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SUMMARY
Engineered cardiac tissue (ECT) using human induced pluripotent stem cell-derived cardiomyocytes is a promising tool for modeling

heart disease. However, tissue immaturity makes robust disease modeling difficult. Here, we established a method for modeling hyper-

trophic cardiomyopathy (HCM) malignant (MYH7 R719Q) and nonmalignant (MYBPC3 G115*) pathogenic sarcomere gene mutations

by accelerating ECTmaturation using an ERRg agonist, T112, andmechanical stretching. ECTs treated with T112 under 10% elongation

stimulation exhibitedmore organized andmature characteristics.Whereasmatured ECTswith theMYH7R719Qmutation showed broad

HCM phenotypes, including hypertrophy, hypercontraction, diastolic dysfunction, myofibril misalignment, fibrotic change, and

glycolytic activation, matured MYBPC3 G115* ECTs displayed limited phenotypes, which were primarily observed only under our

new maturation protocol (i.e., hypertrophy). Altogether, ERRg activation combined with mechanical stimulation enhanced ECT matu-

ration, leading to a more accurate manifestation of HCM phenotypes, including non-cardiomyocyte activation, consistent with clinical

observations.
Yoshida and colleagues established a maturation method of

engineered cardiac tissue (ECT) via ERRg stimulation and

mechanical stretching for hypertrophic cardiomyopathy

(HCM) modeling. The combined approach effectively pro-

moted ECTmaturation, allowing HCMphenotypes toman-

ifest to a greater extent, including non-cardiomyocyte

changes such as fibrosis, to contrastmore clearly the distinct

disease phenotypes between malignant and nonmalignant

pathogenic sarcomere mutations.
INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a disease charac-

terized by hypertrophy of the left ventricle (Authors/Task

Force members et al., 2014) and is estimated to affect 1 in

500 people (Maron et al., 1995). Approximately 60% of

HCM cases are autosomal dominant genetic disorders of

sarcomere components, andmore than 1,400 HCM-associ-

ated mutations have been reported (Ho et al., 2015). About

70% of pathogenic HCMmutations are in the genes encod-

ing myosin heavy chain b (MYH7) or myosin-binding

protein C (MyBPC3) (Ho et al., 2015). Although much is

known about the genetic basis of HCM, there are no estab-
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lished medical therapies for HCM other than symptomatic

treatments. Since HCM disease models are extremely chal-

lenging to establish, the development of therapeutic agents

for HCM treatment has been slower than desired.

Animal models have been used as platforms for HCM

research to understand the underlying mechanism and

develop novel therapeutics (Mosqueira et al., 2019). How-

ever, there are many interspecies differences between hu-

mans and other animals (Milani-Nejad and Janssen,

2014). Importantly, unlike in humans, the expression of

MYH7, themost frequentlymutated gene inHCMpatients,

is low in mice (Lompre et al., 1981), making it difficult to

interpret the phenotypes of mouse HCM models. There-

fore, establishing in vitro platforms to replicate human

HCM phenotypes has great potential for biomedical

applications.

Several studies have established two-dimensional (2D)

HCM disease models using human induced pluripotent

stem cell-derived cardiomyocytes (hiPSC-CMs) (Lan et al.,

2013; Seeger et al., 2019), but they lack many critical

features of diseased heart tissues, including 3D tissue struc-

tures and interactions between cardiomyocytes and non-

cardiomyocytes. Thus, it is challenging to recapitulate the
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full range of abnormalities in cardiomyocytes and non-car-

diomyocytes with such models.

Engineered cardiac tissue (ECT) using hiPSC-CMs is a

promising tool to recapitulate the human heart and can

be readily applied to study human heart diseases in vitro

(Mosqueira et al., 2018). However, ECTs derived from

hiPSC-CMs are immature compared to the adult heart. Un-

like adult ventricular CMs, hiPSC-CMs have an irregular

sarcomere structure, low mitochondrial content, and lack

T-tubule structure (Karbassi et al., 2020). Several studies

have addressed such issues by using electrical stimulation

(Ronaldson-Bouchard et al., 2018) andmechanical stretch-

ing (Leonard et al., 2018; Ruan et al., 2016) to improve the

immaturity of ECTs. However, these methods require a

much longer maturation period (i.e., 2–3 weeks).

Furthermore, despite several reports demonstrating the

utility of ECTs for in vitro HCM models (Cohn et al.,

2019; Ma et al., 2018), establishing an HCM model with a

similar degree of malignancy observed in human HCM

cases remains a challenge. For example, although MYH7

R403Q�/+ ECTs showed cardiomyocyte hypertrophy

(Cohn et al., 2019), this phenotype has never been re-

ported in isogenic ECTs with MYBPC3 mutations (Cohn

et al., 2019; Ma et al., 2018). Additionally, functional

changes in non-cardiomyocytes, such as fibrosis, and the

phenotypic diversity arising from different pathogenic

mutations have not been shown using such models.

We hypothesized thatmature ECTs are required tomodel

the full spectrum of HCM pathophysiologic changes

observed in patients. Previously, we identified the estro-

gen-related receptor gamma (ERRg) agonist T112 as an

hiPSC-CM maturation inducer using a 2D assay (Miki

et al., 2021). While T112 enables the maturation of

hiPSC-CMs acutely (approximately 8 days of treatment),

whether ERRg activation enhances the organization and

maturation of ECTs for disease modeling of HCM remains

unclear.

