cardiomyocytes
[15], and T3 promoted the maturation of fetal sheep cardiomyocytes [16] and hiPSC-CMs
[17]. T3, together with IGF-1 and dexamethasone together (TID), also improved
bioenergetics and electrophysiology of hiPSC-CMs [18]. The roles of postnatal factors such
as TID in combination with 3D tissue engineering and other metabolic regulators in hiPSC-
CM maturation have not been explored.

In this study, we investigated whether inhibiting the HIF-1a pathway can enhance FAO in
hiPSC-CMs and improve the maturation of hiPSC-CMs in 3D culture. Additionally, we
assessed whether a simultaneous inhibition of HIF-1a and activation of PPARa with the
postnatal factors TID have a synergistic effect on improving the metabolic maturation of
hiPSC-CMs.

2. Materials and Methods

2.1. Human induced piuripotent stem cell culture and cardiac differentiation

Undifferentiated IMR-90 hiPSCs (WiCell, Madison, WI) were maintained on Matrigel (BD
Biosciences, San Jose, CA)-coated 100 mm dishes in a feeder-free culture condition [19].
For cardiac differentiation, hiPSCs at ~80% confluence were dissociated using Versene/
EDTA (Thermo Fischer Scientific, Waltham, MA), plated onto Matrigel-coated 12-well
plates at a density of 4 x 10° cells/well and cultured for two days. The cells were then
treated with 100 ng/mL recombinant human activin A (R&D Systems, Minneapolis, MN) on
days 0 to 1 and 10 ng/mL recombinant human bone morphogenic protein-4 (BMP4; R&D
Systems, Minneapolis, MN) on days 1 to 4 in RPMI medium with 2% B27 insulin-free
(Thermo Fischer Scientific, Waltham, MA). At day 4 of cardiac differentiation, cells were
dissociated using 0.25% trypsin/EDTA (Thermo Fischer Scientific, Waltham, MA) and
seeded into AggreWell 400 plates (Stem Cell Technologies, Vancouver, Canada) at 1,500
cells/microwell in RPMI+B27 medium with insulin (Thermo Fischer Scientific, Waltham,
MA\) [20]. The medium was supplemented with 10 uM Rock inhibitor Y-27632 (Stemgent,
Cambridge, MA) to facilitate cell survival [21, 22]. After 24 h, cardiac spheres were
transferred to suspension culture without Rock inhibitor and maintained for additional 15
days in RPMI medium with 2% B27 with insulin. Medium replacement was performed on
alternate days.

2.2. Maturation factors

The following compounds—FM19G11 (FM), WY-14643 (WY), tri-iodo-L-thyronine (T3),
insulin-like growth factor-l (IGF-1) and dexamethasone —were obtained from Sigma-
Aldrich (St. Louis, MO) and were reconstituted according to manufacturer’s instructions.
FM has been previously characterized as a novel chemical entity that inhibits HIF-1a in
various tumor cell lines as well as rodent and human stem cells [23].
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2.3. Treatments of hiPSC-CMs with maturation factors

For initial compound screening (Supplementary Figure 1), cardiomyocyte differentiation
cultures were dissociated using 0.25% trypsin/EDTA and replated onto 12-well plates at a
density of 1.3 x 10° cells/well. Cells at differentiation day 28 were treated with the
following compounds in the cardiomyocyte maturation medium on alternate days for 5 days:
(1) vehicle control (DMSO, 1:1000 dilution, D2438, Sigma-Aldrich, St. Louis, MO); (2)
HIF-1a inhibitor, 0.5 uM FM; (3) 1 uM FM; (4) PPARa agonist, 50 uM WY; (5) 100 uM
WY. The cardiomyocyte maturation medium contained DMEM, 10% fetal bovine serum, 2
mM L-glutamine, 1% penicillin-streptomycin, 0.1 mM non-essential amino acids and 0.2
mM oleic acid (Sigma-Aldrich, St. Louis, MO).

For subsequent experiments described in Methods 2.4 to 2.12, cardiac spheres were treated
for 7 days with maturation factors or DMSO and cardiac spheres at day 28 were used. We
examined the effect of maturation treatments on cardiac spheres since 3D culture can
improve structural maturation of cardiomyocytes [19]. The RPMI+B27 medium containing
insulin was replaced with the cardiomyocyte maturation medium at day 21 of cardiac
differentiation. Cardiac spheres were then treated with the following molecules in the
cardiomyocyte maturation medium on alternate days for 7 days: (1) vehicle (DMSQO, 1:1000
dilution) control; (2) 1 uM FM; (3) 100 uM WY; (4) TID (100 nM T3 + 100 ng/mL IGF-1
+ 1uM dexamethasone); (5) 1 UM FM + 100 uM WY + TID.

2.4. Immunocytochemical analysis and high-content imaging analysis

Following the treatment with maturation factors or DMSO control for 7 days, cardiac
spheres at differentiation day 28 were dissociated, re-plated onto Matrigel-coated 48-well
plates and cultured for one additional day before fixation. Cells were then washed with PBS,
fixed in 4% paraformaldehyde for 15 min and permeabilized in cold ethanol for 2 min at
room temperature. Cells were washed twice with PBS and blocked in PBS containing 20%
normal goat serum (Invitrogen, Carlsbad, CA) for 1-2 h prior to the incubation with primary
antibodies (Supplementary Table 1) overnight at 4°C. Cells were washed twice and
incubated with corresponding conjugated secondary antibodies (Supplementary Table 1) for
45 min at room temperature in the dark. Cells were then washed twice again and nuclei were
stained with Hoechst 33342 (1 pg/mL, Thermo Fisher Scientific, Waltham, MA) for 10
minutes. Imaging was performed using Axio Vert.Al inverted microscope (Zeiss,
Oberkochen, Germany). For quantitative analysis of NKX-2-5 and MLC2V, images were
acquired and analyzed by high-content imaging using ArrayScan as described in
Supplemental Information.

2.5. Seahorse XF24 metabolic flux analysis

The oxygen consumption rate (OCR) was determined using the Seahorse XF24 Extracellular
Flux Analyzer (Agilent Technologies, Santa Clara, CA). Following the treatment with
maturation factors or DMSO control for 7 days, cardiac spheres at differentiation day 28
were dissociated into single cells using 0.25% trypsin/EDTA. Cells were subsequently
plated onto a Matrigel (1:50) precoated Seahorse XF-24 cell culture plate (Agilent
Technologies, Santa Clara, CA) at a density of 2.5 x 10° cells/well in maturation medium
supplemented with 10 uM Rock inhibitor Y-27632. At this concentration, the Rock inhibitor
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had been shown to facilitate cell survival [21, 22]. After 24 h, the Rock inhibitor-containing
maturation medium was replaced with maturation medium alone. Cells were then
maintained in maturation medium for 3 additional days to allow them to recover before the
Seahorse assay.

