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SUMMARY

Hypertrophic cardiomyopathy (HCM) is the most common cause of sudden cardiac death in young individuals. A potential role of
mtDNA mutations in HCM is known. However, the underlying molecular mechanisms linking mtDNA mutations to HCM remain poorly
understood due to lack of cell and animal models. Here, we generated induced pluripotent stem cell-derived cardiomyocytes (HCM-
iPSC-CMs) from human patients in a maternally inherited HCM family who carry the m.2336T>C mutation in the mitochondrial 16S
rRNA gene (MT-RNR2). The results showed that the m.2336T>C mutation resulted in mitochondrial dysfunctions and ultrastructure
defects by decreasing the stability of 165 rRNA, which led to reduced levels of mitochondrial proteins. The ATP/ADP ratio and mitochon-
drial membrane potential were also reduced, thereby elevating the intracellular Ca®>* concentration, which was associated with numerous
HCM-specific electrophysiological abnormalities. Our findings therefore provide an innovative insight into the pathogenesis of

maternally inherited HCM.

INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a primary myocar-
dial disease characterized by left ventricle and asymmetric
septal hypertrophy. It is the most common cause of sudden
cardiac death in young individuals, affecting approxi-
mately 0.2% of the population (Hershberger et al., 2009;
Maron et al., 2006). Familial HCM is mainly inherited as
an autosomal dominant trait by mutations in sarcomeric
genes (Alcalai etal., 2008; Morita et al., 2008). The maternal
transmission of HCM has also been implicated in some
pedigrees, suggesting that mtDNA mutations could
contribute to this disorder (Bates et al., 2012; Song et al.,
2011). However, the underlying molecular mechanisms
by which mtDNA mutations contribute to HCM remain
elusive due to lack of cell and animal models.

The mitochondrion is a semiautonomous organelle and
contains its own genome (mtDNA), encoding for 13 sub-
units of complexes [, III, IV, and V of the electron transport
chain (ETC) as well as 22 tRNAs and 2 rRNAs necessary for
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mitochondrial translational machinery. mtDNA mutations
often lead to mitochondrial dysfunctions and contribute to
mitochondrial disorders (Taylor and Tumbull, 2005; Wal-
lace et al., 1988). Cardiomyopathy is one of most common
clinical manifestations in mitochondrial diseases (Finsterer
and Kothari, 2014). Since the m.3260A>G mutation in the
MT-TL1 gene was identified to be associated with HCM
(Zeviani et al., 1991), several other mutations have been
reported in mitochondrial tRNA genes such as MT-TG
(Merante et al., 1994), MT-TK (Santorelli et al., 1996),
MT-TH (Shin et al., 2000), and MT-TI (Taylor et al., 2003)
and in mitochondrial protein-encoding genes such as MT-
CYB (Andreu et al., 2000), MT-ATP8 (Jonckheere et al.,
2008), and MT-ATP6 (Ware et al., 2009). These mtDNA mu-
tations result in some defects of mitochondrial functions
and ultrastructures (Merante et al., 1994; Liu et al., 2014).
Clinical and experimental studies have shown that
abnormal energy metabolism is a common event in HCM
pathogenesis (Pisano et al., 2016; Rosca et al., 2013; Luedde
etal., 2009). The primary cardiomyocytes from patients are
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difficult to obtain due to ethical issues, biopsy inaccessi-
bility, and culture span limitations. Previous studies were
mainly performed using patient samples such as skin fibro-
blasts, lymphocytes, and transferring mitochondria cell
lines (cybrids). However, these cells could not provide direct
evidence of the impact of mtDNA mutations on the patho-
genesis of HCM, because different tissues may show
different susceptibilities to specific mtDNA mutations
(Wuetal., 2016; Wallace and Fan, 2009; Zhang et al., 2014).

Recently, patient-specific induced pluripotent stem cells
(iPSCs) have attracted great attention for their unique
advantages in elucidating the mechanismsunderlying mito-
chondrial disorders (Inoue et al., 2014; Yamanaka, 2007).
Since each mammalian cell contains hundreds of double-
membrane mitochondria and each mitochondrion con-
tains multiple copies of mtDNA molecules, it is impossible
todirectly generate cellular and animal models with targeted
mtDNA mutations by using plasmid transfecting or gene ed-
iting technology. Generation of patient-specific iPSCs
circumvent the above technical hurdles and make reprog-
ramming donor cells carrying mtDNA defects available.
iPSCs from patients with mutations in the nuclear DNA
(nDNA) have been widely established. iPSC-derived cardio-
myocytes carrying mutations in sarcomeric genes possessed
the characteristics of the HCM phenotype at the single-cell
level (Lan et al., 2013; Birket et al., 2015). To date, only a
few studies have been reported to reprogram iPSCs from pa-
tients with mtDNA mutations, such as Pearson marrow
pancreas syndrome with mtDNA deletion (Cherry et al.,
2013), diabetes mellitus with m.3243A>G mutation in
tRNALUUUR) (Fyjikura et al., 2012), and mitochondrial ence-
phalomyopathy with lactic acidosis and stroke-like episodes
with m.3243A>G mutation in tRNAY™UY® (Hamalainen
et al., 2013). These studies indicated that the patient iPSCs
contain a similar range of mtDNA heteroplasmy for dis-
ease-causing mutations (Cherry et al., 2013; Folmes et al.,
2013), and iPSC-derived cells manifest cell-type-specific pat-
terns of respiratory chain deficiency (Hamalainen et al.,
2013). Genetically rescued patient iPSCs display normal
metabolic function, compared with the impaired oxygen
consumption and ATP production observed in mutant cells
(Ma et al., 2015). However, studies on HCM-specific iPSCs
with mtDNA mutations have not been reported yet.

We previously identified the m.2336T>C mutation in the
MT-RNR2 gene from a Chinese maternally inherited HCM
family (Liu et al., 2014). This mutation disturbed conserved
2336U-A2438 base pairing in the domain III stem-loop
structure of mitochondrial ribosome 16S rRNA, resulting
in mitochondrial dysfunctions in the immortalized
lymphoblastoid cell lines (Liu et al., 2014). In this report,
we generated patient-specific iPSCs as well as their derived
cardiomyocytes as a disease model to understand the path-
ogenic mechanism of maternally inherited HCM.

