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Human induced pluripotent stem (hiPS) cells have been used as a cell source for
regenerative therapy and disease modeling. The purity of hiPS-cardiomyocytes (hiPS-
CMs) has markedly improved with advancements in cell culture and differentiation
protocols. However, the morphological features and molecular properties of the relatively
immature cells are still unclear, which has hampered their clinical application. The aim
of the present study was to investigate the extent to which topographic substrates
actively influence hiPS-CMs. hiPS-CMs were seeded on randomized oriented fiber
substrate (random), anisotropic aligned fiber substrate (align), and flat non-scaffold
substrate (flat). After culturing for one week, the hiPS-CMs on the aligned patterns
showed more mature-like properties, including elongated rod shape, shorter duration of
action potential, accelerated conduction velocity, and elevated cardiac gene expression.
Subsequently, to determine whether this development was irreversible or was altered
after withdrawal of the structural support, the hiPS-CMs were harvested from the three
different patterns and reseeded on the non-scaffold (flat) pattern. After culturing for one
more week, the improvements in morphological and functional properties diminished,
although hiPS-CMs pre-cultured on the aligned pattern retained the molecular features
of development, which were even more significant as compared to that observed
during the pre-culture stage. Our results suggested that the anisotropic fiber substrate
can induce the formation of geometrical mimic-oriented heart tissue in a short time.
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Lietal

Topography and hiPS-CM Development

Although the morphological and electrophysiological properties of hiPS-CMs obtained
via facilitated maturation somehow rely on the existence of an exterior scaffold, the
molecular developmental features were preserved even in the absence of the external
support, which might persist throughout hiPS-CM development.

Keywords: hiPS-CMs, development, tissue engineering, geometric induction, alignment, maturation

INTRODUCTION

Cardiovascular diseases are one of the main causes of death
worldwide (Gersh et al, 2010). The treatment options for
heart failure, the end stage of most cardiovascular diseases, are
limited, as treatment validity among patients is mixed owing to
individual differences. Recently, prominent advancements have
been made toward cardiac regenerative therapy (Zhang, 2015;
Ichimura and Shiba, 2017). Furthermore, pluripotent stem cell-
derived cardiomyocytes (PSC-CMs) are being considered as
promising candidates for understanding cardiac physiological
development (Kolanowski et al., 2017; Scuderi and Butcher,
2017) and pathological progression (Yazawa et al., 2011; Sun
et al., 2012; Chun et al., 2015; Sakai et al., 2018). However, the
characteristics of immature CMs, from morphological features
to molecular properties, are still not clear, which has hampered
their clinical application (Veerman et al,, 2015; Yoshida and
Yamanaka, 2017). To overcome these fundamental limitations,
various strategies for facilitating PSC-CM maturation, such
as topographic induction (Kim et al, 2012), mechanical or
electrical stimulation (Ruan et al, 2016), supplementation
with biochemical factors (Engels et al, 2014; Yang et al,
2014), and genetic manipulation (Anderson et al., 2007) have
been used. While these methods improved CM maturation
to a certain extent, disparities with native cardiac tissue still
exist (Veerman et al., 2015). For instance, the native heart
tissue consists of well-aligned cardiac laminar layers (Streeter
et al, 1969; LeGrice et al., 1995), which guarantee high
efficiency of contractility as well as electrical conductivity
(Hooks et al., 2002). Several reports have suggested that
well-aligned cardiac tissue can be successfully obtained by
culturing PSC-CMs on anisotropic pattern, although its effects
on promotion of PSC-CM maturation are still ambiguous
(Pilarczyk et al., 2016).

In this study, we confirmed the beneficial effects of
aligned topography on hiPS-CM maturation. Furthermore,
we investigated if the benefits remained in the mature cells
even after removal of the topographic stimuli. The functional

Abbreviations: AP, action potential; APD80, AP duration at 80% repolarization;
CACNAIC, L-type calcium channel; Cx-43, connexin-43; DEG, differentially
expressed gene; GJAl, gap junction connexin-43; GO, gene ontology; hiPS-
CMs, human induced pluripotent stem cell-derived cardiomyocytes; KCNH2,
ether-a-go-go-related protein 1; KCNJ2, potassium inward rectifier; KCNQI,
potassium slow delayed rectifier channel; KRT, keratin; qRT-PCR, quantitative
reverse transcription-polymerase chain reaction; MYH6, a-myosin heavy chain;
MYH?7, B-myosin heavy chain; MYL2, myosin light chain 2; MYL7, myosin
light chain 7; PCA, principal component analysis; PGSEA, parametric gene set
enrichment analysis; PTP, protein tyrosine phosphatase; PTPRH, protein tyrosine
phosphatase receptor type H; SERCA2/ATP2A2, Sarco/endoplasmic reticulum
calcium-ATPase; SCN5A, fast sodium ion channel.

maturation of hiPS-CMs relies on extracellular exterior structural
support, but the positive effects due to the support may
persist throughout hiPS-CM development. Determining the
hiPS-cardiac cellular “memory” for topographic effects is
crucial for their application in regenerative medicine in a
clinical setting.