One hour before the assay, the cells were washed once with XF assay medium (unbuffered
DMEM + 5 mM glucose + 2 mM L-glutamine + 0.5 mM sodium pyruvate) and incubated in
525 pL base medium at 37°C in a non-CO5, incubator. The degree of FAO was analyzed as
previously described [21]. Briefly, cells were treated with 100 uM etomoxir (ETO, a specific
CPT-1 inhibitor, Sigma-Aldrich, St. Louis, MO) during real-time recording of OCR. The
levels of FAO were then calculated based on the difference in absolute OCR before and after
the addition of ETO. The oxidation of non-fatty acid substrates was calculated based on
absolute OCR after the addition of ETO. The results were normalized to the cell number
obtained by trypan blue assay. Measurement of metabolic fluxes has accuracies comparable
to those obtained with the radiometric FAO assays [24].

Mitochondrial function was analyzed using the XF Cell Mito Stress Kit (Agilent
Technologies, Santa Clara, CA). Three mitochondrial inhibitors—oligomycin (2 uM),
carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP, 1 pM) and rotenone (0.5
uM) + antimycin A (0.5 pM)—were diluted in base medium and sequentially added into
each well during the measurements. OCR (pmol/min) and extracellular acidification rate
(ECAR, the H+ production fate, mpH/min) were measured according to the manufacture’s
instruction from Agilent Technologies. The results were normalized to 108 cells as
determined by trypan blue assay.

2.6. Quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis

Total RNA was extracted from hiPSC-CMs using Aurum total RNA mini kit (Bio-Rad
Laboratories, Inc., Hercules, CA) according to manufacturer’s instructions. One ug RNA
sample was used to generate cDNA using the Superscript VILO cDNA synthesis kit
(Thermo Fischer Scientific, Waltham, MA), and reaction mixture was incubated using a
C1000 touch thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA) as follows: 25°C for
10 min, 42°C for 2 h and 25°C for 5 min. The reaction mixture was further diluted to 300 pL
in order to use appropriate amount of cDNA for the subsequent quantitative PCR reaction.
Two pL cDNA was subjected to the quantitative PCR, which was performed in triplicates
using a SYBR Green reaction master mix (Bio-Rad Laboratories, Inc., Hercules, CA). The
MRNA levels were normalized to GAPDH mRNA levels. Primer sequences were obtained
from the NCI/NIH gPrimer Depot (Supplementary Table 2).

2.7. MitoTracker Red flow cytometry and immunostaining

For flow cytometry of the mitochondrial content, we used the fluorescent dye MitoTracker
Red (30 nM, Thermo Fisher Scientific, Waltham, MA) that emits 599 nm light when
accumulated in mitochondria. Following the treatment with maturation factors or DMSO
control for 7 days, cardiac spheres at day 28 were washed with PBS and labeled with 30 nM
MitoTracker Red in maturation medium for 30 mins at 37°C in a 5% CO», incubator. After
washing with PBS, cells were dissociated with 0.25% trypsin/EDTA and fixed in 4%
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paraformaldehyde for 15 min. Cells were then washed twice with PBS and analyzed by BD
FACS Canto Il (BD Biosciences, San Jose, CA). Forward versus side scatter quadrants were
defined and at least 10,000 live cells were acquired.

For immunocytochemistry analysis of the mitochondrial distribution, cardiac spheres at
differentiation day 28 were dissociated using 0.25% trypsin/EDTA, replated onto Matrigel-
coated microscope cover glasses (18 mm, Marienfeld, Germany). Cells were cultured for 3-4
additional days in maturation media to allow cells to completely attach onto the glass
coverslips and recover beating before they were stained with MitoTracker Red (250 nM).
The cells were then fixed, permeabilized with cold ethanol for 2 min at room temperature,
blocked with 20% normal goat serum and co-stained with a-actinin (Supplementary Table
1) overnight at 4°C. Cells were washed twice and incubated with appropriate secondary
antibodies (Supplementary Table 1) for 45 min at room temperature. Cells were washed
twice and nuclei were counterstained with Hoechst 33342 (Thermo Fisher Scientific,
Waltham, MA). Imaging was performed using Axio Vert.Al inverted microscopy (Zeiss,
Oberkochen, Germany).

2.8. Quantification of mitochondrial DNA content

Cardiac spheres at differentiation day 28 were dissociated with 0.25% trypsin/EDTA and
total genomic DNA (gDNA) was isolated using QlAamp DNA Mini Kit (Qiagen, Venlo,
Netherlands), according to the manufacturer’s instructions. Following determination of
genomic DNA (gDNA) concentration using a UV-vis spectrophotometer (NanoDrop,
Thermo Fisher Scientific, Waltham, MA), samples were diluted to yield equal amounts of
gDNA. Real-time PCR amplification was performed in an ABI Prism 7500 Real-Time PCR
System (Applied BioSystems, Foster City, CA) for nuclear genes, succinate dehydrogenase
subunit A [25] (SDHA. Fw- TCTCCAGTGGCCAACAGTGTT: Rw-
GCCCTCTTGTTCCCATCAAC) and lipoprotein lipase [17] (LPL. Fw-
CGAGTCGTCTTTCTCCTGAT, Rw-TTCTGGATTCCAATGCTTCGA), and mitochondrial
genes, NADH dehydrogenase subunit | [17] (MVD1:Fw-CCCTAAAACCCGCCACATCT;
Rw-GAGCGATGGTGAGAGCTAAGGT) and mitochondrial cytochrome oxidase 11[25]
(mt-CO». Fw-CGATCCCTCCCTTAC; Rw-GAGAGGGGAGAGCAAT). The mitochondrial
DNA (mtDNA) was normalized to nuclear DNA (nDNA).

2.9. Calcium imaging

Following the treatment with maturation factors or DMSO control for 7 days, cardiac
spheres at day 28 were dissociated with 0.25% Trypsin/EDTA and replated onto Matrigel
(1:30)-coated 25%25x1 mm glass coverslips. The replated cells were then cultured in
maturation medium supplemented with treatment compounds or DMSO control for an
additional 3-7 days to allow them to completely attach onto the glass coverslips and recover
beating.

For calcium imaging, cells were incubated in 5 pM fluo-4 AM dye (Thermo Fisher
Scientific, Waltham, MA) for 30 minutes at 37°C in maturation medium and washed with
Tyrode’s solution (148 mM NaCl, 4 mM KCI, 0.5 mM MgCl,-6H,0, 0.3 mM
NaPH,04-H,0, 5 mM HEPES, 1.8 mM CaCl,-H,0, and 10 mM D-glucose, pH adjusted to
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7.4 with NaOH). Cells were subsequently transferred to a temperature-controlled
microscope chamber coupled to an inverted laser confocal scanning microscope (Olympus
F\V1000, Olympus, Tokyo, Japan) equipped with FluoView software (Olympus, Tokyo,
Japan). Cells were continuously perfused at 37°C with Tyrode’s solution [26]. The
intracellular calcium fluorescence signals were acquired at 40x magnification when cells
were stimulated at 1 Hz. The recordings were analyzed with ClampFit 10.7 software
(Molecular Devices, San Jose, CA).