RESULTS

Establishment and Identification of HCM-iPSCs
Carrying the m.2336T>C Mutation

We previously reported the clinical, genetic, and molecular
characterization of a four-generation HCM family (Liu
et al.,, 2014). Mutational analysis of the mitochondrial
genome identified the m.2336T>C mutation, which was
presented exclusively in all the maternal members. The
clinical features of the HCM family members are summa-
rized in Table S1. The proband of this family was affected
with severe non-obstructive HCM, left ventricular remod-
eling, and implanted permanent pacemaker. His echocardi-
ography parameters were as follows: maximum left ventric-
ular wall thickness, 37.4 mm; interventricular septum
thickness, 28.7 mm; and interventricular septum/left
posterior wall ratio, 3.99.

Urine cells ([UCs] epithelial-like cells detached from
tubules) from the proband (III-3) in the HCM family
(HCM-UCs), and from healthy controls (Con-UCs)
including the proband’s son (IV-2) and two genetically un-
related individuals in the same region, were collected and
cultured for approximately 2 weeks. The UCs were then in-
fected with retroviral vectors containing Oct4, Sox2, Kif4,
and c-Myc. After induction for 25-30 days, 20 clones of
HCM-specific iPSCs (HCM-iPSCs) from the proband and
10 clones of iPSCs from each control individual (Con-
iPSCs) were selected. These iPSCs were tightly packed and
grown in colonies that were positively stained for alkaline
phosphatase (Figure S1A). Immunofluorescence analysis
of iPSCs confirmed positive signals for embryonic stem
cell (ESC) marker proteins, including TRA-1-60, TRA-1-81,
SSEA-3, SSEA-4, and NANOG (Figure S1A). Expression of
endogenous pluripotency genes (OCT4, SOX2, NANOG,
and REX-1) were similar to those in ESCs but significantly
higher than those in UCs (Figure S2A). Expression of
exogenous reprogramming factors (OCT4, SOX2, KLF4,
and C-MYC) was silenced (Figure S2B) and integrated into
iPSC genomes (Figure S2C). The methylation levels of
pluripotency gene (OCT4 and NANOG) promoters were
also similar to those in ESCs but significantly lower than
those in primary UCs (Figure S2D). Karyotype analysis
showed that iPSCs exhibited normal chromosomal
morphology, number, and integrity (Figure S2E). Embryoid
body and teratoma formation assays yielded cellular deriv-
atives of ectodermal, mesodermal, and endodermal cells
both in vitro (Figure S1B) and in vivo (Figure S1C), confirm-
ing the pluripotent nature of the generated iPSCs. We next
analyzed the sequence of the complete mitochondrial
genome from the HCM-iPSCs at the 10", 23", and 33™
passages. The results confirmed the presence of the
m.2336T>C mutation (Figure S3) and the absence of any
other novel mtDNA mutations (Table S2). These results
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Figure 1. Differentiation and Identifica-
tion of iPSC-CMs

(A) Schematic of cardiomyocyte differenti-
ation protocol.

(B) Representative immunostaining for
a-ACTIN, cardiac troponin I (TNNI3),
MLC2v, and MLC2a in HCM-iPSC-CMs and
Con-iPSC-CMs. Nuclei are stained in blue
with DAPI. Scale bar, 100 pm.

(C) Western blotting and quantification
analysis of «-ACTIN, cardiac troponin I
(TNNI3), MLC2v, and MLC2a. B-ACTIN is
shown as a loading control. Data are
represented as mean + SEM. *p < 0.05,
**p <0.01.
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indicated that we successfully established patient-specific
HCM-iPSCs.

Differentiation of HCM-iPSCs into HCM-iPSC-CMs

We employed a modified monolayer myocardial differenti-
ation protocol (Figure 1A) to generate cardiomyocytes
(iPSC-CMs). Spontaneously beating cardiomyocytes were
observed on days 8-12 after the induction of differentia-
tion. By day 40, mature cardiomyocytes were obtained for
functional analysis. These cardiomyocytes were main-
tained as spontaneously beating cells in culture for more
than 4 months. The differentiation efficiency of cardio-
myocytes exceeded 90%. HCM-iPSC-CMs displayed a
disorder of rhythmic beating (Movie S1), whereas Con-
iPSC-CMs displayed persistent and spontaneous rthythmic
beating (Movie S2). Based on cardiac troponin I (TNNI3)
immunostaining, the purity of HCM-iPSC-CMs and
Con-iPSC-CMs was approximately 78.8% and 84.1%,
respectively. Immunofluorescence analysis indicated that
HCM-iPSC-CMs exhibited positive staining for the regular
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MLC2v

arrangement of sarcomeric proteins such as TNNI3,
a-ACTIN, MLC2v, and MLC2a (Figure 1B). Such immuno-
staining results were also confirmed by western blotting
analysis of these sarcomeric proteins (Figure 1C). The dou-
ble immunostaining of MLC2v and MLC2a and quantifica-
tion of single- and double-positive cells showed that there
was no significant difference in the ventricular and
atrial differentiation between HCM-iPSC-CMs and Con-
iPSC-CMs (Figure S4). Both expression of MLC2v and
MLC2a indicated that those iPSC-CMs would be immatu-
rities. Next, cell size was measured using the Image] 3D
Objects Counter plugin under a laser scanning confocal
microscope. Based on TNNI3 immunostaining, the average
size of HCM-iPSC-CMs was approximately 27% larger than
that of the Con-iPSC-CMs (Figure 2A). Immunostaining
and western blotting showed that the expression of
other HCM marker proteins such as ANF BNP, and
NFATC4 in HCM-iPSC-CMs was significantly higher than
in Con-iPSC-CMs (Figures 2B and 2C). In addition, cardio-
myocytes with positive nuclear NFATC4 staining were also
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(A) 3D fluorescent images showing the cell
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(B) Representative immunostaining for ANF,
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significantly higher in HCM-iPSC-CMs (43.1%, n = 51)
than in Con-iPSC-CMs (26.1%, n = 46) (p < 0.05) (Fig-
ure 2B). These results indicated that the m.2336T>C muta-
tion did not alter the directional differentiation from
HCM-iPSCs into HCM-iPSC-CMs but that HCM-iPSC-
CMs might possess some major histopathological features
of hypertrophied cardiomyocytes and provide a model to
understand the pathological mechanism of maternally in-
herited HCM.