MATERIALS AND METHODS

hiPSC Culture and Cardiac

Differentiation

hiPS cells, 201B7 (RIKEN Bioresource Center, Tsukuba, Japan),
were maintained in StemFit AK02 medium (AKO02N; Ajinomoto).
Cardiac differentiation was induced using the cardiomyocyte
differentiation kit (A2921201; Gibco). The culture medium
was replaced first with medium A and then with medium B
after every 2 days, and then the cells were finally maintained
in cardiomyocyte maintenance medium for 7 days. On day
14, the culture medium was replaced by non-glucose Roswell
Park Memorial Institute (RPMI) medium (11879-020; Gibco)
containing 5 mM lactic acid (128-00056; Wako) and 0.1%
bovine serum albumin (BSA, 037-23372; Wako) (Tohyama
et al., 2013) and incubated for 8 days. Then, the cultures were
maintained in cardiomyocyte maintenance medium until further
analysis. All cells were maintained at 37°C in a 5% CO2-
humidified incubator.

hiPS-CMs Culture on Different Patterns

On post-differentiation day 30, hiPS-CMs were dissociated into
single cells using 0.25% trypsin-ethylene diamine tetraacetic
acid (25200072; Gibco) and seeded on 0.1% gelatin pre-coated
flat bottom 96-well plate (PerkinElmer, 6005550)/random
nanofiber substrate (NanoECM, 9601; Funakoshi)/aligned
nanofiber substrate (NanoAligned, 9602; Funakoshi) either at
the density of 3.125 x 10° cells/cm? for functional analysis or
3.125 x 10* cells/cm? for morphological study. The cultures
were maintained in M199 (12350-039; Gibco) with 10% fetal
bovine serum (FBS) for 7 days. hiPS-CMs from the same patch
were seeded on 0.1% gelatin flat bottom pre-coated 24-well plate
(MS-80240; Sumilon)/random nanofiber substrate (NanoECM,
2401; Funakoshi)/aligned nanofiber substrate (NanoAligned,
2402; Funakoshi) at the density of 3.125 x 10° cells/cm?. After
culturing for 7 days, the cells were harvested for quantitative
reverse transcription-polymerase chain reaction (qRT-PCR).
The plates were all xeno-free, and the nanofibers were made
of polycaprolactone; the diameter of the nanofibers were
approximately 700 nm.
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De-Scaffold Culture of hiPS-CMs

hiPS-CMs pre-cultured on the different patterns for 7 days were
harvested and re-plated on non-scaffold (flat bottom) 96-well or
24-well plates and cultured for another 7 days. Thereafter, the
cultures in the 96-well plates were used for morphological and
functional studies, and those in the 24-well plates were harvested
for molecular analysis.

Immunofluorescence Staining and

Imaging Analyses

Cells were fixed in 4% paraformaldehyde (PFA) for 15 min
at 25°C. After permeabilization in 0.1% Triton X-100 for
10 min, the samples were blocked with 2% BSA for 1 h at
RT. The primary antibodies, anti-cardiac troponin-T (1:200,
catalog number MS-295-P1; Lab Vision) and anti-connexin-
43 (1:200, catalog number 710700; Abcam), diluted in the
blocking solution were applied to the sample and incubated
overnight at 4°C. After washing thrice with phosphate-buffered
saline (PBS) for 5 min each, appropriate secondary antibodies
(Alexa Fluor 488 and Alexa Fluor 647; 1:500 dilution) in
2% BSA were applied and incubated in the dark for 1 h at
RT. Finally, after rinsing thrice in PBS for 5 min each, the
cultures were mounted with Hoechst 33342 (1:1000, Dojindo,
H342). The stained images were visualized using a high
content imaging system (Operetta, PerkinElmer, Waltham, MA,
United States). Cell shapes were analyzed using the Harmony
analysis software (PerkinElmer).

Contractility of Spontaneously Beating
hiPS-CMs

Free labeling motion analysis of hiPS-CMs was performed
using the cell motion imaging system (SI8000C, Cardio
Model, Sony, Tokyo, Japan), as previously reported (Iseoka
et al, 2018). Briefly, spontaneously beating hiPS-CMs were
monitored at 37°C in a 5%-CO2 incubator. Images were
captured using a 10 x objective at a frame rate of 150 fps
for 5 s. The data were analyzed using a SI8000C analyzer
software (Sony).

Calcium Transient and Membrane
Potential

For calcium transient, the cells were loaded with 5 uM Indo-
1 AM (1006; Dojindo) dissolved in FluoroBrite Dulbecco’s
modified Eagles medium (DMEM) (A1896701; Gibco)
containing 0.1% pluronic F-127 (P3000MP; Thermo Fisher
Scientific) and incubated at 37°C for 1 h. After washing twice
with PBS, the cells were incubated in FluoroBrite DMEM
for 30 min at 37°C. For measuring membrane potential, the
prepared cells were treated with the FluoVolt membrane
potential kit (F10488; Thermo Fisher Scientific) for 30 min
at 37°C. The medium was replaced with FluoroBrite DMEM
containing 2% FBS and incubated for another 30 min. The
calcium transient and membrane potential were measured under
pacing at 1 Hz. The imaging data were acquired and analyzed
using the FDSS/uCELL system (C13299; Hamamatsu Photonics,
Hamamatsu, Japan).