2.10. Contractility assay

Cardiac spheres at differentiation day 28 were plated into 6-well plates and were video-
recorded using a Leica DM IRBE inverted microscope (Leica, Germany) equipped with a
controlled CO» and temperature chamber (5% CO,, 37°C). Cells were stimulated at 1 Hz
and recorded at 10x magnification, a frame rate of 80 fps and a resolution of 1024 x 1024
pixels. Movie images were analyzed with MATLAB R2016b software (MathWorks, Natick,
MA), using the open source optical flow software [27].

2.11. RNA-sequencing (RNA-Seq) analysis

Total RNA was extracted from both hiPSC-CMs and tissue samples of left ventricle (LV)
free-wall from a 6.5 months old male using Aurum total RNA mini kit (Bio-Rad
Laboratories, Inc., Hercules, CA) according to manufacturer’s instructions. The LV samples
were discarded tissues obtained with Emory approved IRB from a pediatric patient during
cardiac repair surgery. Library preparation and sequencing were performed at the Parker H.
Petit Institute for Bioengineering and Bioscience at the Georgia Institute of Technology.
RNA quality was assessed on a Bioanalyzer instrument (Agilent Technologies, Santa Clara,
CA) and all samples had RNA integrity number (RIN) = 7. cDNA was derived from RNA,
hybridized and probe intensities were generated on lliumina HumanHT-12 v3 (Iliumina,
Inc., San Diego, CA). RNA sequence reads were aligned to the human reference genome
(GRCh38) [28] using HISAT?2 (hierarchical indexing for spliced alignment of transcripts)
[29], followed by using UCSC reference annotation and HTSeq [30] to estimate gene
abundance. All the downstream analysis were performed in R v3.3.2 [31]. In total, there
were 26,485 genes detected, though only 15,359 genes were retained with count per million
(cpm) greater than 1 in at least 3 samples. The Trimmed Mean of M-value (TMM)
normalization method was applied for the retained genes, followed by log,-tranformed of
the normalized count data, which was used for the downstream analysis. Differentially
expressed genes were detected using edgeR [32], and Gene Ontology (GO) analysis was
completed using ToppGene Suite [33].

2.12. Statistical analysis

The results are presented as the mean + standard error of the mean (SEM). Data were
compared using one-way ANOVA or student’s #-fest (GraphPad) and p values < 0.05 were
considered to be significant.
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3. Results

3.1. Treatment of hiPSC-CMs with a HIF-1a. inhibitor increases expression of genes
involved in FAO

To examine the role of HIF-1a in regulating FAO of hiPSC-CMs, we first evaluated the
effect of HIF-1a inhibition on the expression of genes involved in FAO. hiPSC-CMs at
differentiation day 28 were treated for 5 days with HIF-1a inhibitor FM19G11 at 0.5 and 1
UM, or PPARa agonist WY-14643 at 50 and 100 uM, or DMSO (solvent for the compounds
as a control). PPARa agonist was used as a positive control since it was reported to improve
metabolic maturation of hPSC-CMs [11, 34]. We analyzed the expression of 6 genes to
assess the ability of the HIF-1a inhibition to modulate FAO including (1) ACADVL (Acyl-
coA dehydrogenase, very long chain) which catalyzes the first step of the FAO pathway, (2)
CPT1B (carnitine palmitoyltransferase 1B) which transports fatty acids from the cytoplasm
into the mitochondria, (3) FABP2 (fatty acid binding protein 2) which is involved in
intracellular metabolism and/or transport of fatty acids, (4) CD36 (fatty acid translocase)
which is a regulator of fatty acid transport, (5) PPARA (peroxisome proliterator-activated
receptor alpha) which is a master regulator of FAO, and (6) PGC1A (peroxisome prol
iterator-activated receptor gamma, coactivator 1 alpha, PGC-1a) which is a transcriptional
coactivator that regulates the genes involved in energy metabolism and mitochondrial
capacity.

Among the genes examined, the expression of ACADVL, CD36 and PPARA was
significantly increased after the treatment with HIF-1a. inhibitor FM19G11 at 0.5 and 1 pM
(Supplementary Fig. 1A), suggesting that HIF-1a inhibition may modulate FAO. As
expected, the expression of ACADVL, FABP2, CD36, PPARA and PGC1A was
significantly increased after the treatment with PPARa agonist WY-14643 at 100 uM
(Supplementary Fig. 1B).

3.2. HIF-1a inhibition increases FAO, and combining HIF-1a inhibition with PPARa
activation and the postnatal factors (T3, IGF-1 and dexamethasone) further increases FAO
and expression of FAO-associated genes in hiPSC-CMs

We next examined the effect of metabolic regulation on FAO of hiPSC-CMs in 3D cardiac
spheres using HIF-1a inhibition and its combination with other factors including a PPARa
activator and TID (a combination of thyroid hormone T3, IGF-1 and dexamethasone) [35].
3D cardiac spheres were generated from day 4 differentiated cells induced by activin A and
BMP4 (Fig. 1A). Spontaneous contraction was observed by differentiation days 9-10 and all
cardiac spheres were contracting at differentiation day 21. These cardiac spheres were then
treated with the following molecules for 1 week in a medium containing 0.2 mM oleic acid
(a fatty acid that naturally occurs in human milk): (1) vehicle control (DMSO); (2) HIF-1a
inhibitor: 1 uM FM (FM19G11); (3) PPARa agonist: 100 pM WY (WY-14643); (4) TID:
100 nM T3 + 100 ng/mL IGF-1 + 1 uM dexamethasone [35]; and (5) FM+WY+TID. Doses
of these factors were selected based on increased expression of FAO genes (Supplementary
Fig. 1) and the Birket et a/ publication [35].
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All cardiac spheres were beating with no signs of cytotoxicity in all tested conditions after 1
week of the treatment. As expected, 3D culture generated enriched hiPSC-CMs as
demonstrated by immunocytochemical analysis of CM-associated markers including
NKX2-5, a-actinin, cardiac troponin T, and cardiac troponin I (Fig. 1B). Similar to the cells
treated with DMSO control, the majority of the cells were positive for these cardiac markers
in all treatment conditions (Fig. 1B) suggesting that the treatments did not change
cardiomyocyte purity when compared to cells treated with DMSO control. As detected by
high-content imaging, ~71-80% of the cells were positive for NKX2-5 (Fig. 1C and
Supplementary Fig. 2) and the NKX2-5-positive cells were also positive for a-actinin (Fig.
1B). Compared with DMSO control, the FM+WY+TID treatment did not alter the
proportion of cells that were positive for MLC2V (myosin regulatory light chain 2,
ventricular/cardiac muscle isoform): ~45-48% MLC2V-positive cells were detected in the
cultures (Supplementary Fig. 3).