Defects in Mitochondrial Ultrastructure

To determine whether the m.2336T>C mutation affects
mitochondrial morphology, we used transmission electron
microscopy (TEM) to examine the mitochondrial ultra-

structure. As expected, we observed some changes in the
mitochondrial structure within undifferentiated and differ-
entiated cells. For control samples, the reprogrammed
Con-iPSCs exhibited immature rounded mitochondria
with rare cristae as well as an expanded matrix. The differ-
entiated Con-iPSC-CMs showed few mature elongated
mitochondria with many well-defined cristae and a com-
pacted matrix (Figure 3A). However, for patient samples,
HCM-iPSCs exhibited immature rounded mitochondria
similar to Con-iPSCs (Figure 3A). HCM-iPSC-CMs dis-
played mainly round-shaped mitochondria with underde-
veloped cristae and few elongated mitochondria with
developed cristae (Figure 3A), while mitochondrial number
was significantly increased in comparison with that in
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controls (Figure 3C). The length of the mitochondrial
maximal axis significantly decreased during reprogram-
ming and then markedly increased upon differentiation
in control cells, whereas no similar changes were detected
in patient cells (Figure 3B). These findings indicated that
the m.2336T>C mutation impaired the mitochondrial
morphology during cardiomyocyte differentiation.

Reduction in the Stability of 16S rRNA and
Mitochondrial Translation

To determine whether the m.2336T>C mutation has effects
on mitochondrial gene expression, we examined the
mtDNA copy number, levels of 165 rRNA, and mitochon-
drial translation from three cell lines for HCM-iPSCs,
Con-iPSCs, HCM-iPSC-CMs, and Con-iPSC-CMs. The
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Figure 3. Mitochondrial Morphology in
iPSCs and iPSC-CMs

(A) Transmission electron microscopy (TEM)
was used to investigate the mitochondrial
morphology changes during reprogramming
and differentiation. The arrows show mito-
chondria.

(B) Morphometric analysis of mitochondrial
length in HCM-iPSCs (n = 55), Con-iPSCs
(n = 50), HCM-iPSC-CMs (n = 40), and
Con-iPSC-CMs (n = 40).

(C) Relative mitochondrial content in HCM-
iPSC-CMs (n = 40) compared with Con-iPSC-
CMs (n = 40).

Data are represented as mean + SEM. *p <
0.05, ***p < 0.001.
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average mtDNA copy number in HCM-iPSC-CMs was
1,236 + 107 compared with 722 + 51 in Con-iPSC-CMs.
Consistent with the mitochondrial content via TEM obser-
vations, mtDNA copy number in HCM-iPSC-CMs was
significantly increased by 71.2% in comparison with
Con-iPSC-CMs (p < 0.05) (Figure 4A). It was also consistent
with the situation of primary samples, such as UCs, from
HCM patients and normal controls. The steady-state levels
of mitochondrial 16S rRNA were measured by qPCR and
normalized to the average levels in the same cell lines for
the reference VDAC (a nuclear-encoded outer mitochon-
drial membrane protein). The average level of 16S rRNA
in HCM-iPSC-CMs was significantly decreased by 55%
(p<0.01) compared with that in Con-iPSC-CMs (Figure 4B).
A western blot analysis was performed to examine the
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Figure 4. Mitochondrial Gene Expression in
iPSCs and iPSC-CMs

(A) mtDNA copy number was performed by
gPCR.

(B) gPCR analysis of 16S rRNA from HCM-iPSC-
CMs compared with Con-iPSC-CMs.

(C) Western blotting and quantification
analysis of mitochondrial large ribosomal
subunit 16S rRNA binding proteins (MRPL19
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steady-state levels of mitochondrial 16S rRNA binding pro-
teins and some ETC complex subunits with VDAC as a
loading control. The relative levels of mitochondrial 16S
rRNA binding proteins were significantly decreased in the
mutant cell lines compared with those of the controls:
the steady-state levels of MRPL19 and MRPL23 in HCM-
iPSC-CMs were 51.1% (p < 0.01) and 23.8% (p < 0.01) of
those in Con-iPSC-CMs, respectively (Figure 4C). The
average levels of mtDNA-encoded ETC complex subunits,
such as p.MT-NDS5 (subunit 5 of NADH dehydrogenase),
p-MT-CYB (cytochrome b), p.MT-CO2 (subunit 2 of
cytochrome ¢ oxidase), and p.MT-ATP8 (subunit 8 of
H*-ATPase) in HCM-iPSC-CMs were 59% (p < 0.01), 73%
(p > 0.05), 84% (p < 0.05), and 54% (p < 0.01) of those in
Con-iPSC-CMs. However, there were no significant
differences in the mtDNA copy number and average
levels of mitochondrial translation between HCM-iPSCs
and Con-iPSCs (Figure 4D). These results indicated that

Con-iPSCs  HCM-iPSCs Con-iPSC-CMs HCM-iPSC-CMs

the m.2336T>C mutation decreased the stability of 16S
rRNA and the steady-state levels of its binding proteins,
impaired mitochondrial ribosomal assembly, and led
to reduced levels of mitochondrial proteins in HCM-
iPSC-CMs.