Optical Mapping

Cells were prepared similar to that for membrane potential
measurement and treated with the membrane potential kit
(F10488; Thermo Fisher Scientific). Optical mapping was
performed using the MiCAMO02 imaging system (BrainVision,
Tokyo, Japan) combined with MyoPacer EP (IonOptix,
Westwood, MA, United States), as reported previously
(Nakanishi et al., 2019). Briefly, after loading the cells, the
cultures were electrically stimulated using a bipolar electrode. For
aligned pattern, pacing was performed parallel or perpendicular
to the direction of arranged nanofibers, using the same
pacing positions for random and flat patterns. The pacing
rate ranged from 0.5 Hz to 2 Hz in a gradient. The whole
procedure was performed at 37°C under atmospheric conditions.
Optical imaging was performed using the BV_Ana software
(BrainVision, Tokyo, Japan).

gRT-PCR

Total RNA was extracted using the RNeasy Plus mini kit
(740990.250; Takara) and ¢cDNA was synthesized using the
SuperScript VILO ¢DNA synthesis kit (11754-250; Thermo
Fisher Scientific). Next, qRT-PCR was performed using
the Tagman Fast advanced master mix (4444557; Thermo
Fisher Scientific) and assessed using the ViiA 7 real-time
PCR system (Thermo Fisher Scientific). The expression of
the target gene was normalized to that of 18S rDNA, the
internal control (18s rRNA, Hs99999901_s1). The genes
analyzed using the TagMan gene expression assays were as
follows: MYH6 (Hs01101425_m1), MYH7 (Hs01110632_m1),
MYL2 (Hs00166405_m1), MYL7 (Hs01085598_gl1), SCN5A

(Hs00165693_m1),  GJAI  (Hs00748445_s1),  ATP2A2
(Hs00544877_m1), CACNAIC (Hs00167681_ml), KCNJ2
(Hs01876357_s1), KCNQI (Hs00923522_m1), and KCNH2

(Hs04234270_gl).

RNA-Sequencing (RNA-Seq)

Total RNA was extracted using the RNeasy Plus mini kit
(740990.250; Takara), and its concentration was measured using
NanoDrop (2000/2000c Spectrophotometers, Thermo Fisher
Scientific). The Illumina software package, “bcl2fastq”, was
used for base-calling. The raw reads were mapped to the
human reference genome sequence GRCh38 using TopHat
(ver. 2.1.1) combined with Bowtie2 (ver. 2.3.4.1). Differential
expression analysis was performed using the edgeR package,
the enriched analysis was based on Gene Ontology (GO)
database, and the pathway analysis by using Parametric Gene
Set Enrichment Analysis (PGSEA) package (Ge et al., 2018,
2020).

Statistical Analysis

All values are presented as the mean value of at least three
independent experiments with standard deviation (SD).
Two independent groups were compared using the Student’s
t-test, while multiple group variance was compared using
one-way analysis of variance (ANOVA), followed by Tukey’s
test. P-values < 0.05 were considered significant for all
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FIGURE 1 | Morphological analysis of human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) on different patterns. (A) Immunofluorescence
images of hiPS-CMs on flat, random, and aligned patterns at post-seeding day 7. hiPS-CMs were stained for cardiac troponin T (TnT, green) and the nuclei
(Hoechst, blue). Scale bar, 100 pwm. (B) Quantification of the proportion of rod-shaped hiPS-CMs on different patterns. The proportions of rod-shaped hiPS-CMs on
random (72.8%) and aligned (87%) groups were both significantly higher than that in the flat group (23.7%). Error bars represent standard deviation (SD), **P < 0.01,
P < 0.0001; n = 3. (C) The rod-shape was evaluated via cell roundness and cell width-to-length ratio analysis. Cell roundness close to 1 meant the cell shape
was circular. hiPS-CMs on the flat pattern had a value of 0.56, whereas on the random and align patterns the values were both < 0.5 (0.41 and 0.39, respectively).
Error bars represent standard deviation (SD), **P < 0.01, **P < 0.001; n = 3. (D) Cell width-to-length ratio close to 1 suggested round shape. The cell
width-to-length ratio were 0.40, 0.31, and 0.28 for the flat, random, and align patterns, respectively. Error bars represent standard deviation (SD), **P < 0.01,

**P < 0.001; n = 3. (E-K) Motion analysis of spontaneously beating hiPS-CMs. (E) Representative motion vector charts of hiPS-CMs on the flat, random, and
aligned patterns. The scale on the dial represents each angle of contract direction, and the blue cover area reflects the combination of the vector orientation and the
ratio of vectors within the same direction. hiPS-CMs on flat pattern showed multi-directional contraction; in contrast, hiPS-CMs on aligned pattern showed
bi-directional contraction along the fiber orientation. hiPS-CMs on the random pattern also showed multi-directional contraction, but they were not as widely diffused
as on the flat pattern. Comparison of contractile parameters. (F) Beating rate, (G) contraction velocity, (H) relaxation velocity, (I) contractile acceleration, (J)
contraction deformation distance, and (K) relaxation deformation distance of hiPS-CMs on the flat, random, and aligned patterns. Data are presented as

means + standard deviation (SD). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001; n = 3.

statistical tests. Statistical analysis was performed using
JMP Pro 14.0 (SAS).

Data Availability
RNA-Seq data were deposited in the NCBI's Gene Expression
Omnibus (GEO series accession number GSE162707).