To assess the impact of these treatments on the metabolic status of hiPSC-CMs, we
examined the level of FAO by monitoring OCR using the Seahorse XF24 Extracellular Flux
Analyzer, which is an established assay for FAO measurement. During real-time recording
of OCR, cells were treated with etomoxir (ETO), a specific inhibitor of carnitine
palmitoyltransferase 1a (CPT-1a) which is involved in FAO by mediating the internalization
of fatty acids into the mitochondrial matrix for oxidation. Following the treatment of ETO, a
decrease in OCR was observed in cells under all maturation conditions (Fig. 2A). However,
the largest decrease in OCR was observed when cells were cultured in maturation medium
containing FM+WY+TID (Fig. 2A). When compared with the cells treated with DMSO
control for the level of FAO calculated based on ETO-induced reduction of OCR, hiPSC-CM
spheres treated with the HIF-1a inhibitor FM had increased levels of FAO (69.28 + 6.34 vs.
41.53 +£7.88 p< 0.05) and those treated with FM+WY+TID had the highest levels of FAO
(200.07 + 6.01 vs. 41.53 + 7.88, p<0.0001) (Fig. 2A, 2B). The level of FAQ in TID-treated
cells was higher than that in FM- or WY-treated cells but lower than that in FM+WY+TID-
treated cells (Fig. 2A, 2B). In addition, treatment with HIF-1a inhibitor FM also increased
the oxidation of non-fatty acid substrates when compared with control (598.25 + 6.19 vs.
322.44 + 15.69 p< 0.0001), and the treatment with FM+WY+TID resulted in the highest
increase in oxidation of non-fatty acid substrates (964.93 + 24.63 vs.322.44 + 15.69,
p<0.0001) (Fig. 2C).

To further investigate the implication of FAO in hiPSC-CM maturation, we measured the
expression of a subset of genes that are critically involved in multiple segments of the lipid
flux pathway [36]. These included regulating fatty acid transport/activation (Supplementary
Fig. 4A), lipid storage (Supplementary Fig. 4B), mitochondrial fatty acid oxidation
(Supplementary Fig. 4C), transcriptional regulation (Supplementary Fig. 3D) and
intracellular glucose uptake (Supplementary Fig. 4E). Among these genes, treatment with
FM+WY+TID resulted in a 4.8-fold increase in the long chain fatty acid transporter CD36,
2.2-fold increase in the mitochondrial uncoupling protein UCP3, and 3.1-fold increase in the
fatty acid synthase (FASN). The genes encoding the kruppel-like factor 15 (KLF15), the
estrogen-related receptor alpha (ESRRA) and the mitochondrial trifunctional proteins
HADHA and HADHB as well as the glucose transporter 4 (GLUT4) were also significantly
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upregulated after treatment with FM+WY+TID. In addition, we observed a 2.7-fold increase
in pyruvate dehydrogenase kinase 4 (PDK4), which plays a key role in the regulation of
glucose and fatty acid metabolism via phosphorylation and inhibition of pyruvate
dehydrogenase and thereby inhibiting glucose oxidation [37].

The expression of some of FAO-related genes including CPT1B, DGATZ2, NCOR1, RXRA,
and ACADVL was not significantly altered by the treatment. In addition, FM treatment did
not alter the expression of genes related to glucose metabolism, including GLUT1, GLUTH,
PDK4, PDK1, PDK3and PKM3 (Supplementary Figs. 4 and 5); however the effect of FM
on the expression of other genes and posttranslational modification of proteins involved in
glucose metabolism remains to be determined.

3.3. HIF-1a inhibition increases basal and maximal respiration and combining HIF-1a
inhibition with PPARa activation and the postnatal factors (T3, IGF-1 and dexamethasone)
further improves mitochondrial maturation in hiPSC-CMs

To characterize mitochondrial function, we measured the major aspects of mitochondrial
coupling and respiratory control—basal respiration, maximal respiration, proton leak, non-
mitochondrial respiration and reserve capacity using the Seahorse XF24 Extracellular Flux
Analyzer [38]. As expected, changes in OCR and ECAR were detected following the
sequential additions of the ATP synthase inhibitor oligomycin, a protonophoric uncoupler
FCCP, and electron inhibitors rotenone and antimycin A (Fig. 3 and Supplementary Fig. 6).
Fig. 3A shows representative traces of OCR in control and treated hiPSC-CMs. 3D hiPSC-
CM spheres treated with the HIF-1a inhibitor FM had increased basal and maximal
respiration and those treated with FM+WY+TID had the highest basal and maximal
respiration and ATP production (Fig. 3A, 3B). The basal and maximal respiration were
significantly increased following the treatments with FM, WY, TID, or FM+WY+TID (Fig.
3B, upper panel). However, only cells treated with FM+WY+TID displayed significantly
increased OCR in all parameters of the respiratory chain, including proton leak, non-
mitochondrial respiration and reserve capacity (Fig. 3B, lower panel). Basal respiration is
correlated to the ability to generate contractile force and non-mitochondrial respiration is
regulated by various enzymes that are involved in detoxification and oxidation [17].
Treatment with FM+WY+TID compared to control significantly increased both parameters,
basal respiration (3709.26 * 34.40 vs. 1879.13 + 33.7, p<0.0001) and non-mitochondrial
respiration (885.27 + 58.01 vs. 513.36 + 34.93, p<0.0001).

3.4. Combining HIF-1a inhibition with PPARa activation and the postnatal factors (T3,
IGF-1 and dexamethasone) influences mitochondrial distribution and increases
mitochondrial content in hiPSC-CMs

To examine the effect of FM+WY+TID on mitochondrial distribution in hiPSC-CMs, we
evaluated the overall distribution of their mitochondria using the mitochondrial marker
MitoTracker Red co-stained with a marker for myofibrillar Z-disks, a-actinin. The cells
were categorized into 3 different levels: score 1 denotes cells with mitochondria that are
localized to the perinucleus, score 2 cells have mitochondria that are distributed away from
the nucleus but not throughout the cell, and the mitochondria of score 3 cells are highly
dispersed throughout the entire cell area (Fig. 4A, 4B). Based on counting of 240 cells in
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each scoring group for each treatment, we observed a 2.5-fold increased number of score 3
cells in the FM+WY+TID-treated culture compared with the DMSO-treated culture (37%
vs. 15%). On the other hand, the number of score 1 cells decreased in the FM+WY+TID-
treated culture compared with the DMSO-treated culture (24% vs. 45%). These results
suggest that FM+WY+TID improved mitochondrial distribution of hiPSC-CMs, which is a
cardiomyocyte maturation indicator since cardiomyocyte maturation changes mitochondrial
distribution.