Reduction in the Mitochondrial Membrane Potential
and ATP/ADP Ratio

The mitochondrial membrane potential (Ayy,) is a key
indicator of the integrality of mitochondrial structure and
function. The relative ratios of FLsqo/FLsys geometric
mean between mutant and control cell lines were calcu-
lated to show the level of Ays,;,,. Carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP) was used as a protonophore
uncoupler to allow for maximum proton (H*) flux through
the ETC. The Ay, drove complex V of the ETC to
synthesize ATP. In the absence of CCCP, the level of Ay,
in HCM-iPSC-CMs was 75% (p < 0.05) of that in
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Con-iPSC-CMs (Figure 4A). In the presence of CCCP, the
levels of Ay, in mutant cells were comparable with those
in the control cell lines (p > 0.05) (Figure 5A). The decreased
Ay, could reduce the ATP generation capacity, which
was consistent with the observation of a 47% (p < 0.01)
ATP/ADP ratio in HCM-iPSC-CMs relative to that in
Con-iPSC-CMs (Figure 5B). These results indicate that the
defective ETC complexes by the m.2336T>C mutation led
to mitochondrial dysfunctions, including reduction of
mitochondrial membrane potential and the ATP/ADP
ratio.

Abnormal Ca?* Homeostasis and L-type Ca>* Current

Calcium (Ca**) plays a fundamental role in the regulation
of electrophysiological signaling in cardiomyocyte (Bers,
2008). To determine whether the m.2336T>C mutation
affects intracellular Ca** homeostasis, we compared intra-
cellular Ca®* concentration ([Ca®*];) and L-type Ca** cur-
rent (Ic,1) between HCM-iPSC-CMs and Con-iPSC-CMs.
[Ca®*]; in HCM-iPSC-CMs was 213 + 14 nmol/L, signifi-
cantly higher than 131 + 14 nmol/L in Con-iPSC-CMs
(p < 0.05) (Figure 6A). Representative Ca®* transient traces
were performed using fura-2-acetoxymethyl ester (fura-
2AM) and exposed to caffeine, which induces release of
sarcoplasmic reticulum (SR) Ca** stores into the cytoplasm
(Figure 6B). Different from previous reports (Lan et al,,
2013), HCM-iPSC-CMs exhibited significantly elevated SR
Ca”* release compared with Con-iPSC-CMs (Figure 6C).
The steady-state level of mitochondrial calcium uniporter
(MCU) in HCM-iPSC-CMs was decreased by 40% (p <
0.01) compared with that in Con-iPSC-CMs (Figure S5).
The expression analysis of some Ca** transport marker
proteins, such as SERCA, NCX, and PLB, showed no signif-
icant difference between Con-iPSC-CMs and HCM-iPSC-
CMs (Figure S6A). The PLB-p/PLB ratio in Con-iPSC-CMs
and HCM-iPSC-CMs also showed no significant difference
(Figure S6B). These results also confirmed that the incre-
ment of [Ca?*]; was not due to reduced uptake of Ca** by
the SR. Next, we measured I-, of cardiomyocytes by
whole-cell patch clamping at —60 to +50 mV (Figure 6D).
The average cell capacitance (Cm) of HCM-iPSC-CMs
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Con-iPSC-CMs HCM-iPSC-CMs

Figure 5. Mitochondrial Functional Assays
in iPSC-CMs
(A) Mitochondrial membrane potential
analysis was measured using a fluorescence
probe JC-10 assay system. The relative ratio
of JC-10 fluorescence intensity at FLsgo/FLs25
s in the absence and presence of CCCP.
(B) ATP/ADP analysis was measured using a
bioluminescent assay system.
Data are represented as mean + SEM. *p <
0.05, **p < 0.01.

(46.1 + 3.9 pF) was significantly larger than that of Con-
iPSC-CMs (28.7 + 2.1 pF) (Figure 6E). The maximal Ic,p,
was —138 + 56 pA in HCM-iPSC-CMs at 0 mV, which was
a 42.9% (p < 0.01) reduction compared with —242 =+
60 pA in the Con-iPSC-CMs (Figures S5F and 6G). Accord-
ingly, normalized by Cm, the maximal density of Ic,.
was —4.52 + 0.58 pA/pF in HCM-iPSC-CMs at 0 mV, which
was a 57.2% (p < 0.01) reduction compared with —10.55 +
0.73 pA/pFin the Con-iPSC-CMs (Figures 6H and 6I). More-
over, steady-state activation and inactivation of the Ic,,
were tested and investigated. The results showed that there
was a remarkable voltage-positive shift for the activation
curve, with a Vy,, elevation from —28.6 + 1.5 mV in Con-
iPSC-CMs to —23.6 + 1.6 mV in HCM-iPSC-CMs (Figure 6]
and Table S3), while for the inactivation curve, no marked
difference was observed (Figure 6K and Table S3). These
results indicated that the m.2336T>C mutation caused
the reduction of mitochondrial membrane potential and
then led to the increased [Ca2*]; and decreased Ic,;, density
in HCM-iPSC-CMs.