RESULTS

Morphological Characteristics of
hiPS-CMs Cultured on Different

Topographic Patterns

On post-differentiation day 28 — 30, highly purified hiPS-
CMs were re-plated on three different topographic patterns:
flat bottom, randomly oriented fiber matrix, and aligned
fiber matrix (Supplementary Figure 1). After culturing
for 1 week, the morphology of hiPS-CMs cultivated on
different patterns showed significant differences. As shown
in Figure 1A, the hiPS-CMs on the aligned fiber matrix were
elongated and rod-shaped and were distributed along the
fiber direction, whereas hiPS-CMs cultured on the other two
patterns showed irregular shape and random distribution.
In contrast to the hiPS-CMs on the flat bottom pattern
that showed round shape and tended to aggregate, hiPS-
CMs in the random group displayed multi-angular shape
with smaller cell area. The cell shapes were quantified by
analyzing immunofluorescence images using a high-content
imaging system. Rod shape was evaluated via cell roundness
and cell width-to-length ratio (Figures 1C,D). The cells
with the morphology that met the following criteria, cell
roundness < 0.45 and cell width-to-length ratio of < 0.5,
was defined rod-shaped cell. Consequently, almost 90%
and 70% hiPS-CMs were rod-shaped on the aligned and
random fiber matrices, respectively; however, < 25% hiPS-
CMs were rod-shaped on the flat bottom pattern (Figure 1B;
flat(23.74 4 2.71%) vs. random(72.76 + 5.44%), P < 0.0001; flat
vs. align(86.99 =+ 3.77%), P < 0.0001; random vs. align, P < 0.01).
To confirm our findings, we replicated the experiments using
the human iPS cell line 253G1 derived cardiomyocytes. The
immunofluorescence analysis showed similar results for

rod-shape evaluation among the three patterns (Supplementary
Figures 2A,B).

Contractile Properties of hiPS-CMs

The contractile properties of hiPS-CMs were evaluated using
the cell motion imaging system. In agreement with the
morphology and distribution of hiPS-CMs in immunostaining
images, hiPS-CMs in the aligned group showed bidirectional
contraction; in contrast, hiPS-CMs in the flat and random
groups performed multidirectional contraction (Figure 1E).
hiPS-CMs cultured on these three patterns showed similar
beating rates (Figure 1F; flat(44.65 =+ 17.00/min) vs.
random(34.55 £ 6.54/min) vs. align(34.8 £+ 3.52/min), N.S.
for among the three groups). hiPS-CMs on the flat bottom
pattern showed faster contraction and relaxation velocities
than those on the fiber-matrix patterns. hiPS-CMs in the
random group showed the lowest contractile velocity and
the smallest deformation during contraction (Figures 1F-K).
The contractile analysis was also replicated with the 253G1
cell line of hiPS-CMs, and similar results were obtained
(Supplementary Figures 2C-H).

Electrophysiological Properties of
hiPS-CMs

After culturing on different patterns for 1 week, the hiPS-
CMs showed significant differences in contractile properties.
As contraction is involved with calcium fluctuation and
action potential (AP), we also analyzed calcium transient
and membrane potential using the FDSS/uCELL system. The
AP amplitude did not vary significantly among the three
patterns (Figures 2A,B), although the rising and falling slopes
associated with the membrane potential were highest for the
hiPS-CMs on the aligned fiber matrix (Figures 2C,D). The
AP duration at 80% repolarization (APD80) was shortened in
hiPS-CMs on random and aligned fiber matrices (Figure 2E;
flat(633.08 &= 77.44 ms) vs. random(496.20 & 50.43 ms), P < 0.01;
flat vs. align(497.39 + 37.68 ms), P < 0.01; random vs. align,
P = N.S.). However, the parameters of calcium transient did not
vary significantly among the hiPS-CMs cultured on these three
patterns (Figures 2F-J), and 253G1-derived cardiomyocytes also
showed similar results (Supplementary Figures 3A-D).
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FIGURE 2 | (A-E) Action potential of human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs). (A) Representative waveforms for action potential of
hiPS-CMs on flat, random, and aligned patterns. Time scale bar: 1 s. Comparison of the action potential parameters: (B) amplitude, (C) rising slope, (D) falling slope,
and (E) action potential duration at 80% repolarization (APD80) of hiPS-CMs in the flat, random, and aligned groups. Data are presented as means =+ standard
deviation (SD). RIC, Relative Intensity Counts. *P < 0.05, **P < 0.01; n = 3. (F-J) Calcium transient of hiPS-CMs. (F) Representative waveforms for calcium
transient of hiPS-CMs on flat, random, and aligned patterns. Time scale bar: 1 s. Comparison of calcium transient parameters: (G) amplitude, (H) rising slope, (1)
falling slope, and (J) calcium transient duration at 80% relaxation (CaTD80) of hiPS-CMs in the flat, random, and aligned groups. The amplitude is measured by the
ratio of fluorescence intensity at 360 nm and 480 nm. Data are presented as means + standard deviation (SD). n = 3. The calcium transient parameters among the
hiPS-CMs on different patterns did not vary significantly. (K-L) Evaluation of cardiac conductivity. (K) The schematic diagram for pacing direction. Solid red arrow
indicates pacing parallel to the fiber orientation in the aligned pattern. The solid orange arrow indicates pacing perpendicular to the aligned fiber orientation. Parallel
and perpendicular are relative to the fiber orientation in the aligned pattern, and accordingly, pacing at the same position in the flat and random groups. The light blue
circle represents the well area; black lines represent nanofibers. (L) The conduction activating time of hiPS-CMs on different patterns. Irrespective of pacing parallel
or perpendicular to the aligned fiber orientation, the activating time of hiPS-CMs in the random and aligned groups were both shorter than that in the flat group. In
addition, on the same pattern, activating time did not vary when pacing along these two mutually vertical directions. Data are presented as means + standard
deviation (SD). *P < 0.05, **P < 0.01 for flat vs. random vs. aligned when pacing perpendicular to the aligned fiber orientation. "*P < 0.001 for flat vs. random vs.

aligned group when pacing parallel to the aligned fiber orientation. n = 3.