FM+WY+TID also strikingly increased mitochondrial content (mass) of hiPSC-CMs as
detected by flow cytometry (Fig. 4C, 4D), although FM, WY or TID alone did not increase
mitochondrial content (Supplementary Fig. 7). The mean fluorescence intensity of
MitoTracker Red was significantly higher in FM+WY+TID-treated cells than in DMSO-
treated cells. Mitochondrial content is an indication of cardiomyocyte maturation since
mitochondria occupy ~20-40% of the cell volume in adult cardiomyocytes [1] compared
with ~7% of cell volume in hiPSC-CMs [17]. Consistent with these observations, FM+WY
+TID significantly increased mitochondrial DNA (mtDNA): nuclear DNA ratio
(mitochondria-encoded complex | NDI or mt-CO, to nuclear-encoded complex Il LPL or
SHDA,) as detected by quantitative real-time PCR (Fig. 4E).

3.5. HIF-1a inhibition together with PPARa activation and the postnatal factors (T3, IGF-1
and dexamethasone) lead to faster calcium transient kinetics and contractility in hiPSC-

CMs

We further investigated the calcium-handling properties of hiPSC-CMs using line-scan
confocal imaging after the cells were loaded with the intracellular calcium dye fluo-4AM.
Cytosolic calcium transients were recorded at 1 Hz in hiPSC-CMs treated with DMSO
control or FM+WY+TID (Fig. 5A-5F). After treatment with FM+WY+TID, the maximal
upstroke velocity (Fig. 5C) was significantly faster (6.40 + 0.51 vs. 8.47 + 0.77 F/Fg/ms,
p<0.05) and the time to 50% peak [Ca2*], (Fig. 5D) was significantly shorter (167.21

+ 10.96 vs. 131.96 + 7.18 ms, p<0.05), although the peak transient amplitude (Fig. 5B)
remained unchanged after treatment (0.61 + 0.05 vs. 0.60 + 0.05 F/Fg, p=0.85). In addition,
hiPSC-CMs treated with FM+WY+TID had a faster Ca2*-transient decay rate (2.97 + 0.20
vs. 4.14 + 0.32 F/Fg/ms, p<0.01) (Fig. 5E) and a shorter time to 50% decay (287 + 9.91 vs.
241.51 £ 9.63 ms, p<0.01) (Fig. 5F). Therefore, FM+WY+TID significantly increased the
kinetics of calcium transients, a functional characteristic of more mature cardiomyocytes
[39, 40].

Next we measured the contractility using the MotionGUI program [27]. Both average
maximum contraction (58.87 + 3.84 vs. 40.87 + 3.22 um/sec, p<0.01) and relaxation (24.60
+ 1.60 vs. 20.22 + 1.34 um/sec, p<0.05) velocities were significantly higher in hiPSC-CMs
treated with FM+WY+TID compared with DMSO (Fig. 5G-5J). Together these data suggest
that FM+WY+TID promotes the functional maturation of hiPSC-CMs.
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3.6. Gene expression profile in response to HIF-1a inhibition together with PPARa
activation and the postnatal factors (T3, IGF-1 and dexamethasone) in hiPSC-CMs

To examine the effect of HIF-1a inhibition together with WY and TID on gene expression
of hiPSC-CMs, we performed RNA-Seq on hiPSC-CMs treated with FM+WY+TID or
DMSO control as well as tissue samples from a pediatric left ventricle (LV, male, 6.5
months). We identified 1454 transcripts that were differentially expressed in FM+WY+TID-
treated hiPSC-CMs compared with DMSO-treated hiPSC-CMs (Fig. 6A) and 4152
transcripts that were differentially expressed in LV compared with DMSO-treated hiPSC-
CMs (Fig. 6B). Among the differentially expressed genes compared with DMSO-treated
hiPSC-CMs, 505 genes were upregulated in FM+WY+TID-treated hiPSC-CMs, with 72
genes commonly upregulated in both FM+WY +TID-treated hiPSC-CMs and LV groups
(Fig. 6C).

GO-term analysis was performed using the DEGs in FM+WY+TID- vs. DMSO-treated
hiPSC-CMs and LV vs. DMSO-treated hiPSC-CMs. Compared with DMSO-treated hiPSC-
CMs, several biological processes were commonly enhanced in FM+WY+TID-treated
hiPSC-CMs and LV. These included cellular lipid metabolic process, mitochondrial
respiratory chain complex assembly, organic and monocarboxylic acid metabolic processes,
oxidation-reduction process, small molecule catabolic and metabolic processes (Fig. 6D).
GO-term analysis of upregulated DEGs focusing on GO categories under the metabolic
process ontology indicated that the top commonly upregulated genes belong to metabolic
processes that are functionally interconnected (Supplementary Fig. 8). As presented in a
polyhierarchical graph, treatment of hiPSC-CMs with FM+WY+TID significantly
upregulated GO categories: oxidation-reduction, small molecule and organic substance
processes. The latter two categories are further subdivided into organic acid and lipid
metabolic processes, leading to the upregulation of FA metabolic process (Supplementary
Fig. 8).

We next further analyzed the commonly upregulated 72 genes in FM+WY+WY-treated
hiPSC-CMs and LV when compared with DMSO-treated hiPSC-CMs. Consistent with the
GO-term analysis, these commonly upregulated genes were involved in multiple biological
processes that are functionally interconnected, including small molecule metabolic process,
catechol-containing compound metabolic process and lipid metabolic process (Fig. 6E).
Several of these upregulated genes have previously been shown to be highly expressed in the
mature human heart [9]. These include genes that are involved in lipid and fatty acid
metabolism: the carbonic anhydrase 4 (CA4), monoamine oxidase (MAOA), monoglyceride
lipase (MGLL), glutathione peroxidase 3 (GPX3), and PDK4 (Fig. 6E; Supplementary
Tables 4).

The majority of the commonly upregulated genes in both groups fell under fatty acid
metabolism (Fig. 7A), oxidation-reduction (Fig. 7B) and mitochondrial transport (Fig. 7C).
For example, both FM+WY+WY-treated hiPSC-CMs and LV had increased expression of
oxidative-reduction-related genes including the NADH:ubiquinone oxidoreductase genes
(NDUFC2and NDUFS3) of the complex I in the electron transport chain of mitochondria
and members of the cytochrome p450 gene family (CYP27A1and CYP4F12) (Fig. 7B).
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The mRNA expression of 11 genes associated with oxidative catabolic processes and
mitochondrial transport were validated using gRT-PCR (Fig. 7D). Consistent with the RNA-
Seq data, qRT-PCR detected a significant increase in the expression of all genes examined,
including lipid metabolic genes: acyl-coA synthase long chain family member 5 (ACSL5),
adrenoceptor beta 1 (ADRBI), aldehyde dehydrogenase 1 family member Al (ALDH1AI),
carnitine palmitoyltransferase 1A (CPT1A), fatty acid binding protein 4 (FABP4),
phosphoenolpyruvate carboxykinase 1 (PCKZ), FK506 binding protein 5 (FKBP5),
glycerol-3-phosphate acyltransferase, mitochondrial (GRAM), and MAOA and
mitochondrial genes: coenzyme Q10A (COQ10A) and mitochondrial pyruvate carrier 2
(MPC2).