Abnormal Electrophysiological Properties

The electrophysiological properties of the cardiomyocytes
were examined by whole-cell patch clamping (Table S4).
The HCM-iPSC-CMs exhibited delayed afterdepolariza-
tions (DADs) more frequently (Figure 7A), which failed to
trigger action potentials (APs) and clustered beats. Cells
with putative DADs were 32.6% + 6.7% in HCM-iPSC-
CMs and 10.0% + 3.8% in Con-iPSC-CMs, whereas DAD
rates were 4.8 + 0.8 in HCM-iPSC-CMs and 1.4 + 0.5 in
Con-iPSC-CMs (Figure 7B). Representative APs were re-
corded from HCM-iPSC-CMs and Con-iPSC-CMs (Fig-
ure 7C). Statistical analysis indicated that the action
potential duration (APD) of the HCM-iPSC-CMs was
approximately 21% (p < 0.01), 17% (p < 0.01), and 14%
(p < 0.01) longer than that of Con-iPSC-CMs at the 30%
repolarization (APD30), 50% repolarization (APDS0), and
90% repolarization (APD90) stage, respectively (Figure 7D).
There was no significant difference in the maximum (Max)
velocity of phase 0 depolarization (dV/dt Max) (Figure 7E),
resting membrane potential (Figure 7F), and AP amplitude
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Figure 6. Ca®* Handling Properties of HCM-iPSC-CMs
(A) Quantification of [Ca?*]; was measured on a fluorescence spectrometer by staining with fura-2 AM fluorescence dye.
(B) Representative Ca®* transient traces from HCM-iPSC-CMs (n = 65) and Con-iPSC-CMs (n = 58) followed by caffeine exposure.
(C) Mean peak amplitudes of AF/FO ratios after caffeine administration representing release of SR Ca®* load for HCM-iPSC-CMs (n = 65) and
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(D) Representative traces for I, using whole-cell patch clamp from HCM-iPSC-CMs (n = 36) and Con-iPSC-CMs (n = 38).
(E) Cell capacitance measurements of cell size using patch clamp for HCM-iPSC-CMs (n = 34) and Con-iPSC-CMs (n = 39).
(F) Current-voltage relationship of I, was determined from —60 to +50 mV in 10-mV increments from HCM-iPSC-CMs (n = 36) and
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(legend continued on next page)
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(Figure 7G) between HCM-iPSC-CMs and HCM-iPSC-CMs.
The potassium currents in both control and HCM-iPSC-
CMs were also measured via whole-cell patch clamping
(Figure S7A). Although different from maximal Ic,, the
maximal Ix showed no significant difference between
HCM-iPSC-CMs (151.6 + 29.0 pA) and Con-iPSC-CMs
(119.4 + 12.9 pA) (Figures S7B and 7C). Similar to maximal
density of Ic,, the maximal density of Ix was 2.3 =+
0.4 pA/pF in HCM-iPSC-CMs, which was a 58.9% (p <
0.01) reduction compared with 5.6 + 0.7 pA/pF in the
Con-iPSC-CMs (Figures S7D and 7E). The prolongation of
the APD at 30%, 50%, and 90% of the repolarization phase
might result from multi-components of the AP contour,
including Ic,;, and Ix. These results suggest that HCM-
iPSC-CMs with the m.2336T>C mutation exhibited some
cell-specific features of HCMs, such as arrhythmias,
DADs, and prolonged AP duration.

DISCUSSION

In the present study, we investigated the molecular and
pathological mechanisms underlying the HCM-associated
m.2336T>C mutation by generating a patient-specific
iPSC-derived cardiomyocytes model. The HCM-iPSC-CMs
not only maintained the original m.2336T>C mutation
but also possessed the major properties of hypertrophied
cardiomyocytes. We observed a significant reduction in
the steady-state level of 16S rRNA and its binding proteins
in HCM-iPSC-CMs compared with that in Ctrl-iPSC-CMs,
suggesting that the m.2336T>C mutation impaired the
stability of 16S rRNA and assembly of mitochondrial ribo-
somes. Interestingly, some mutations in genes encoding
mitochondrial ribosome binding proteins were identified
from HCM families (Galmiche et al., 2011; Smits et al.,
2011; Carroll et al., 2013). The L156R mutation in
MRPL44 affected the assembly of the large ribosomal sub-
unit and stability of 16S rRNA, thereby leading to complex
IV deficiency (Carroll et al., 2013). The Leu215Pro muta-
tion in MRPS22 caused a decrease in 125 rRNA (Smits
et al.,, 2011). Furthermore, the m.2336T>C mutation
caused the defect of mitochondrial ETC complexes to
transfer less H* from the matrix into the intermembrane
space, which formed the lower H* potential difference
and concentration gradient (Ayy,) across the mitochon-

drial inner membrane. This lower Ay, resulted in less
proton motive force to generate ATP via complex V of the
ETC. The reduction of the ATP/ADP ratio means a low
ATP synthesis efficiency (Maldonado and Lemasters,
2014). We also observed more immature mitochondria
with less cristae in HCM-iPSC-CMs than in Con-iPSC-
CMs, similar to those in lymphoblastoid cell lines (Liu
et al., 2014). Mitochondrial morphology has been shown
to regulate cardiomyocyte differentiation and embryonic
heart development (Kasahara et al., 2013; Hom et al,,
2011). The defect of mitochondrial ultrastructure contrib-
utes to the pathogenesis of congestive heart failure compli-
cations (Arbustini et al., 1998; Wanet et al., 2015; Xu et al.,
2013).

The mitochondrion is a major storage organism of Ca>*
and regulates the intracellular Ca>* homeostasis with the
SR (Santo-Domingo and Demaurex, 2010). Evidence of
elevation in [Ca®*]; was provided as an initiating factor in
iPSC-CMs derived from HCM patients with the Arg663His
mutation in MYH7 (Lan et al., 2013). Here, we observed a
reduction of MCU and an elevation of [Ca?*]; and SR Ca2*
stores, along with a significant decrease of Ay, in
HCM-iPSC-CMs. The uptake of Ca?* into the mitochon-
drial matrix is mediated by MCU, which is powered by
the mitochondrial membrane potential (Ben-Hail et al.,
2014; Kamer and Mootha, 2015). Functional exclusion of
the mitochondrial compartment by MCU blockade caused
a shift of Ca?* to the SR (Ronchi et al., 2017). The lower Al
caused by the m.2336T>C mutation forced less cyto-
plasmic Ca®* into the mitochondrial matrix and resulted
in increased [Ca®*];. These results indicated that the
mitochondrial dysfunctions might disrupt the Ca** ho-
meostasis and induce the downstream Ca**-dependent
cardiac hypertrophy signaling pathways in HCM-iPSC-
CMs. For example, elevated [Ca?*]; can activate Ca®*-sensi-
tive calcineurin via Ca*/calmodulin (Hudson and Price,
2013) or mediate the activation of myocyte enhancer fac-
tor 2 (Molkentin et al.,, 1998) and thereby can cause
HCM. Furthermore, HCM-iPSC-CMs exhibited some elec-
trophysiological abnormalities (such as prolonged APD
and increased DADs) and cellular arrhythmias. Generation
of APs results from sequential activation and inactivation
of ion (Na*, Ca®*, and K*) channels. The large, rapid influx
of Na* (In,) results in fast membrane depolarization in the
AP upstroke. The inward flow of Ca®* (I,) through L-type

(H) I, density-voltage relationship was determined from —60 to +50 mV in 10-mV increments from HCM-iPSC-CMs (n = 36) and Con-

iPSC-CMs (n = 38).

(I) Peak I¢, density in HCM-iPSC-CMs (n = 36) and Con-iPSC-CMs (n = 38). Current density (pA/pF) was obtained by normalizing currents to

membrane capacitance.