To investigate whether specific cell arrangement affected the
conductivity, we assessed optical membrane potential imaging
using the MiCAMO2 imaging system. Considering the specific
cell distribution on the aligned pattern, we performed pacing
parallel (longitudinal) or perpendicular (transverse) to the
orientation of the aligned fibers (Figure 2K) and at the same
positions in the random and flat groups. As shown in Figure 2L
(longitudinal: flat(50 £ 8.66 ms) vs. random(27.5 £ 2.89 ms),
P < 0.001; flat vs. align(23.75 £ 2.5 ms), P < 0.001;
random vs. align, P = N.S; transverse: flat(65 £ 20 ms) vs.
random(32.5 £ 9.57 ms), P < 0.05; flat vs. align(21.25 £ 4.79 ms),
P < 0.01; random vs. align, P = N.S.), the activating time of
hiPS-CMs on the fiber-matrix patterns was significantly shorter
than that of hiPS-CMs on the flat bottom matrix, both along
with the longitudinal and transverse directions. The longitudinal
and transverse activating time in the same pattern did not
vary significantly.

Cardiac Gene Expression

Despite the lack of a standard gene expression profile for
defining the mature-like hiPS-CMs, we assessed the expression
of several vital cardiac genes to determine changes at the
molecular level in hiPS-CMs cultured on different substrates.
a-myosin heavy chain (MYH6) and B-myosin heavy chain
(MYH?7) are well-known mature relevant cardiac genes. As
shown in Figure 3A, MYH7 expression and the ratio of
MYH7 to MYH6 expression was highest in the aligned group.
Expression of MYL2, a ventricular cardiac gene, in the aligned
group was significantly higher than that in the flat group.
The expression of genes involved in calcium handling, such
as sarco/endoplasmic reticulum Ca2 + -ATPase (SERCA2A)
(ATP2A2), and that of L-type calcium channel (CACNAIC)
did not show significant difference among these three groups.
The expression of genes related to cardiac AP, such as fast
Nat ion channel (SCN5A), KT inward rectifier (KCNJ2), ether-
a-go-go-related protein 1 (KCNH2), and K' slow delayed
rectifier channel (KCNQI) did not differ among these three
groups. The gap junction protein GJA1 was highly expressed
in the fiber matrix pattern groups. Connexin-43 (Cx-43)
mostly accumulated in the intercalated disks in the random or
aligned group (Figure 3B), whereas its distribution in the flat
group was not clear.

Morphological and Functional Changes
of hiPS-CMs After Reseeding on the

Same Patterns

For determining whether the above morphological and
functional changes in hiPS-CMs were induced by the culture
substrates and disappeared after withdrawing the fiber substrates
or were permanently encoded in the hiPS-CMs as inherent
properties, hiPS-CMs were harvested from each pattern,
replated onto the flat matrix, and incubated for another week.
As shown in Figure 4A, after culturing on the flat bottom
plates for one more week, the ratio of rod-shaped hiPS-CMs
derived from fiber matrix patterns was still higher than that
in the flat group, although the difference was not significant
(Figure 4B; flat (16.09 + 1.44%) vs. random(25.27 % 5.23%) vs.
align(24.39 = 9.29%), P = N.S. for among the three groups).
Membrane potential and calcium transient were also similar
in terms of the wave amplitude, rising/falling slopes, and
wave duration (Figures 4C-L). Interestingly, the assessment
of cardiac gene expression showed that hiPS-CMs cultivated
on different patterns partially retained the genetic differences
(Figure 5). hiPS-CMs dissociated from aligned fiber matrix
showed the highest expression of structural cardiac genes, MYH7
and MYL2, and high expression ratio of MYH7 to MYH6.
In addition, the expression of SCN5A and KCNJ2 increased
in hiPS-CMs pre-cultured on the aligned pattern, whereas the
expression levels of ATP2A2, CACNAIC, GJAI, KCNH2, and
KCNQI did not differ among the hiPS-CMs cultivated on
different patterns. Furthermore, the random and align patterns-
treated samples showed a higher ratio of MYH7/MYH6 than
the flat group at 2 weeks post separation (Supplementary
Figure 5, flat(1 + 0) vs. random(3.026 £ 0.11), P < 0.01;
flat(1 £ 0) vs. align(3.410 & 0.92), P < 0.01; random vs. align,
P =N.S.). We also conducted the cardiac gene expression analysis
using 253G1 hiPS-CMs. Similarly, hiPS-CMs cultured on the
aligned pattern for 1 week showed significantly higher levels
of MLC2, MYH?7, and GJAI than the flat and random groups
did. Furthermore, MYL7, ATP2A2, and SCN5A also showed
significantly higher expression compared to flat and random
groups (Supplementary Figure 4A). After replating on non-
scaffold (flat bottom) patterns for 1 week, consistent with 201B7
results, there is a significantly higher expression of MYL2 and
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FIGURE 3 | (A) Cardiac gene expression. Comparison of the expression of cardiac structural genes such as myosin light chain 2 (MYL2), myosin light chain 7
(MYL7), a-myosin heavy chain (MYH6), -myosin heavy chain (MYH?7), and gap junction connexin-43 (GJAT), calcium handling-associated genes such as L-type
calcium channel (CACNA1C) and Sarco/endoplasmic reticulum Ca2 + -ATPase (SERCA2) (ATP2A2), conduction-related genes such as fast sodium (Na*) ion
channel (SCN5A) and potassium (K*) ion channels, including K* inward rectifier (KCNJ2), ether-a-go-go-related protein 1 (KCNH2), and K+ slow delayed rectifier
channel (KCNQT) of human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) on the flat, random, and aligned patterns. The expression levels of
each gene were analyzed using quantitative reverse transcription-polymerase chain reaction (QRT-PCR) and normalized to 18S rDNA expression. *P < 0.05,