Several members of the solute carriers (SLC) family of solute transporters were also
upregulated in FM+WY+TID-treated hiPSC-CMs, including members of the SLC25 family
of mitochondrial carriers, SLC25A5, SLC25A10, SLC25A18, and SLC25A20 (Fig. 7C and
Supplementary Tables 3). FM+WY+TID treatment also increased the expression of
mitochondrial uncoupling protein 2 (UCP2), which is a member of the family of
mitochondrial anion carrier proteins (MACP) (Fig. 7C). Notably, SLCA18, SLC25A20, and
UCP2were commonly upregulated in both FM+WY+TID-treated hiPSC-CMs and LV
compared with DMSO-treated hiPSC-CMs.

Other genes that were significantly up-regulated upon treatment with FM+WY+TID include
several members of the voltage-gated potassium channel family (KCNE3, KCNJ16,
KCNKS5, and KCNIPI) as well as subunits of the sodium channels (SCNN1A and SCNN1G)
(Supplementary Table 3). The expression of SCNV5A and several other genes related to Ca+
transients was not dramatically altered (P>0.05 or log, fold changes within —0.5 to 0.5),
including ATP1A, ATP2AZ2, CACNAIC, CaMK2D, FKBP12.6, PLN, RYR2and SLC8A1,
so did the expression of contractile/structure-related genes examined (except MYH?)
(Supplementary Table 3). Additionally, FM+WY+TID increased the expression of ADRB1
(Supplementary Table 4), which is associated with cardiomyocyte maturation [41].

Our RNA-Seq analysis also identified that 949 genes were downregulated in FM+WY+TID-
treated hiPSC-CMs and 2137 genes were downregulated in LV, with 437 genes
downregulated in both FM+WY+TID-treated hiPSC-CMs and LV compared with DMSO-
treated hiPSC-CMs (Fig. 8). Several biological processes were commonly downregulated in
both groups, including signaling, regulation of multicellular organismal process,
extracellular structure and matrix organizations, developmental process, cell-cell signaling
and adhesion and anatomical structure development (Fig. 8). Further analysis of the 437
commonly decreased DEGs in FM+WY+WY-treated hiPSC-CMs and LV when compared to
DMSO indicated that these DEGs were involved in multiple biological processes identified
based on GO-term analysis (Fig. 8).

4. Discussion

In this study, we demonstrated that targeting HIF-1a in combination with other regulators
including PPARa activation and the postnatal factors (T3, IGF-1 and dexamethasone)
significantly improves the metabolic maturation of hiPSC-CMs. Specifically, we found that
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treatment of 3D hiPSC-CMs with a HIF-1a inhibitor significantly increased FAO and
mitochondrial respiratory capacity and that combining HIF-1a inhibitor with the other 4
factors (WY, T3, IGF-1 and dexamethasone) was the most potent treatment to increase FAO
and mitochondrial function in hiPSC-CMs. hiPSC-CMs treated with the combined
molecules displayed increased mitochondrial content and enhanced calcium kinetics and
contraction and relaxation velocities when compared to control cells. Furthermore, RNA-
Seq revealed upregulation of genes involved in many cellular metabolic processes, including
FAQ in hiPSC-CMs treated with the combined molecules.

The increased FAO in hiPSC-CMs treated with HIF-1a inhibitor or HIF-1a inhibitor
together with other factors (FM+WY+TID) is a hallmark of metabolic maturation in
cardiomyocytes. A major difference between immature and mature cardiomyocytes is that
fatty acids in mature cardiomyocytes are a primary source of energy generation whereas
immature cardiomyocytes use glucose [42]. In mature cardiomyocytes, the majority of ATP
utilized to drive cardiac contraction is generated by mitochondrial oxidative phosphorylation
and the uptake of fatty acids into cardiomyocytes is facilitated by the action of a number of
fatty acid transporters, such as CD36 and FATPs [43]. Our maturation treatment not only
increased FAO but also increased the expression of many key genes involved in FAO. For
example, the expression of CD36, the most important fatty acid translocase in
cardiomyocytes [44], was increased significantly by HIF-1a inhibition together with other
factors (FM+WY+TID). Fatty acid transporters translocate fatty acids from intracellular
stores to the plasma membrane to facilitate fatty acid uptake in response to external trigger,
such as insulin on adipocytes and an increase in muscular contraction of heart and skeletal
muscle [45, 46]. CD36 is one of the main transporter in the heart that functions by this
mechanism and is a multifunctional transmembrane glycoprotein that facilitates uptake of
long-chain fatty acid. CD36 also regulates other cellular activities such as intracellular Ca2*
signaling [47] and AMPK activation [48]. Interestingly, HIF-1a inhibition also significantly
increased the expression level of ESRRA, a known upstream activator of PPARGC1la
pathway, which ultimately regulates mitochondrial biogenesis, fatty acid oxidation and
contractile genes [11,49].

Treatment of hiPSC-CMs with 3 postnatal factors TID was reported to be able to
synergistically improve the maturation of hPSC-CMs and permit the detection of disease
phenotypes in hiPSC-CMs carrying disease-associated genetic mutations [18]. In our study,
we observed that TID increased FAO to higher levels than FM or WY single factor
treatment, although the combination treatment with FM+WY+TID was most potent to
increase FAO. This observation highlights the need for multiple factors to achieve robust
cardiomyocyte maturation. Further mechanistic study is needed to understand the
contribution of multiple factors to cardiomyocyte maturation.

Mitochondrial bioenergetics and ATP production are key indications of more mature
cardiomyocytes, because mitochondrial function is highly increased in adult and mature
cardiomyocytes compared to neonatal and immature cardiomyocytes [1, 8]. A recent study
published during the revision of our manuscript reported that inhibition of HIF-1a through a
small molecule or siRNA knockdown increased metabolic maturation of hPSC-CMs as
demonstrated by increased oxidative phosphorylation, mitochondrial content and ATP
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production [50]. In consistent with this finding, we found that the treatment of hiPSC-CMs
with HIF-1a inhibitor and other factors (FM+WY+TID) also increased mitochondrial
bioenergetics and ATP production. The enhanced mitochondrial oxidative metabolism in
hiPSC-CMs treated with FM+WY+TID is consistent with an increased expression of
oxidation-reduction-related genes detected by RNA-Seq including the NADH:ubiquinone
oxidoreductase genes (NDUFC2and NDUFS3) of the complex I in the electron transport
chain of mitochondria and members of the cytochrome p450 gene family (CYP27A1 and
CYP4F12). Changes in these mitochondrial carriers suggest a direct effect of FM+WY+TID
on mitochondrial function in hiPSC-CMs.