(J) Average steady-state activation curves for HCM-iPSC-CMs (n = 36) and Con-iPSC-CMs (n = 38).
(K) Average steady-state inactivation curves for HCM-iPSC-CMs (n = 36) and Con-iPSC-CMs (n = 38).

Data are represented as mean + SEM. *p < 0.05, ***p < 0.001.
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of iPSC-CMs

(A) Electrophysiological measurements of
spontaneous action potential were performed
by whole-cell patch clamp in HCM-iPSC-CMs
compared with Con-iPSC-CMs. The boxes
indicate the underlined portion of the HCM-
iPSC-CM waveform, demonstrating delayed
afterdepolarization (DAD)-Like arrhythmia.
(B) Quantification of cells with putative
DADs, and DAD rate (total DADs/total beats)
in HCM-iPSC-CMs (n = 43) and Con-iPSC-CMs
(n = 40).

(C) Representative action potential re-
cordings from HCM-iPSC-CMs (n = 43) and
Con-iPSC-CMs (n = 40).

(D) Quantification of action potential dura-
tion (APD) at 30% (APD30), 50% (APD50),
and 90% (APD90) repolarization in HCM-
iPSC-CMs (n = 43) and Con-iPSC-CMs (n = 40)
from (A).
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calcium channels (LCCs) leads to the plateau phase (Mo-
rotti et al., 2012; Veerman et al., 2015). In this study, we
identified a more voltage-positive shift of I, activation
but little shift of I, inactivation. The more potential
difference between steady-state activation and inactiva-
tion, increasing the total amount of Ca?* entry through
the LCC channel during the plateau phase, would prolong
the APD. Ik is the primary determinant of AP repolariza-
tion, such as the efflux of K* (I;,) in a brief repolarization,
and the rapid and slow delayed rectifier K* channels (I,
and Ixs) in membrane repolarization to its original state
(Veerman et al., 2015). Here, the reduced Ix would slow
the repolarization to contribute to the prolonged APD in
HCM-iPSC-CMs. In addition, Ca** influx during the
plateau phase triggers the massive release of SR Ca** and in-
fluences the kinetic properties of Ic,.. The higher SR Ca**
content may promote diastolic Ca* leakage with potential
effects on APD. The HCM-iPSC-CMs with the MYH7
Arg663His mutation displayed evidence of DAD, but
not altered APD status (Lan et al.,, 2013), whereas the

APDSO APDY0

depolarization (max dV/dt) in HCM-iPSC-CMs
(n=43) and Con-iPSC-CMs (n = 40) from (A).
(F) Quantification of resting membrane po-
tential (RMP) in HCM-iPSC-CMs (n = 43) and
Con-iPSC-CMs (n = 40) from (A).

(G) AQuantification of action potential
amplitude (APA) in HCM-iPSC-CMs (n = 43)
and Con-iPSC-CMs (n = 40) from (A).

Data are represented as mean + SEM. **p <
0.01, ***p < 0.001.

Con-iPSC-CMs  HCM-iPSC-CMs

HCM-iPSC-CMs with the MYH7 Arg442Gly mutation dis-
played prolonged APD, but not DAD (Han et al., 2014).
We observed that HCM-iPSC-CMs with the m.2336T>C
mutation exhibited both DAD and prolonged APD. The
decreased I, together with Ix might result in the prolon-
gation of the APD at 30%, 50%, and 90% of the repolariza-
tion phase. These results might suggest the existence of
multiple manifestations among these HCM-iPSC-CMs
due to different pathogenic mutations. Ca>* homeostasis
played an important role in the regulation of excitation-
contraction coupling and development of cardiac arrhyth-
mias (Berlin et al., 1989; Bers, 2008; Deferrari et al., 1995).

Abnormal energy metabolism is a common feature of
HCM (Rosca et al., 2013). The mutant hearts in transgenic
mice expressing the HCM-associated Lys104Glu mutation
in the myosin regulatory light chain displayed significantly
higher mitochondrial content with preserved overall
architecture (Huang et al.,, 2014). Measurement of trans-
genic cardiomyocyte sections in transgenic rats overex-
pressing a truncated cardiac troponin T molecule revealed
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a significant increase in the mitochondrial fraction (Luedde
et al., 2009). Cardiomyocytes from hypertrophic hearts
showed a markedly increased number and reduced size of
mitochondria (Pisano et al., 2016). These results indicated
that the inefficient cellular ATP utilization and the conse-
quently increased energy demand contributed to the
pathogenesis of HCM with mutations in nDNA encoding
sarcomeric genes (Ashrafian et al., 2003). Here, we further
reported changes in mitochondrial biogenesis with a
primary mtDNA defect. The m.2336T>C mutation led to
a reduction of the ATP/ADP ratio, implying a lower ATP
synthesis efficiency and fewer ATP products in each mito-
chondrion. The increased mtDNA copy number per
nDNA and mitochondrial content in each cardiomyocyte
were detected by qPCR and TEM. It can be considered as
energy compensatory in HCM due to lower ATP synthesis
efficiency by mtDNA mutations, similar to inefficient
cellular ATP utilization by sarcomeric gene mutations.

Limitations to our study should be also noted. First,
although Yamanaka factor-based reprogramming remains
the most convenient way of generating iPSCs, the integra-
tion of retroviral vectors into the host genome potentially
caused immunogenicity and tumorigenesis and greatly hin-
dered its application in clinic (Takahashi and Yamanaka,
2016). Second, human iPSC-derived cardiomyocytes exhibit
high phenotypic immaturity and variability, which presents
some differences compared with adult cardiomyocytes (Sala
et al., 2016). More optimal differentiation approaches and
culture conditions will be tried in the future to improve
the maturation of iPSC-CMs. Third, the AP was recorded
from spontaneously beating cells and not from cells stimu-
lated at a fixed frequency. APD values might then be a bit
biased by the different baseline beating frequency.