P < 0.01, **P < 0.001; n = 3. (B) Distribution of gap junction connexin-43 in hiPS-CMs. Immunofluorescence images of gap junction localization in hiPS-CMs on
the flat, random, and aligned patterns. Images were obtained using a high content imaging system. hiPS-CMs were immunostained with TnT (green). The light red
punctate stain represents connexin-43 (Cx-43). Cx-43 showed intercellular distribution in hiPS-CMs of the random and aligned groups, whereas, Cx-43 expression
was negligible and was found at the intercellular spaces or at the cell borders in the flat group. Scale bar, 50 wm.
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MYH?7 in the align group than in the flat and random groups
(Supplementary Figure 4B).

Differential Gene Expression and
Enriched Pathway Analysis

To get a comprehensive understanding of the genome-wide
expression dynamics under topographic stimulation and, more
importantly, to obtain insights into the underlying mechanisms
of the developmental effects driven by topographic stimuli, we
performed RNA-seq of hiPS-CMs after culturing on flat, random,

or align patterns for 1 week. Principal component analysis (PCA)
revealed that the most variance between the RNA-seq samples
from flat and random patterns (Figure 6A). Moreover, the flat
group samples occupied most of the enrichment gene expression,
as shown by the Differentially expressed genes(DEGs) detected
with the ‘DESeq2’ package and the hierarchical clustering
(Supplementary Figure 6A). Analysis of the enriched DEGs
based on GO biological processes revealed that the upregulated
genes in the flat group were mainly related to the regulation of
cell movement, including extracellular matrix organization, cell
adhesion, and cell migration. Well-known cardiac maturation
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FIGURE 4 | (A,B) Morphological changes of human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) after replating on non-scaffold (flat bottom)
patterns. (A) hiPS-CMs pre-cultured on different patterns were individually replated on the flat pattern and cultured for one more week. Immunofluorescence images
of hiPS-CMs pre-cultured on the flat, random, and aligned patterns. hiPS-CMs were stained for cardiac troponin T (TnT, green) and the nuclei (Hoechst, blue); scale
bar, 100 pm. (B) Quantification of the proportion of rod-shaped hiPS-CMs. The proportion of rod-shaped hiPS-CMs did not vary significantly among these three
groups. Error bars represent standard deviation (SD); data are presented as means + SD; n = 3. (C-G) Action potential of hiPS-CMs after replating on non-scaffold
(flat bottom) patterns. (C) Representative waveforms for action potential of hiPS-CMs pre-cultured on the flat, random, and aligned patterns. Time scale bar: 1 s.
Action potential parameters: (D) amplitude, (E) rising slope, (F) falling slope, and (G) action potential duration at 80% repolarization (APD80) of hiPS-CMs did not
vary significantly among these three groups. RIC, Relative Intensity Counts. Data are presented as means + SD. n = 3. (H-L) Calcium transient of hiPS-CMs after
replating on non-scaffold (flat bottom) patterns. (H) Representative waveforms for calcium transient of hiPS-CMs pre-cultured on the flat, random, and aligned
patterns. Time scale bar: 1 s. Calcium transient parameters: (I) amplitude, (J) rising slope, (K) falling slope, and (L) calcium transient duration at 80% relaxation
(CaTD80) of hiPS-CMs did not vary significantly among these three groups. The amplitude is measured by the ratio of fluorescence intensity at 360 nm and 480 nm.

Data are presented as means + standard deviation (SD). n = 3.
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FIGURE 5 | Cardiac gene expression of human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) after replating on non-scaffold (flat bottom)
patterns. Cardiac gene expression was analyzed after the hiPS-CMs were replated on non-scaffold patterns and cultured for one more week. Comparison of the
expression of cardiac structural genes such as myosin light chain 2 (MYL2), myosin light chain 7 (MYL7), a-myosin heavy chain (MYHS6), B-myosin heavy chain
(MYH?7), and gap junction connexin-43 (GJAT), calcium handling-related genes such as L-type calcium channel (CACNAT1C) and sarco/endoplasmic reticulum
Ca2 + -ATPase (SERCA2) (ATP2A2), conduction-related genes such as fast sodium (Na*) ion channel (SCN5A) and potassium (K*) ion channels, including K+
inward rectifier (KCNJ2), ether-a-go-go-related protein 1 (KCNH2), and K* slow delayed rectifier channel (KCNQT) in hiPS-CMs pre-cultured on flat, random, and
aligned patterns. Each gene expression level was normalized to 78S rDNA expression. *P < 0.05, **P < 0.01; n = 3.

markers (Ronaldson-Bouchard et al., 2018), such as MYH7
and TNNI3, were found to be significantly upregulated in
the align group, which was consistent with the qPCR analysis
results. Moreover, cardiac structural (MLC2, TNNT2, GJAI) and
calcium handling relevant genes (CASQ2, CAMK2B, CAV3) also
showed a higher expression in align group than that in the
flat group (Figure 6B). The most upregulated gene sets in the
align group included those related to cardiac development and
heart morphogenesis pathways, negative regulation of binding,
and microtubule-based processes (Figure 6C). In contrast,
Members of the keratin(KRT) gene family, which play a role
in cell movement, were found to be involved in the relatively
downregulated-gene enriched pathways.