Furthermore, the FM+WY+TID treatment led to increase in mitochondrial content and
changes in mitochondrial distribution in hiPSC-CMs that are consistent with more mature
cardiomyocyte phenotypes. Changes in mitochondrial content and distribution are critical
components of cardiomyocyte maturation during heart development [51, 52]. In immature
cardiomyocytes (such as hiPSC-CMs), the mitochondria are clustered around the nucleus or
in the cell periphery [1, 53]. In contrast, the mitochondria in the adult heart are regularly
distributed throughout the cell area [54]. Our data revealed that the combined treatment with
FM+WY+TID enhanced mitochondrial distribution toward the phenotype observed in more
mature cardiomyocytes. This structural change also correlates to an increase in
mitochondrial oxidative capacity [17].

Immature cardiomyocytes are known to exhibit smaller calcium transient amplitudes as well
as slower rise and decay kinetics in comparison to adult cardiomyocytes [55]. As
cardiomyocytes mature, they have also been shown to display increased contractile kinetics
to meet energy demand [5, 6, 56]. Our metabolic maturation treatment favorably altered the
calcium-handling properties of hiPSC-CMs, including significantly faster rate of rise and
decay of calcium transients when compared to control hiPSC-CMs. In addition, the
treatment improved cardiomyocyte contractility as indicated by increased contraction and
relaxation velocities. Consistent with these functional maturation characteristics, our RNA-
Seq data implicated that the maturation treatment increased the expression of several
members of the voltage-gated potassium channel family (KCNE3, KCNJ16, KCNK5, and
KCNIPI), subunits of the epithelial sodium channels (SCNN1A and SCNNIG) as well as
ADRBI, which are vital in regulating cadiomyocyte contraction. lon channels are critical in
shaping action potentials and maintaining a resting membrane potential and other
electrophysiological properties. Whether changes in ion channel gene expression observed
in our study can lead to electrophysiological maturation in hiPSC-CMs remains to be
investigated. An electrophysiological analysis would help to determine if the HIF-1a
inhibition and in combination with the other 4 metabolic factors 9 (FM+WY+TID) alter
action potential profiles and ion currents in hiPSC-CMs. We note that the RNA-Seq data did
not reveal increased expression of several Ca?* transients and contractile/structure-related
genes we examined. These observations highlight the need for further study on protein
expression as well as post-translational modification which play an important role in the
regulation of cardiomyocyte contraction and Ca2* handling [57]. Since FM+WY+TID
treatment increased cellular ATP levels which are needed for protein phosphorylation, the
treatment could alter protein post-translational modification.
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We also note that unbiased RNA-Seq provides a robust way to examine the expression of
genes associated with FAO since the process involves numerous genes. The upregulated
genes in FM+WY+TID-treated hiPSC-CMs showed significant increase in many metabolic
processes which are also highly enriched in human pediatric heart samples. They include
many interconnected metabolic processes that are upstream of lipid metabolism and FAO,
agreeing with the shift to FAO for energy utilization in more mature cardiomyocytes. For
example, the FM+WY+TID treatment increased FABP4and CPT1A which are known to be
involved in the maintenance of high levels of FAO [58]. In addition, the FM+WY+TID
treatment increased several mitochondrial carriers in hiPSC-CMs. For example, SLC25A20
was upregulated in both FM+WY+TID-treated hiPSC-CMs and LV. Overall, treatment of
hiPSC-CMs with FM+WY+TID altered genes (for example: FABP4, MAOA and MGLL)
that have been previously identified as biomarkers of cardiomyocyte maturity [9, 59],
confirming the maturation of hiPSC-CMs at the molecular level upon the treatment. In
addition, genes involved in developmental processes, adhesion and signaling were
commonly downregulated in both FM+WY+TID-treated hiPSC-CMs and LV. The overlap in
both upregulated and downregulated genes in both groups confirmed an advanced degree of
cardiomyocyte maturation in response to FM+WY+TID.

Since hiPSC-CMs are fetal-like cardiomyocytes and the maturation of these cells into adult-
like cells may first reach to pediatric cardiomyocyte-like stage, we used pediatric LV for
RNA-Seq as a control. A limitation of our RNA-Seq study is that the human heart samples
we used were discarded tissues obtained from a pediatric patient during cardiac repair
surgery instead of unaffected subjects. Nevertheless, our comprehensive transcriptomic data
set should provide a great resource for the investigation of molecular cues for the developing
human heart and the identification of novel strategies to promote the maturation of hiPSC-
CMs. The RNA-Seq data reported in this manuscript are available on the GEO database with
the accession number GSE 125862.

5. Conclusion

In conclusion, targeting HIF-1a together with regulation of multiple other pathways

including PPARa activation and the postnatal factors (T3, IGF-1 and dexamethasone) can
efficiently enhance the metabolic maturation of hiPSC-CMs during a one-week treatment
period and within a culture duration of <1 month in a 3D culture format which is scalable.
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Non-standard abbreviations

2D 2-dimensional

3D 3-dimensional

hiPSC Human induced pluripotent stem cell

hiPSC-CM Human induced pluripotent stem cell-derived cardiomyocyte
FAO Fatty acid oxidation

FM FM19G11

OCR Oxygen consumption rate

HIF-la hypoxia-inducible factor 1a

PPARa peroxisome proliferator activated receptor a

gRT-PCR quantitative reverse transcription polymerase chain reaction
TID T3 + IGF-1 + dexamethasone

WY WY-14643
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Figure 1.

Microscale tissue engineering generates enriched hiPSC-CMs and maturation treatments do
not alter hiPSC-CM purity. (A) Schematic diagram of experimental design and cell
morphology of hiPSCs and cardiac spheres (CSs). hiPSCs were treated with activin A (100
ng/mL) at day 0 and BMP4 (10 ng/mL) at day 1. Cells at differentiation day 4 were
aggregated into cardiac spheres and the cardiac spheres at day 21 were treated with
maturation factors or DMSQO control for 1 week. (B) Immunostaining of differentiation
cultures for cardiomyocyte markers. At day 28, cells were dissociated, replated and stained
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for NKX2-5 (red), a-actinin (green), cardiac troponin | (red) and cardiac troponin T (green).
Cell nuclei were counterstained with Hoechst 33342 (blue). FM, FM19G11; WY,
WY-14643; TID, T3 + IGF-1 + dexamethasone. (C) Quantitative analysis of NKX2-5 by
high-content imaging using ArrayScan. Data are presented as mean = SEM (n=5).
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Figure 2.
Treatments of 3D cardiac spheres with a HIF-1a inhibitor, a PPARa activator and the

postnatal factors (T3, IGF-1 and dexamethasone) improve B-oxidation and other substrate
oxidation. (A) Representative traces of real-time measurement of mitochondrial oxygen
consumption rate (OCR) following addition of etomoxir (ETO, 100 uM). Quantification of
amount of OCR derived from (B) fatty acid p-oxidation and (C) oxidation of non-fatty acid

substrates in hiPSC-CMs treated with maturation factors or DMSO control. Data were
normalized to cell counts and presented as mean + SEM (n=8). *P<0.05, **P<0.01,
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***pP<(0.001, ****P<0.0001; by one-way ANOVA. FM, FM19G11; WY, WY-14643; TID,
T3 + IGF-1 + dexamethasone.
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Figure 3.