In summary, our results demonstrate that the MT-RNR2
mutation results in mitochondrial dysfunctions and ultra-
structure defects, which induced HCM-specific cellular and
electrophysiological characteristics in iPSC-CMs. Further-
more, the MT-RNR2 mutation induced an increase of mito-
chondrial content to compensate for the energy-gener-
ating shortage. Our findings thus provide insight into the
pathogenesis of HCM contributed by mtDNA mutations.

EXPERIMENTAL PROCEDURES

Ethical Statement

The study was approved by the Ethics Committee of the First
Affiliated Hospital, Zhejiang University School of Medicine,
China, and written informed consent was obtained from each
participant before enrollment.

Generation and Characterization of HCM-iPSCs
The generation of patient-specific iPSCs from urine samples was
performed (Zhou et al., 2012; Zhang et al., 2016). Characterization
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of iPSCs was performed as reported previously, including alkaline
phosphatase staining, expression of endogenous pluripotent
genes, silencing of exogenous transgenes, transgene integration,
immunocytochemistry, karyotyping, DNA methylation, and
in vitro and in vivo differentiation.

Differentiation of iPSCs into Cardiomyocytes

The established iPSC lines from HCM patients and the control
group were differentiated directionally into cardiomyocyte
lineages (iPSC-CMs) by monolayer myocardial differentiation
protocols (Lian et al., 2012). The beating cardiomyocytes were
picked up, dissociated, and seeded on coverslips for functional
assays, such as calcium imaging, patch clamp, immunostaining,
and more.

Measurement of Cell Size

Cell size measurements were performed by TNNI3 immunostain-
ing as described previously, with modifications (Parra et al.,
2014). Confocal image stacks were captured with a Zeiss LSM710
laser scanning confocal microscope, and the analysis software
was Zen2011. Cell size was analyzed using the Image] 3D Objects
Counter plugin.

ATP/ADP Measurements

The ATP/ADP level in cells was measured using bioluminescent
detection (ADP/ATP Ratio Assay Kit, Abcam) according to the man-
ufacturer’s instructions. The cells were plated in 96-well micro-
plates with RPMI 1640 medium containing 20% fetal bovine
serum for 72 hr. The bioluminescent intensities were measured
on a multi-mode microplate reader (Synergy H1 Hybrid, BioTek).

Mitochondrial Membrane Potential Assay

The mitochondrial membrane potential was measured using
fluorescence detection (JC-10 Assay Kit, Abcam) according to the
manufacturer’s instructions. The cells were cultured on 96-well,
black-walled, clear-bottom plates and dyed with 50 pL of JC-10
solution. The fluorescence intensities (excitation/emission [Ex/
Em] = 485/525 nm and Ex/Em = 540/590 nm) were measured on
a multi-mode microplate reader (Synergy H1 Hybrid, BioTek).

Measurement of Intracellular Ca®*

[Ca®*]; was measured as described previously (Liao et al., 2016).
iPSC-CMs were dissociated and loaded in culture medium contain-
ing fura-2AM (Dojindo Laboratories). The calcium flux was
measured using excitation at 340 nm and 380 nm in a fluorescence
spectrometer (LS55, PerkinElmer Life Sciences). The intracellular
Ca®" concentrations were calculated using a fluorescence spec-
trometer measurement program.

Calcium Imaging

Changes in intracellular Ca** concentration were assessed with ra-
tiometric calcium measurement using fura-2AM as described previ-
ously (Zou et al., 2017). iPSC-CMs were dissociated and seeded in
gelatin-coated chambers (SPL, Korea). Cells were loaded with
5 pmol/L fura-2 AM in a bath solution at room temperature.
Imaging was acquired in a BX51WI microscope (Olympus) with



a 40x objective lens on an Andor DL-604M EMCCD camera. Data
were collected using Macro-manager software.

Patch Clamping

The electrophysiological analysis, including single-cell AP, Ic,y,
and potassium currents, was performed by the whole-cell patch-
clamp configuration (Axopatch-700A and MultiClamp 700B
amplifier, Axon Instruments, Sunnyvale, CA) (Hamill et al,
1981). pClampl0.2 software (Axon Instruments, Molecular
Devices) was used for data analysis.

Western Blotting Analysis

Twenty micrograms of various proteins were loaded on 12%
SDS-PAGE, then electro-transferred to a polyvinylidene difluoride
membrane and subjected to western blotting. The primary anti-
bodies used for this experiment are listed in Table S5. Signals
were detected using the CLINX ChemiScope and ECLsystem
(CWBIO).

Quantitative Real-Time PCR

Total RNA preparations were obtained by using Trizol reagent
(Invitrogen) from 1 x 107 cells. Quantitative real-time PCR, for
mtDNA copy number, expression of mtDNA, endogenous pluripo-
tent genes, and exogenous transgenes and more, was performed on
an ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems). The forward and reverse primers for PCR amplifica-
tion are shown in Table S6.

Statistical Analysis

Statistical analysis was carried out using Student’s unpaired, two-
tailed t test in Microsoft Excel. All data represent three control in-
dividuals (three clones) and one patient (three clones), with at least
three independent experiments. Several replicates for each clone
were performed in every independent experiment. n is the total
replicates of each group. Data are represented as mean + SEM.
*p < 0.05, **p < 0.01, **p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, seven figures, seven tables, and two movies and can
be found with this article online at https://doi.org/10.1016/j.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Generation and characterization of induced pluripotent stem cells. (A)
Phase contrast photographs of H1 embryonic stem cells (ESCs), iPSCs derived
from control participants (Con-iPSCs), and iPSCs derived from HCM patients
(HCM-iPSCs), all grown on feeder layers. iPSCs at passage 10 or more are shown.
Scale bar, 100 um. The same cell lines were stained for alkaline phosphatase (AP).
Scale bar, 100 um. Immunofluorescence analysis for the presence of the
pluripotency markers (TRA-1-60, TRA-1-81, Nanog, SSEA-3 and SSEA-4) are
indicated; nuclei are stained in blue with DAPI. Scale bar, 50 um. See also Figures
S2A-S2E. (B) Quantitative PCR was performed to detect the expression of
endogenous pluripotent genes and marker genes in three germ layers from in vitro
HCM-iPSC embryoid bodies (HCM-iPSC-EBs) and Ctrl-iPSC-EBs. H1 ESCs
were used as a control. Values refer to the respective undifferentiated pluripotent
colonies.OCT4 and NANOG were used as markers of pluripotency, whereas AFP,
GATA4, and SOX17 (endoderm), TBX1 (mesoderm), and PAX6 and SOX1
(ectoderm) were used as markers of differentiation. (C) Teratoma produced by
HCM-iPSCs and Con-iPSCs showing derivatives of ectoderm (pigmented
epithelium), mesoderm (smooth muscle) and endoderm (gut epithelium). Scale bar,
20 um.