This study aimed to establish a method for generating

mature ECTs and isogenic HCM models with malignant

and nonmalignant pathogenic sarcomere gene mutations

using T112. As we had anticipated, T112-treated ECTs

showed mature phenotypes. Moreover, combining T112

and mechanical stretching further enhanced morpholog-

ical and metabolic maturation. Using isogenic hiPSCs

with malignant pathogenic sarcomere mutations (MYH7

R719Q) and those with nonmalignant pathogenic sarco-

mere mutations (MYBPC3 G115*), we demonstrated that

this combinatorial approach allows for the manifestation

of clinically relevant phenotypes, including cardiomyocyte

hypertrophy and non-cardiomyocyte dysfunctions such as

fibronectin accumulation. On the other hand, consistent

with the malignancy associated with the two pathogenic

mutations we examined in this study, we revealed that
there are phenotypic differences between HCM ECTs

with MYH7 R719Q and MYBPC3 G115* mutations. Alto-

gether, the combination of T112 and mechanical stretch-

ing enhanced thematuration of ECTs over a short duration

and led to a manifested HCM model, wherein we could

observe evident differences in disease phenotypes between

malignant and nonmalignant pathogenic sarcomere

mutations.
RESULTS

T112 enhances TNNI3 expression and sarcomere

maturation in ECTs

The sarcomeric TNNI gene switches from the fetal isoform,

TNNI1, to the adult isoform, TNNI3, during development

(Bhavsar, 1991). We previously discovered the ERRg

agonist T112 to promote hiPSC-CM maturation using the

dual reporter hiPSC line integrating emerald green fluores-

cent protein (EmGFP) and mCherry genes into the

TNNI1and TNNI3 loci, respectively (Miki et al., 2021). To

confirm whether T112 promotes ECT maturation, we

generated strip-like ECTs with both sides anchored, using

a mixture of 10% normal human dermal fibroblasts

(NHDFs) and 90% non-purified hiPSC-CMs derived from

the dual reporter hiPSCs. In CMs derived from these dual

reporter induced pluripotent stem cells (iPSCs), approxi-

mately 80% of the cells were EmGFP-positive cardiomyo-

cytes (Figure S1A). From day 7 after fabrication, we cultured

ECTs in the presence of T112 for an additional 8 days. Flow

cytometric and imaging analyses showed that T112 treat-

ment increased the expression of mCherry (TNNI3) in car-

diomyocytes as compared to vehicle (DMSO) treatment

(Figures S1B–S1D). There were no differences in the expres-

sion of mCherry between 3 mM, the optimal concentration

in embryoid body (EB) culture, and 10 mM (Figures S1B–

S1D). Moreover, ECTs treated with either 3 or 10 mM

T112 had clearer z-disc-aligned sarcomeres compared to

control ECTs (Figure S1E). We thus used 3 mM T112 for all

subsequent experiments.
Combined T112 treatment and mechanical stretching

enhance ECT maturation

Mechanical stretching was shown previously to enhance

the maturation of ECTs composed of cardiomyocytes and

cardiovascular progenitor cells derived from pluripotent

stem cells (Leonard et al., 2018; Ruan et al., 2016). There-

fore, we investigated whether combined T112 treatment

and mechanical stretching could further promote ECT

maturation. The Flexcell system can mechanically stretch

ECTs by vacuum suction under the culture plate, allowing

maximal elongation of up to 10% (Figure 1A). ECTs were

cultured using 10% elongation stimulation at 1 Hz in the
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presence of T112 for 8 days. mCherry expression in the

T112-treated ECTs with mechanical stretching (T112-

mech) was significantly higher (1.6-fold increase) than

that in the T112-treated static ECT cultures (T112-static)

(Figures 1B, 1C, and S2A). ECTs treated with T112 and sub-

jected to 2.5% elongation (theminimum setting) showed a

mild increase of mCherry expression (1.2-fold increase)

compared to T112-static (Figure 1C). These results indicate

that this additive effect depends on the amount of stretch-

ing ECTs experienced in conjunction with T112 treatment.

Both control and T112-treated ECTs subjected to mechan-

ical stretching (DMSO-mech and T112-mech, respectively)

showed increased EmGFP expression compared to static

ECT cultures treated with DMSO (DMSO-static) (Fig-

ure S2B), even though TNNI1 expression was comparable

among these ECTs (Figure S3A).

We further assessed the cardiac maturation of each ECT

treatment group by measuring cardiomyocyte size.

Notably, we observed a significant increase in cardiomyo-

cyte size by T112 treatment (T112-static vs. DMSO-static),

further enhanced in the T112-mech group (Figures 1D

and 1E). Sarcomere alignment was affected similarly, with

the T112-mech group displaying the highest anisotropy

(Figure 1F). The sarcomere length of T112-static ECTs was

significantly longer than that of DMSO-static and DMSO-

mech ECTs, and mechanical stretching failed to increase

sarcomere length further for the T112-mech group (Fig-

ure 1G). As with sarcomere length, the contractile force

was significantly higher in T112-mech ECTs (Figure 1H).

Next, we examined the effect on metabolic maturation.

Mitochondrial content increased for ECTswith combinato-
Figure 1. Functional characterization of mature ECTs
(A) Representative tissue image and schematic of mechanical stretch
(B) Phase contrast (upper), EmGFP fluorescence (TNNI1, middle), and
with DMSO or 3 mM T112, in static condition or with mechanical stre
mech, and T112-mech). Scale bar, 500 mm. See also Figures S1A and
(C) Quantification of mCherry expression of day-15 ECTs with DMSO or
or 10% elongation at 1 Hz) from three independent experiments (n =
(D) Representative immunostaining images of day-15 DMSO-static, T11
(WGA) (red), ACTN2 (green), and DNA (blue). Scale bar, 50 mm. See a
(E) Quantification of cardiomyocyte area of day-15 DMSO-static, T11
experiments (n = 110–164).
(F) Quantification of sarcomere alignment of day-15 DMSO-static, T1
experiments (n = 5–9).
(G) Quantification of sarcomere length of day-15 DMSO-static, T112
experiments (n = 90–120).
(H) Quantification of contractile force in DMSO-static, T112-static, D
(n = 9–12).
(I) Quantification of mitochondrial DNA content of day-15 DMSO-sta
pendent experiments (n = 15–18). Data are shown relative to the DM
(J) Quantification of glucose consumption of DMSO-static, T112-static
(n = 6–12). Data presented as the mean ± SD (C, F, H, and J) or in a box
way ANOVA with Tukey’s multiple comparison test.
rial treatment (T112-mech) (Figure 1I). Moreover, glucose

consumption was decreased only in T112-mech compared

to DMSO-static (Figure 1J). These data indicate that

combined T112 treatment and mechanical stretching

enhanced both the structural and metabolic maturation

of ECTs. Notably, while T112 treatment improved several

parameters, mechanical stretching alone had no effects.