Treatments of 3D cardiac spheres with a HIF-1a inhibitor, a PPARa activator and the
postnatal factors (T3, IGF-1 and dexamethasone) improve mitochondrial function in hiPSC-
CMs. (A) Representative traces showing the OCR of hiPSC-CMs following sequential
addition of oligomycin (Oligo, 2 uM), FCCP (1 pM), and rotenone/antimycin A (Rot/Ant,
0.5 uM). (B) Quantification of basal respiration, maximal respiration, ATP production,
proton leak, non-mitochondrial respiration and reserve capacity. All measurements were
normalized to cell counts and presented as mean + SEM (n=8). *P<0.05, **P<0.01,
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***pP<(0.001, ****P<0.0001; by one-way ANOVA. FM, FM19G11; WY, WY-14643; TID,
T3 + IGF-1 + dexamethasone.
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Treatment of 3D cardiac spheres with a HIF-1a inhibitor, a PPARa activator and the
postnatal factors (T3, IGF-1 and dexamethasone) alters distribution and content of
mitochondria in hiPSC-CMs. (A) Representative images showing the locations of
mitochondria in hiPSC-CMs using MitoTracker dye (red), myofibrils with a-actinin (green),
and nuclei with Hoechst (blue). (B)The overall mitochondrial distribution among FM+WY
+TID-treated and control cells was categorized into 3 different levels: Score 1 cells with
mitochondria clustered near the nucleus; Score 2 cells with mitochondria near the nucleus

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gentillon et al.

Page 29

and at a low level in other areas; and Score 3 cells with mitochondria distributed throughout
the cytoplasm. n=240 cells/group. (C) Representative dot plots of flow cytometric analysis
of mitochondrial content of hiPSC-CMs using MitoTracker Red. (D) Representative
histograms of MitoTracker Red fluorescence intensity and the relative fluorescence intensity
of treated and control hiPSC-CMs. Data are represented as mean £ SEM (n=3). (E)
Quantification of the ratio of mitochondria-encoded complex | ND1 or mt-COto nuclear-
encoded complex Il LPL or SHDA DNA in treated compared to control cells. Data are
presented as mean + SEM (n=3). *P<0.05, ***P<0.001; by Student’s ¢ test. FM, FM19G11;
WY, WY-14643; TID, T3 + IGF-1 + dexamethasone.
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Figure 5.
Treatments of 3D cardiac spheres with a HIF-1a inhibitor, a PPARa activator and the

postnatal factors (T3, IGF-1 and dexamethasone) improve calcium transient kinetics and
contractility. Calcium transients were assessed by loading hiPSC-CMs with the intracellular
calcium dye fluo-4 AM. (A) Representative transient traces from control and FM+WY+TID-
treated hiPSC-CMs. (B) The calcium transient amplitude magnitudes, (C) maximal upstroke
velocity, (D) time to 50% peak, (E) maximal decay velocity, (F) time to 50% decay, and (G)
beating frequency were recorded at the stimulation frequency of 1 Hz. Results were mean +
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SEM (n=30). *P<0.05, **P<0.01; by Student’s ¢ fest. Representative image and heat map
(top) depicting time-averaged magnitude of all motion and tracing (bottom) of average
beating speed vs. time of hiPSC-CMs treated with (G) DMSO or (H) FM+WY+TID.
Contractions are denoted in blue by the first peak and relaxations are denoted in red by the
second peak of the duplex. (I) Contraction velocity and (J) relaxation velocity of control and
FM+WY+TID-treated hiPSC-CMs. Data are represented as mean + SEM (n=14). *P<0.05,
**P<0.01; by Student’s ¢ test. FM, FM19G11; WY, WY-14643; TID, T3 + IGF-1 +
dexamethasone.
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Figure 6.

Treatments of 3D cardiac spheres with a HIF-1a inhibitor, a PPARa activator and the
postnatal factors (T3, IGF-1 and dexamethasone) alter gene expression. Volcano plots
portray log, fold change (FC) vs. —logyo(P value) for differentially expressed genes in
hiPSC-CMs treated with (A) FM+WY+TID and (B) tissues from human left ventricle (LV)
compared with DMSO-treated hiPSC-CMs. The red dots denote significantly regulated
genes (P<0.02); N indicates the number of differentially expressed genes. (C) Venn diagram
showing the number of significantly up-regulated genes in FM+WY+TID-treated hiPSC-
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CMs vs. DMSO-treated hiPSC-CMs and LV vs. DMSO-treated hiPSC-CMs (P<0.002). (D)
Bubble plot showing the enrichment analysis of differentially expressed genes in hiPSC-
CMs treated with FM+WY+TID and LV compared with DMSO-treated hiPSC-CMs. Colors
of displayed circles indicate the levels of significant enrichment of the gene ontology terms
(GO terms) according to negative logqo(P value) (NLP). The area of displayed circles
corresponds to Gene_ratio which is the ratio of genes enriched within each GO term. (E)
Genes within the identified GO terms that are commonly upregulated in hiPSC-CMs treated
with FM+WY+TID and LV compared with DMSO-treated hiPSC-CMs. FM, FM19G11;
WY, WY-14643; TID, T3 + IGF-1 + dexamethasone.
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Figure 7.

Fold changes of significantly upregulated targets that are common in both FM+WY+TID-
treated hiPSC-CMs vs. DMSO-treated hiPSC-CMs and LV vs. DMSO-treated hiPSC-CMs.
Heat map showing upregulated genes that are categorized according to biological processes;
(A) fatty acid oxidation, (B) oxidation-reduction, and (C) mitochondrial transport. Data are
presented as Log, fold change expression relative to mean for all conditions (n=3). (D)
Quantitative measurement of gene expression in FM+WY +TID-treated hiPSC-CMs relative
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to those in DMSO-treated hiPSC-CMs was validated with gRT-PCR. Data are presented as
mean + SEM (n=3). FM, FM19G11; WY, WY-14643; TID, T3 + IGF-1 + dexamethasone.
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rocess

PTCHD1

Downregulated genes/biological processes. (A) Venn diagram of the numbers of genes
downregulated genes in FM+WY+TID-treated hiPSC-CMs and LV as detected by RNA-Seq
analysis. (B) Top 10 significant biological processes of the commonly downregulated genes

with corresponding genes in both FM+WY+TID-treated hiPSC-CMs and LV compared with
DMSO-treated hiPSC-CMs. FM, FM19G11; WY, WY-14643; TID, T3 + IGF-1 +

dexamethasone.
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