DISCUSSION

In this study, we generated a well-organized and aligned hiPS-
derived cardiac construct by culturing hiPS-CMs on anisotropic
fiber matrix, which geometrically mimics the native heart tissue
in only few days. Several strategies were used for constructing
anisotropic cardiac tissues, ranging from the design of structures
(concave-convex mode and oriented fiber like matrix) to the use
of different types of substrate materials (polydimethylsiloxane,
silk fibroin, and electrospun fibrous) (Stoppel et al., 2015; Han
et al., 2016; Pilarczyk et al., 2016). Compared to the anisotropic
microgroove modes, the nanofiber patterns used in this study
maintained the intercellular space and increased intercellular
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FIGURE 7 | Schema for the present study. Human induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) cultivated on aligned pattern showed more
mature-like properties than that on non-scaffold (flat) pattern, including elongated rod shape, bidirectional contraction, efficient action potential, faster conduction
velocity, and elevated cardiac maturity-related gene expression. The morphological and electrophysiological advantages diminished once the hiPS-CMs were freed
from the aligned scaffold, although the molecular developmental properties were preserved.

connection, which is similar to the microenvironment of
native heart tissue. Furthermore, hiPS-CMs grown on the fiber
substrates tightly integrate with the nanofibers over time, which
may decrease contraction movement. However, it is noteworthy
that the motion analysis of contraction kinetic parameters was
the mean value of measurements from every direction and
not along one of the specific orientations. Considering this,
the contraction velocity along the fiber orientation may be
faster in the align group than that in the flat group. Regarding
energy consumption, hiPS-CMs on the aligned pattern showed
bidirectional contractions, which may reduce energy loss. In
contrast, the hiPS-CMs in the flat and random groups showed
multidirectional contractions. Furthermore, upregulation of the
mature isoforms of the sarcomeric gene MYH?7 in the aligned
hiPS-CMs suggests that the bidirectional contractions of hiPS-
CMs may be a mechanical stimulation that contributes to hiPS-
CM maturation.

Cardiac contraction is accompanied by calcium cycling in each
cardiomyocyte, and the immaturity of hiPS-CMs is manifested
in low calcium release and reuptake kinetics (Denning et al.,
2016). However, the hiPS-CMs on the three patterns did
not differ significantly in calcium transient or the expression
of calcium handling-associated genes such as ATP2A2 and
CACNAIC, indicating that relative to the morphological changes,
the development of calcium transient in hiPS-CMs required time
and was negligibly affected by matrix geography. AP is one of
the most important electrophysiological properties of multiple

ion currents. hiPS-CMs showed lower upstroke velocity of AP
and longer action potential duration (APD) than those of adult
ventricular cardiomyocytes due to the low density of functional
mature ion channels (Denning et al., 2016; Kolanowski et al.,
2017; Scuderi and Butcher, 2017). In our study, the upslope of
AP in hiPS-CMs of the aligned group was more striking than that
of the flat group; furthermore, the APD80 of the hiPS-CMs of
the aligned group or random group was significantly shorter than
that of the flat group. Interestingly, the expression of the cardiac
AP-related genes, namely, SCN5A, KCNJ2, KCNH2, and KCNQI,
did not show the corresponding difference. Based on these
results, we speculated that at least for cardiac AP, the aligned cell
distribution close relative to the change of electrophysiological
properties of hiPS-CMs.

Cardiac conductivity, another essential property of CMs, is
also an important parameter for estimating hiPS-CM maturation.
The fatal cardiac arrhythmia caused by cardiac infarction or
any other induced myocardial damages is usually attributed to
cardiac conduction abnormalities, which is partly due to the
disorganization of cardiac cells in the injured area. With the
exception of the low density of ion channels, deficiency of
conductivity in immature hiPS-CMs is due to the negligible
expression of gap junctions and the distribution of gap junctions
at the cell circumference rather than at the intercalated disks
(Denning et al., 2016). In the present study, the cardiac activating
time of hiPS-CMs in the scaffold patterns was significantly
shorter than that in the flat pattern, suggesting that the
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conductivity of hiPS-CMs on the aligned or random pattern
was faster than that on the flat pattern. Immunostaining images
showed that most Cx-43 was located at the intercalated disks
of hiPS-CMs on the random and aligned patterns, whereas, the
negligible amount of Cx-43 was observed on the flat pattern.
In agreement with the result of Cx-43 immunostaining, the
expression of the gap junction Cx-43-encoding gene, GJAI, in
both the randomized and aligned groups was higher than that
in the flat group. The above results indicate that the acceleration
of cardiac conductivity may benefit from the accumulation of
more gap junctions at the intercellular locations. Interestingly,
the conduction velocities parallel and perpendicular to the fiber
orientation in the aligned substrate did not differ. As the CMs
in the ventricular wall are not uniformly aligned, it is possible
that overlapping CMs laminate with the aligned myocytes layer
by layer (Streeter et al, 1969; LeGrice et al, 1995). It is
noteworthy that CM orientation affects both electrical activation
and excitation propagation (Hooks et al., 2002). In addition
to CMs, aligned cell arrangement also affects the induction
of cardiac differentiation (Pijnappels et al., 2008). Here, the
similar conduction velocities parallel and perpendicular to the
CM orientation may be attributed to the immature hiPS-CMs
or non-CMs and also to the heterogeneous distribution of
the gap junctions.