Next, we compared the gene expression profiles of ECTs

from each treatment group by RNA sequencing (RNA-

seq). Principal-component analysis (PCA) showed that

the DMSO-treated (DMSO-static and DMSO-mech) and

T112-treated (T112-static and T112-mech) conditions

were separated, indicating the impact of T112 treatment

on global gene expression (Figure 2A). We first performed

Gene Ontology (GO) enrichment analysis by focusing on

‘‘cellular components’’ of the differentially expressed genes

(DEGs) (Data S1) and found that all stimulation conditions

upregulated gene sets related to myofibril, sarcomere, and

contraction fiber (Figure 2B). Furthermore, T112 treatment

with or without mechanical stimulation (T112-static and

T112-mech) also enhanced the expression of genes related

to I-band and z-discs (Figure 2B). In addition, GO enrich-

ment analysis of the DEGs for ‘‘biological process’’ revealed

that T112 decreased the cell cycle of ECTs (Figure S3B; Data

S2). These results indicate that T112 treatment induces

global gene expression patterns toward ECT maturation.

Next, we examined the expression patterns of individual

genes related to cardiac maturation. Although the expres-

sion of ion-channel-related genes did not change with

maturation, the expression of SR/calcium handling and

sarcomere-related genes, such as CAMK2B, MYH7, TNNI3,
ing.
mCherry fluorescence (TNNI3, lower) images of day-15 ECTs treated
tching (10% elongation at 1 Hz) (DMSO-static, T112-static, DMSO-
S1B.
3 mM T112, in static condition or with mechanical stretching (2.5%
4–8). See also Figures S1C, S1D, S2A, and S2B.
2-static, DMSO-mech, or T112-mech ECTs for wheat germ agglutinin
lso Figure S1E.
2-static, DMSO-mech, and T112-mech ECTs from three independent

12-static, DMSO-mech, and T112-mech ECTs from five independent

-static, DMSO-mech, or T112-mech ECTs from three independent

MSO-mech, or T112-mech ECTs from four independent experiments

tic, T112-static, DMSO-mech, or T112-mech ECTs from nine inde-
SO-static group in each experimental batch.
, DMSO-mech, or T112-mech ECTs from six independent experiments
plot (E, G, and I). All statistical analyses were performed using two-
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Figure 2. RNA-seq analysis of ECTs
(A) PCA of RNA-seq of day-15 DMSO-static,
T112-static, DMSO-mech, or T112-mech ECTs
from three independent experiments (n = 3).
(B) Gene Ontology (GO) cell component
terms enriched in upregulated differentially
expressed genes (DEGs) compared with
DMSO-static (log2 FC > 0, q < 0.05). The color
indicates the p value. Circle size indicates
the ratio of the number of genes containing
each GO term to the number of DEGs. See also
Figures S3A and S3B and Data S1 and S2.
(C) Heatmap showing the expression of
selected genes. The color bar indicates log2
FC compared to the DMSO-static group.
Asterisk (*) indicates significant expression
compared to the DMSO-static group (q value
<0.05).
(D) Heatmap showing expression of selected
genes. The color bar indicates the Z score of
the normalized count. Asterisk (*) indicates
significant expression compared to the T112-
static group (q value <0.05). See also Fig-
ure S6D.
and ACTN2, was significantly increased in T112-static and

T112-mech ECTs compared to that in DMSO-static ECTs

(Figure 2C). Notably, while mechanical stimulation of

T112-treated ECTs significantly reduced MYH6 expression,

which decreases during maturation in vivo, the expression

of CDH2, known as a component of the adherens junction

of cardiomyocytes, increased. These differences were not

observed in T112-static ECTs (Figure 2C), thus illustrating

the importance of combining chemical and mechanical

stimulation.

We compared the gene expression profiles between

T112-static and T112-mech ECTs to examine further the

differences induced by mechanical stimulation of ECTs

during T112 treatment. In T112-mech ECTs, oxidative
2112 Stem Cell Reports j Vol. 18 j 2108–2122 j November 14, 2023
phosphorylation (OXPHOS)-related genes, such as MT-

ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5,

MT-RNR1, and MT-RNR2, were significantly upregulated

compared to T112-static ECTs (Figure 2D). In contrast,

the expression of glycolysis-related genes, such as ENO1,

GAPDH, PFKL, and PGK1, was significantly decreased in

T112-mech ECTs compared to that in T112-static ECTs (Fig-

ure 2D). These results suggest that mechanical stretching

together with T112 treatment enhances themetabolic shift

from glycolysis to oxidative phosphorylation as ECTs

mature.

In summary, mechanical stretching alone did not result

in functional maturation of ECTs, as shown in Figure 1,

but the gene expression pattern trended toward improved
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Figure 3. Phenotype characterization of
MYH7 R719Q ECTs
(A) Representative immunofluorescence im-
ages of day-15 WT or MYH7 R719Q ECTs with
DMSO-static, T112-static, DMSO-mech, or
T112-mech treatment for WGA (red), ACTN2
(green), and DNA (blue). Scale bar, 50 mm.
See also Figures S4A–S4D.
(B) Quantification of sarcomere alignment of
day-15 WT or MYH7 R719Q ECTs with DMSO-
static, T112-static, DMSO-mech, or T112-
mech treatment from five independent ex-
periments (n = 5–6).
(C) Representative immunofluorescence im-
ages of day-15 WT or MYH7 R719Q ECTs with
T112-mech treatment for ACTN2 (green) and
DNA (blue). Scale bar, 200 mm.
(D) Quantification of cardiomyocyte area of
day-15 WT or MYH7 R719Q ECTs with DMSO-
static, T112-static, DMSO-mech, or T112-
mech treatment from four independent ex-
periments (n = 100–154).
(E and F) Quantification of contractile force
(E) and 90% relaxation time (F) in WT or
MYH7 R719Q ECTs with DMSO-static, T112-
static, DMSO-mech, or T112-mech treatment
from three to five independent experiments
(n = 3–6). See also Figure S4E. Data are
presented as the mean ± SD (B, E, and F) or in
a boxplot (D). All statistical analyses were
performed using two-way ANOVA with Tukey’s
multiple comparison test.
maturation. The combination of mechanical stretching

and T112 treatment enhanced the expression of sarco-

mere-related genes and shifted the energy supply from

glycolysis to oxidation phosphorylation in ECTs.

Combinatorial treatment enhances the diversity of

HCM phenotypes observed in MYH7 R719Q ECTs

To confirm whether our new combinatorial treatment

could model HCMwith a malignant pathogenic sarcomere

genemutation in ECTs, we used the CRISPR-Cas9 system to

generate an isogenic hiPSC line harboring a heterozygous

MYH7 R719Q mutation (Figure S4A), a malignant patho-

genic sarcomere gene mutation in HCM patients (Van

Driest et al., 2002). The genome-editedMYH7 R719Q iPSCs

showed a normal karyotype (Figure S4B) and did not

display any defects in differentiation efficiency (Fig-

ure S4C). Wild-type (WT) and R719Q mRNAs were equally

expressed in hiPSC-CMs with the MYH7 R719Q mutation

(Figure S4D).
We first tested whether our MYH7 R719Q ECTs could

recapitulate the structural abnormalities, such as myofibril

disarray and cardiomyocyte hypertrophy, presented in

HCM.Myofibril alignment improvedwith enhancedmatu-

ration in WT ECTs but not for all conditions examined in

MYH7 R719Q ECTs (Figures 3A–3C). The difference in

myofibril alignment between WT and MYH7 R719Q

ECTs was observed only in the T112-mech treatment

group (Figures 3A–3C). On the other hand, cardiomyocyte

size was significantly larger in MYH7 R719Q than in

WT DMSO-static, DMSO-mech, and T112-mech ECTs

(Figures 3A and 3D). Notably, the differences in cardiomyo-

cyte size were more significant in MYH7 R719Q ECTs

treated by our combinatorial maturation method (DMSO-

static, p = 0.0486; DMSO-mech, p = 0.0297; T112-mech,

p = 0.0001) (Figure 3D). MYH7 R719Q ECTs showed higher

contractile force (Figure 3E) and longer relaxation time

(Figure 3F) than WT ECTs in DMSO-static, DMSO-mech,

or T112-mech treatment groups, suggesting that the
Stem Cell Reports j Vol. 18 j 2108–2122 j November 14, 2023 2113



MYH7 R719Q mutation caused diastolic dysfunction. In

contrast, contraction times were comparable under all

conditions (Figure S4E). Altogether, we successfully recapit-

ulated in our mature ECTs several characteristic HCM phe-

notypes, including myofibril disarray, hypertrophy, hyper-

contractility, and diastolic dysfunction, for the malignant

HCM sarcomere mutation, MHY7 R719Q. In contrast,

immature ECTs displayed only hypertrophy, hypercontrac-

tility, and diastolic dysfunction, indicating that the combi-

natorial treatment provides better in vitro modeling of

HCM phenotypes.

T112 treatment and mechanical stretching together

manifest the hypertrophy phenotype of ECTs with a

MYBPC3 truncation mutation

The sudden cardiac death (SCD) risk of pediatric HCMwith

pathogenic sarcomere gene mutations such as MYH7

R719Q is higher than adult-onset HCM (Miron et al.,

2020). As expected, ECTs robustly manifested the HCM

phenotypes caused by the MYH7 R719Q mutation. We

thus assessed whether this combinatorial method is also

helpful for modeling nonmalignant HCM pathogenic

sarcomere gene mutations. Among HCM patients,

MYBPC3 truncation mutations are one of the most

frequent mutations, and the clinical courses are similar

regardless of mutation location since the loss of function

is thought to cause HCM (Helms et al., 2020; Marston

et al., 2009). HCM with MYBPC3 truncation mutations is

known as adult-onset HCM, diagnosed at an average age

of approximately 39 years (Helms et al., 2020), and is

thus defined as a set of nonmalignant pathogenic muta-

tions. However, no report to date has produced an accurate

in vitro isogenic HCMmodel using ECTs withMYBPC3mu-

tations that present a hypertrophic phenotype. Therefore,

we generated an hiPSC line with a heterozygous MYBPC3

truncation mutation (MYBPC3 G115*) using CRISPR-

Cas9 (Figure S5A).

We confirmed the sequences of both WT MYBPC3 and

the inserted fragment containing the MYBPC3 G115* mu-

tation in hiPSCs (Figure S5B). The generated hiPSCs had a

normal karyotype (Figure S5C), and genome editing did

not affect differentiation efficiency (Figure S4C). In

hiPSC-CMs with the mutation, MYBPC3 mRNA and pro-

tein expressions were reduced to approximately 50% of

WT levels (Figures 4A, 4B, and S5D). Next, we measured

cardiomyocyte size and myofibril alignment of ECTs.