Although a previous study suggested that the cell shape has
profound effects on the function and molecular expression in
cardiomyocytes (Haftbaradaran Esfahani et al., 2019), the extent
to which the benefits—driven by morphological changes—on
hiPS-CMs last remained unclear. Our study first investigated the
memory of iPS-CM:s for the aligned pattern-induced facilitation
of maturity. The cells were removed from the different substrates
and were then replated on the flat pattern for an additional week.
Unfortunately, hiPS-CMs pre-cultured on the aligned matrix
were round-shaped and randomly oriented, similar to the other
two groups. Furthermore, AP and calcium transient did not
differ among these three groups. However, the restoration of
the morphological and functional changes indicates that cell
orientation significantly affects the electrical properties of hiPS-
CMs. Surprisingly, cardiac gene expression showed that hiPS-
CMs pre-cultured on the aligned pattern were considerably more
mature than those derived from the flat group and that the
difference was even more significant than that in the pre-culture
stage. Thus, the round shape and the change in AP were not
because of the degeneration of hiPS-CMs; conversely, hiPS-CM
maturation was still underway. In addition, the hiPS-CMs pre-
cultured on the aligned pattern somehow retained the memory of
the beneficial effects from topographic induced maturation, and
maintained during development even without the fiber matrix.

To obtain insights into the underlying molecular
pathways/signaling involved in the facilitation of hiPS-CM
maturation driven by specific topographic stimuli, we performed
RNA-seq on hiPS-CM samples after different patterns culturing.
The RNA-seq samples of the flat group occupied most of
the enrichment gene expression landscape (Supplementary
Figure 6A), with the related pathways being mostly involved
in the regulation of cell movement. This finding suggested
that, without the scaffold support, the cells could induce the

self-synthesis of the extracellular matrix; thus, cells on the
flat pattern may induce the facilitation of cell proliferation by
controlling the extracellular matrix remodeling process (Cui
etal., 2018). Moreover, the hierarchical clustering results revealed
that several cardiac mature markers had a higher expression
in the align group (Figure 6B). The switch of predominant
contractile isoforms between MYH6/MYH?7 and TNNI2/TNNI3
is a hallmark of cardiomyocyte maturation (Taegtmeyer et al.,
2010; Ames et al., 2013). RNA-seq data revealed significantly
elevated expression of MYH7 and TNNI3 in the align group
samples. In addition to providing substantial cell developmental
molecular information, the differential GO pathway enrichment
among hiPS-CM samples from flat, random, and align patterns
also provided detailed insights on the underlying mechanisms
involved in topographic stimuli-derived maturation of hiPS-
CMs. The most upregulated gene sets related pathways in the
align group were closely related to FOS and JUN families,
which are both known to be associated with the regulation
of stimuli-induced cell responses (Singal et al., 2009). Similar
enriched pathways have also been seen in the random group
samples; thus, it could also be related to substrate stimulation.
Upon overlapping the upregulated genes in the align pattern
compared to the flat or random group, six genes were found
to be specifically upregulated in align vs. flat (Supplementary
Figure 6B, including F13A1, XIRP2, TTC29, PTPRH, TULPI,
and LINC00702). In particular, Protein Tyrosine Phosphatase
Receptor Type H (PTPRH) was identified, which is a member of
the protein tyrosine phosphatase (PTP) family that is involved
in the regulation of various cellular processes including cell
differentiation and mitotic cycle (O’Leary et al., 2016). Naturally,
during heart development, CMs experience a transition from
cell proliferation to cellular hypertrophy. Based on our findings,
the aligned topographic cell arrangement may be related to
the regulation of CM maturation by modulating the cell cycle.
Therefore, it is relevant to investigate the underlying signaling
involved in the regulation of cell growth that is driven by the
aligned cell organization.

CONCLUSION

In summary, in the present study, we constructed geometric
native-like hiPS-cardiac tissue by culturing cardiomyocytes
on well-oriented nanofibers. In addition to morphological
improvement, which involved a change from the round
irregular shape and random distribution to elongated rod
shape and good organization, respectively, the CMs displayed
functional improvements, including more efficient AP and faster
conduction velocity (Figure 7). The “passive” rod-shaped hiPS-
CMs were not equivalent to the adult ventricular cardiomyocytes,
and these morphological changes diminished after withdrawing
the exterior support. This may be analogous to a case where
an “infant” wearing “adult clothes” looks mature; however, the
“adult clothes,” i.e., rod shape and alignment, facilitate hiPS-CM
maturation. In other words, in addition to the fact that mature
CMs are more functional than their immature counterparts,
the functional environment also promotes CM maturation.
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Importantly, these functional improvements persist during hiPS-
CM development even without exterior support. This may also
circumvent the concerns regarding the quality of delivered
isolated cells, which may be used instead of transplanting an
intact tissue, thereby providing more options for cell therapy.
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