Although there was no difference in cardiomyocyte size be-

tween WT and MYBPC3 G115* ECTs under conventional

culture conditions (Figure S5E), our combinatorial method

manifested a hypertrophic phenotype in this HCM model

(Figures 4C and 4D). On the other hand, unlike ECTs

with the MYH7 R719Q mutation, MYBPC3 G115* ECTs

did not show any significant myofibril disarray compared
2114 Stem Cell Reports j Vol. 18 j 2108–2122 j November 14, 2023
toWTECTs (Figure 4E). For contractile properties, although

the contractile force and time were comparable (Figures 4F

and S5F), we observed prolonged relaxation time in ECTs

with the MYBPC3 G115* mutation in contrast to WT

ECTs (Figure 4G). Collectively, in ECTs with a clinically

nonmalignant pathogenic sarcomere gene mutation (i.e.,

MYBPC3 G115*), our combinatorial method enabled the

manifestation of HCM phenotypes, such as hypertrophy

and diastolic dysfunction.

ECTs with MYH7 R719Q and MYBPC3 G115*

mutations have transcriptional characteristics of HCM

Next, we performed transcriptome analysis of WT ECTs

and ECTs with MYH7 R719Q or MYBPC3 G115* muta-

tions. PCA showed that the transcriptome profiles were

predominantly separated by PC1 (Figure 5A). To charac-

terize these HCM models, we examined the DEGs by GO

enrichment analysis (Data S3). Both mutations upregu-

lated gene sets related to contraction, such as muscle

system process, muscle contraction, striated muscle

contraction, and striated muscle tissue development (Fig-

ure 5B). Additionally, the gene sets specifically upregulated

in MYH7 R719Q ECTs were related to the extracellular

matrix (ECM), such as ECM organization, extracellular

structure organization, and external encapsulating struc-

ture organization (Figure 5B). These results are consistent

with the proteomics data of patients with HCM, which

showed high expression of proteins related to fibrosis and

contraction (Schuldt et al., 2021), indicating that these

HCM models could faithfully mimic the changes in HCM

hearts.

Moreover, we performed Disease Ontology (DO) seman-

tic and enrichment analysis (Yu et al., 2015). Myopathy-

related DO terms, such as myopathy, muscle tissue disease,

and muscular disease, were at the top of the enriched DO

term list in both ECTs with MYH7 R719Q and MYBPC3

G115* mutations (Table 1). In addition, the DO term of

hypertrophic cardiomyopathy was significantly enriched

in both MYH7 R719Q and MYBP3 G115* ECTs

(DOID:11984, MYH7 R719Q, p = 0.0035 and MYBPC3

G115*, p = 8.34E�09) (Data S4). The data from these

enrichment analyses support that ECTs with MYH7

R719Q or MYBPC3 G115* mutations transcriptionally

recapitulated broad aspects of HCM phenotypes.

We confirmed the expression pattern of representative

genes known to change in HCM patients. In MYH7

R719Q ECTs, the expression of sarcomere and fibrosis

genes, such as MYH7, TNNI3, MYL2, TGFB1, COL1A2,

COL4A1, COL4A2, COL6A1, COL6A2, COL6A3, COL7A1,

and COL15A1, were significantly upregulated (Figure 5C,

upper panel). In ECTs with the MYBPC3 G115* mutation,

sarcomere genes, such as MYH7, TNNI3, and NPPB, were

significantly upregulated (Figure 5C, upper panel).
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Figure 4. Phenotype characterization of MYBPC3 G115* ECTs
(A) Representative western blotting images of day-29 WT or MYBPC3 G115* EB lysate using anti-MYBPC3 (upper) and anti-b-actin an-
tibodies (lower). The molecular-weight ladder is shown on the left side. See also Figures S4D and S5A–S5D.
(B) Quantification of MYBPC3 expression normalized by b-actin expression from three independent experiments (n = 3).
(C) Representative immunofluorescence images of day-15 WT or MYBPC3 G115* ECTs with T112-mech treatment for WGA (red), ACTN2
(green), and DNA (blue). Scale bar, 50 mm.
(D) Quantification of cardiomyocyte area of day-15 WT and MYBPC3 G115* ECTs with T112-mech treatment from three independent ex-
periments (n = 70–88). See also Figure S5F.
(E) Quantification of sarcomere alignment on day-15 WT and MYBPC3 G115* ECTs with T112-mech treatment from three independent
experiments (n = 3–4).
(F and G) Quantification of contractile force (F) and 90% relaxation time (G) in WT or MYBPC3 G115* ECTs with T112-mech treatment from
four independent experiments (n = 5–10). See also Figure S5E. Data are presented as the mean ± SD (B and E–G) or in a boxplot (D). All
statistical analyses were performed using unpaired t tests.
Additionally, MYBPC3 expression was significantly down-

regulated in ECTs with the MYBPC3 G115* mutation (Fig-

ure 5C, upper panel).

In MYH7 R719Q ECTs, glycolysis-related genes, such as

HK1, ENO2, and PKM, were upregulated (Figure 5C, lower

panel), with the GO term nucleotide metabolic process

(GO: 0009117, p = 0.0025), related to glycolysis, enriched
in upregulated genes in ECTs with theMYH7 R719Qmuta-

tion (Data S3). Indeed,MYH7 R719Q ECTs consumedmore

glucose in the culture medium thanWTorMYBPC3 G115*

ECTs (Figure 5D), indicating activated glycolysis in the

MYH7 R719Q ECTs. Additionally, we checked these

changes in the ECM in eachmodel. Although the increased

mRNA expression of fibronectin (FN1), also known as
Stem Cell Reports j Vol. 18 j 2108–2122 j November 14, 2023 2115
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Figure 5. RNA-seq analysis of HCM model
using isogenic iPSCs
(A) PCA of RNA-seq data of day-15 WT, MYH7
R719Q, or MYBPC3 G115* ECTs with T112-
mech treatment from three independent
experiments (n = 3).
(B) GO biological process terms enriched in
upregulated DEGs compared to WT (log2
FC > 0, q < 0.05). The color indicates the p
value. Circle size indicates the ratio of the
number of genes containing each GO term to
the number of DEGs. See also Data S3.
(C) Heatmap showing the expression of
selected genes. The color bar indicates log2
FC compared to WT. Asterisk (*) indicates
significant expression change compared to
WT (q value <0.05).
(D) Quantification of glucose consumption
of WT, MYH7 R719Q, or MYBPC3 G115* ECTs
cultured for 4 days under static conditions
after T112 treatment and mechanical stim-
ulation from three independent experiments
(n = 5–6).
(E) Representative immunostaining images
of day-15 WT, MYH7 R719Q, or MYBPC3
G115* ECTs with T112-mech treatment for
fibronectin (green), cardiac troponin T (red),
and DNA (blue). Scale bar, 50 mm.
(F) Quantification of fibronectin-positive
area of day-15 WT, MYH7 R719Q, or MYBPC3
G115* ECTs with T112-mech treatment from
three independent experiments (n = 3). See
also Figure S5G. Data are presented as the
mean ± SD (D and F). Statistical analyses
were performed using one-way ANOVA with
Dunnett’s multiple comparison test (D
and F).
cardiac fibrosis factor, was insignificant, fibronectin pro-

tein accumulation was confirmed in the non-cardiomyo-

cytes of ECTs with MYH7 R719Q or MYBPC3 G115*

mutations compared to WT ECTs (Figures 5E and 5F). In

contrast, there was no difference in fibronectin protein

accumulation under conventional culture conditions (Fig-

ure S5G). Therefore, these results indicate that ECTs treated

with T112 and mechanical stretching can also recapitulate

functional changes in non-cardiomyocytes, such as

fibroblasts.

Altogether, these results indicate that our method, based

on ERRg activation and mechanical stretching, facilitates

the maturation of ECTs. This approach allows for the gen-
2116 Stem Cell Reports j Vol. 18 j 2108–2122 j November 14, 2023
eration of HCM models that harbor malignant or nonma-

lignant pathogenic sarcomere gene mutations and repre-

sents a high-resolution method to distinguish disease

severity caused by distinct pathogenic mutations, thus

modeling more faithfully the heart tissues of different

HCM patients.

T112 treatment and mechanical stretching robustly

enhance ECTmaturity andmanifest HCMphenotypes

We confirmed the robustness of this maturation method

using another hiPSC line, 1390C1. T112-mech ECTs ex-

hibited increased cardiomyocyte size and sarcomere length

and alignment (Figures 6A–6D). Additionally, T112-mech



Table 1. DO semantic and enrichment analysis

ID Description p value

MYH7 R719Q DOID:423 myopathy 2.99E�08

DOID:66 muscle tissue disease 2.99E�08

DOID:0080000 muscular disease 6.04E�08

DOID:0060100 musculoskeletal system cancer 4.50E�07

DOID:10155 intestinal cancer 5.08E�07

MYBPC3 G115* DOID:0060036 intrinsic cardiomyopathy 8.97E�10

DOID:423 myopathy 8.98E�10

DOID:66 muscle tissue disease 8.98E�10

DOID:0080000 muscular disease 1.17E�09

DOID:0050700 cardiomyopathy 1.98E�09

Table of the top five DO terms for upregulated DEGs in MYH7 R719Q and MYBPC3 G115* ECTs (see also Data S4).
treatment significantly enhanced the contractile force (Fig-

ure 6E). Next, we examined whether this independent

hiPSC line could reproduce the HCM phenotypes observed

in MYH7 R719Q and MYBPC3 G115* ECTs derived from

1390D4 when subjected to our new maturation method.

Similar to the 1390D4 observations, although 1390C1

iPSC-CMs with the MYH7 R719Q mutation expressed

both MYH7 WT and R719Q mRNA (Figure S6A), MYBPC3

G115* iPSC-CMs derived from 1390C1 hiPSCs showed a

decrease in MYBPC3 expression (Figure S6B). Genome

editing also did not affect the differentiation efficiency

(Figure S6C). Sarcomere disarray was observed in 1390C1-

derived MYH7 R719Q ECTs subjected to T112-mech treat-

ment (Figure 6F). Cardiomyocyte hypertrophy was evident

in the MYBPC3 G115* ECTs derived from 1390C1 hiPSCs

when subjected to T112-mech treatment (Figure 6G).

Furthermore, fibronectin accumulation in the non-cardio-

myocyte area was observed in MYBPC3 G115* ECTs with

T112-mech treatment (Figures 6H and 6I). These results

demonstrate that ECT maturation using this method

robustly manifests HCM phenotypes reproducibly.
DISCUSSION

In this study, we established a method for generating

mature ECTs and HCM models derived from isogenic

hiPSCs in a shorter time using an ERRg agonist, T112,

that accelerates iPSC-CM maturation.

Establishing an accelerated method for maturing ECTs is

crucial for cost-effective drug development. Several proto-

cols require 2–5 weeks to produce mature ECTs (Leonard

et al., 2018; Ronaldson-Bouchard et al., 2018; Ruan et al.,

2016). In this study, we successfully promoted ECT matu-
rity to manifest HCM phenotypes after only 8 days by

combining chemical and mechanical stimulation.

Although it was previously shown that 2 weeks of me-

chanical stretching promotes ECT maturation (Leonard

et al., 2018; Ruan et al., 2016), ECTs treated with mechan-

ical stretching alone (DMSO-mech) did not show any sig-

nificant enhancement in functional maturity compared

to control (DMSO-static) ECTs (Figure 1). In contrast, me-

chanical stretching in the presence of T112 induced several

functional changes, including cardiomyocyte size, sarco-

mere alignment, and mitochondrial content (Figures 1E,

1F, and 1I). Therefore, these results suggest that othermatu-

ration methods, such as electrophysiological stimulation,

high fatty acid culture conditions (Funakoshi et al.,

2021), and hormone stimulation (Seeger et al., 2019), in

combination with T112 treatment andmechanical stretch-

ing may further expedite ECT maturation within an even

shorter period.

Regarding the maturity of ECTs treated using this

method, it was reported that glucose uptake is diminished

during the late gestational and early postnatal stages to

adapt to the transition from glycolysis to high-energy-pro-

duction pathways before increasing fatty acid oxidation

(Piquereau and Ventura-Clapier, 2018). Due to technical

challenges associated with metabolic analysis of ECTs, we

did not undertake an in-depth analysis of metabolic pro-

files of our ECTs. However, considering the results of our

study, which demonstrate reduced glucose consumption,

increasedmitochondrial DNAs, and a gene expression shift

from glycolysis to OXPHOS, along with sustained TNNI1

expression (Figures 1I, 1J, 2D, and S3A), it is reasonable to

suggest that ECTs subjected to the combinatorial treatment

more closely resemble neonatal hearts in terms ofmaturity.
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Figure 6. Robustness of T112 treatment and mechanical stretching
(A) Representative immunostaining images of day-15 ECTs with DMSO-static or T112-mech treatment for WGA (red), ACTN2 (green), and
DNA (blue). Scale bar, 50 mm.
(B) Quantification of cardiomyocyte area of day-15 DMSO-static or T112-mech ECTs from three independent experiments (n = 105–287).
(C) Quantification of sarcomere length of day-15 of ECTs with DMSO-static or T112-mech treatment from three independent experiments
(n = 72).
(D) Quantification of sarcomere alignment of day-15 DMSO-static or T112-mech ECTs from three independent experiments (n = 4–5).
(E) Quantification of contractile force in DMSO-static or T112-mech ECTs from four independent experiments (n = 9–10).
(F) Quantification of sarcomere alignment of day-15 WT or MYH7 R719Q ECTs with DMSO-static or T112-mech treatment from four in-
dependent experiments (n = 5–7). See also Figures S6A and S6C.
(G) Quantification of cardiomyocyte area of day-15 WT or MYBPC3 G115* ECTs with DMSO-static or T112-mech treatment from three to four
independent experiments (n = 95–159). See also Figures S6B and S6C.
(H) Quantification of fibronectin-positive area of day-15 WT or MYBPC3 G115* ECTs with DMSO-static or T112-mech treatment from three
independent experiments (n = 3–4).

(legend continued on next page)
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Using our new modified culture conditions, we success-

fully reproduced several HCM phenotypes using ECT

models, including hypertrophy, hypercontractility, and

diastolic dysfunction in ECTswith theMYH7 R719Qmuta-

tion. In contrast, myofibril disarray and fibronectin

accumulation emerged only under our newly defined

maturation conditions, T112-mech. Our results indicate

that HCM progression may require functional maturation,

suggesting this platform enables the detailed studies of

HCM pathogenic mechanisms and the efficacy evaluation

of therapeutic agents at various stages of HCMprogression.

Additionally, we observed hypertrophic changes only

under defined maturation conditions in ECTs with the

MYBPC3 G115* mutation. Under conventional conditions

(static condition culture without T112), no apparent hy-

pertrophy was observed in MYBPC3 G115* ECTs. More-

over, we did not only detect functional and structural

changes in cardiomyocytes but also found ECM accumula-

tion by non-cardiomyocytes in ECTs possessing either of

the mutations examined. These results yielded two critical

insights: (1) ECT maturation is essential to the in vitro pro-

gression of HCMphenotypes, and (2) the severity of in vitro

HCMmodels is correlatedwith themalignancy of the path-

ogenic sarcomere mutations.

It was reported using monolayer assays that Danon dis-

ease patient hiPSC-derived CMs failed to show hypertro-

phy compared to healthy subjects in the absence of an

accelerated maturation process; however, these hiPSC-

CMs displayed hypertrophy when they were treated with

galactose, oleic acid, and palmitic acid to enhance matura-

tion (Knight et al., 2021). In this study, although T112

treatment alone eliminated the observed HCM pheno-

types, such as hypertrophy (Figure 3D), hypercontractility

(Figure 3E), and diastolic dysfunction (Figure 3F), in

MYH7 R719Q ECTs when compared to control (DMSO),

treatment with T112 under mechanical stretching (T112-

mech) showed additional HCM phenotypes, including

myofibril disarray and fibronectin accumulation, indi-

cating that mechanical-stretching-based maturation is

crucial for the full manifestation of HCM phenotypes.

These results also suggest a possible relationship between

ERRg signaling and HCM progression. Further studies are

required to elucidate the potential role of ERRg in the

pathogenesis of HCM.

Malignancy of pathogenic sarcomere mutations appears

to be associated with more severe defects in our in vitro

HCMmodels. Mature ECTs with themalignant pathogenic

sarcomere mutations, MYH7 R719Q, showed a variety of
(I) Representative immunostaining images of day-15 WT or MYBPC3 G1
troponin T (red), and DNA (blue). Scale bar, 50 mm. Data are presented
analyses were performed using unpaired t tests (B–E) or two-way ANOV
comparison test (G).
abnormal phenotypes, such as myofibril misalignment,

hypertrophy, hypercontraction, diastolic dysfunction, up-

regulated glycolysis, and fibrotic change. In contrast,

mature ECTs with nonmalignant pathogenic sarcomere

mutations, MYBPC3 G115*, showed a subset of these aber-

rant phenotypes (i.e., hypertrophy, diastolic dysfunction,

and fibronectin accumulation). Although a systemic anal-

ysis of additional mutations will be necessary, our findings

suggest that this accelerated CM maturation model may

help predict malignant pathogenic sarcomere mutations

for risk stratification.

Regarding the distinct contractile dysfunctions observed

in HCM with pathogenic sarcomere gene mutations,

although diastolic dysfunction is a common clinical feature

of HCM, whether hypercontractility is a phenotype

commonly caused by sarcomere gene mutations remains

controversial (Mosqueira et al., 2019). In this study, MYH7

R719Q ECTs showed hypercontraction and diastolic

dysfunction, whereas MYBPC3 G115* ECTs displayed only

diastolic dysfunction. In previous reports, ECTs with the

MYBPC3 W792Vfs*41 mutation generated higher twitch

force than isogenic WT ECTs (Cohn et al., 2019), and

hiPSC-CMswith theMYBPC3R943* homozygousmutation

treated with Dex/T3/IGF showed a decrease in contraction

velocity in a monolayer assay (Seeger et al., 2019). Further-

more, it has beendocumented that in vitromotility assays us-

ing tissue explants derived from HCM hearts did not neces-

sarily represent hypercontraction (Mosqueira et al., 2019).

Therefore, along with our findings presented here, hyper-

contractility in HCM may largely depend upon the type of

sarcomere mutation involved.

In earlier studies, cardiomyocytes of HCM patients

showed decreased ATP2A2 expression and exhibited

abnormal calcium handling (Somura et al., 2001). Howev-

er, our ECT model did not reveal any significant change in

ATP2A2 expression in ECTs with either MYH7 R719Q or

MYBPC3 G115* mutations compared to WT ECTs (Fig-

ure 5C). Although adult cardiomyocytes have higher

expression of SCN5A, KCNJ2, RYR2, ATP2A2, and CAC-

NA1C and lower expression of HCN4 (Karbassi et al.,

2020), T112-mech ECTs did not show any expression

changes of these ion channel-related genes (Figure 2C),

suggesting that there is likely room for further maturation

in our HCM model to recapitulate the disease phenotype

completely.

Hearts contain human cardiac fibroblasts (HCFs), not

NHDFs. We thus conducted a comparison of ECT matura-

tion by varying the mixture ratio (10%, 20%, and 30%)
15* ECTs with T112-mech treatment for fibronectin (green), cardiac
in a boxplot (B, C, and G) or the mean ± SD (D–F and I). Statistical
A with �Sı́dák’s multiple comparison test (F and I) or Tukey’s multiple
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of HCFs and NHDFs. While significant changes were

observed in the expressions of MYH6 and RYR2, no signif-

icant alterations were noted forMYH7 orTNNI3, markers of

sarcomere maturation. Furthermore, there were no signifi-

cant changes detected in genes marking electrophysiolog-

ical maturation, except for RYR2 (Figure S6D). These results

indicate that the percentage and types of non-cardiomyo-

cytes exert only a minor influence on ECT maturation un-

der our conditions. Nonetheless, further refinement of

non-cardiomyocyte composition and proportions within

ECTs might contribute to the development of cardiac tis-

sues with a more adult-like phenotype.

In conclusion, we established amethod to accelerate ECT

maturation (8 days) by combining ERRg activation andme-

chanical stretching. We also successfully generated an

HCM model of ECTs with malignant and nonmalignant

pathogenic sarcomere gene mutations (MYH7 R719Q and

MYBPC3 G115*) using isogenic hiPSCs. Notably, while

MYH7R719QECTs displayed numerousHCMphenotypes,

MYBPC3 G115* ECTs showed limited phenotypes. There-

fore, not only does the accelerated maturation protocol,

based on mechanical stretching and ERRg activation,

reduce the time required to produce mature ECTs but we

have also demonstrated that they are applicable for

modeling HCM, faithfully recapitulating the degree of ma-

lignancy caused by pathogenic sarcomere mutations.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author
Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding au-

thors, Yoshinori Yoshida (yoshinor@cira.kyoto-u.ac.jp) and Kenji

Miki (kenjimiki.prime@osaka-u.ac.jp).

Materials availability
All unique reagents generated in this study are available from the

lead contact with a completed materials transfer agreement.

Data and code availability

All data are available from the corresponding authors upon

request. The RNA-seq data generated in this study were deposited

in the GEO database under the accession code GSE203102.
Cell culture and differentiation
Details are provided in the supplemental information. All experi-

ments involving human iPS cells were conducted in accordance

with Kyoto University Graduate School and Faculty of Medicine,

Ethics Committee.
Generation of hiPSC lines harboring HCM mutants
1390D4 and 1390C1 hiPSCs were subjected to genome editing us-

ing CRISPR-Cas9. Details are provided in the supplemental

information.
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ECT generation and contractile force measurement
ECT generationmethodswere previously described (Fujiwara et al.,

2021). Details are provided in the supplemental information.

Flow cytometry
Details are provided in the supplemental information.

Immunofluorescence staining and image analysis
Day-15 ECTswere used for analysis. Details are provided in the sup-

plemental information.

DNA and RNA extraction and qPCR
Details are provided in the supplemental information.

Library preparation, RNA-seq, and bioinformatics

analysis
Details are provided in the Supplementary Methods.

Western blotting
Dissociated day-29 iPSC-CMs were analyzed. Details are provided

in the supplemental information.

Glucose consumption measurement
Details are provided in the supplemental information.

Statistical analysis
For comparisons between the two groups, statistical significance

was determined using the unpaired two-tailed t test. For multiple

comparisons, statistical significance between each group was

analyzed using a one-way or two-way analysis of variance (-

ANOVA) followed by Dunnett’s test, Tukey’s honest significant dif-

ference test, or �Sı́dák’s multiple comparisons test using GraphPad

Prism9. All data were obtained from at least three independent

experiments.
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Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.09.003.
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