Figure S2. Generation and characterization of induced pluripotent stem cells. (A)
The expression of endogenous pluripotent genes of iPSCs. UCs are negative

controls and H1 is positive control. (B) The silencing of exogenous transgenes of
1



IPSCs. UCs are negative controls and H1 is positive control. (C) Integration of the
exogenous transgenes by semi-quantitative PCR. (D) The methylation of promoter
regions in the Oct4 and Nanog genes of iPSCs by bisulfite sequencing analysis.
UCs are negative controls and H1 is positive control. (E) Karyotype analysis of
HCM-iPSCs and Ctrl-iPSCs.

Figure S3. Identification of m.2336T>C mutation in the MT-RNR2 gene. Partial
sequence chromatograms of the 16S rRNA gene from Con-UCs (A), Con-iPSCs
(B), HCM-UCs (C) and HCM-iPSCs (D), respectively. The arrows indicate the
location of the base change at position 2336.

Figure S4. Representative immunostaining and quantification analyses of MLC2v
and MLC2a. (A) Representative immunostaining for MLC2v and MLC2a in
HCM-iPSC-CMs and Con-iPSC-CMs. Nuclei are stained in blue with DAPI. (B)
Quantification of single and double positive cells in HCM-iPSC-CMs (n=41)
compared to Con-iPSC-CMs (n=65). Data represent three control individuals (3
clones) and one patient (3 clones) with three independent experiments. The n is the
total replicates of each Group. Data are represented as mean =SEM.

Figure S5. Western blotting and quantification analyses of mitochondrial calcium
uniporter (MCU). VDAC is shown as a loading control. Data represent three
control individuals (3 clones) and one patient (3 clones) with three independent
experiments. Data are represented as mean =SEM. ***P<(0.001.

Figure S6. Steady-state level of SR Ca?* transport marker proteins. (A) Western

blotting and quantification analysis of SERCA, NCX, PLB, PLB-p. B-ACTIN is



shown as a loading control. (B) The PLB-p/PLB ratio in Con-iPSC-CMs and
HCM-iPSC-CMs. Data represent three control individuals (3 clones) and one
patient (3 clones) with three independent experiments. Data are represented as
mean +=SEM. *P<0.05.

Figure S7. Properties of K* current (Ik) in HCM-iPSC-CMs. (A) Representative
traces for Ik current using whole cell patch-clamp from HCM-iPSC-CMs (n=28)
and Con-iPSC-CMs (n=30). (B) Current-voltage (I-V) relationship of Ik was
determined from -60 to +60 mV in 10 mV increments from HCM-iPSC-CMs
(n=28) and Con-iPSC-CMs (n=30). (C) Mean peak of Ik in HCM-iPSC-CMs
(n=28) and Con-iPSC-CMs (n=30). (D) Ik density-voltage relationship was
determined from -60 to +60 mV in 10 mV increments from HCM-iPSC-CMs
(n=28) and Con-iPSC-CMs (n=30). (E) Peak Ik density in HCM-iPSC-CMs (n=28)
and Con-iPSC-CMs (n=30). Data represent three control individuals (3 clones) and
one patient (3 clones) with three independent experiments. The n is the total
replicates of each Group. Data are represented as mean £SEM. *P<0.05, **P<0.01,

***P<0.001.



EXPERIMENTAL PROCEDURES

Ethical Statement

The clinical evaluations and urine cells (epithelial-like cells detached from tubules)
were obtained from HCM family members under informed consent and using
procedures approved by the Ethics Committee of the First Affiliated Hospital, Zhejiang

University School of Medicine, China.

Generation of HCM-iPSCs

The clinical evaluations and urine cells (epithelial-like cells detached from tubules)
were obtained from HCM family members under informed consent and using
procedures approved by the Ethics Committee of the First Affiliated Hospital, Zhejiang
University School of Medicine, China. The generation and characterization of patient-
specific induced pluripotent stem cells (iPSCs) from urine samples were performed as
previously reported (Zhou et al., 2012; Zhang et al., 2016). Urine cells were cultured in
REBM (Renal Epithelial Basal Medium, Lonza) medium containing SingleQuot Kit
CC-4127 supplements (Lonza). pMX-based retroviruses (Addgene) with the
reprogramming factors Oct-4, Sox-2, KIf-4, and c-Myc were infected into 5-10x10*
cells in a 6-well culture dish. After 3 or 4 days of transfection, 5x10* cells were split
onto a layer of feeder cells using half human embryonic stem cell (ESC) medium with
10 ng/mL basic fibroblast growth factors (Invitrogen) and half dFBS medium [(DMEM
high glucose medium (Invitrogen) with 20% human defined fetal bovine serum

(Hyclone)]. On day 5, 50 pg/ml Vitamin C (Sigma) and 1 mmol/L valproic acid (Merck)



were added; Vitamin C was maintained in the medium but valproic acid was removed
on day 12. The medium was replaced with mTesR1 medium (StemCell) on day 12 to
the end of the experiment. Colonies with an ESC-like appearance were picked up and
expanded on feeders or mTesR1 medium with Matrigel (BD Biosciences). We defined

this stage as passage one.

IPSCs characterization

Characterization of iPSCs, such as alkaline phosphatase (AP) staining, expression of
endogenous pluripotent genes, silencing of exogenous transgenes, transgene integration,
immunocytochemistry, karyotyping and DNA methylation, were performed as
previously reported (Zhang et al., 2016). DNA was extracted using a DNeasy Tissue Kit
(Qiagen), and total RNA was extracted using Trizol (Invitrogen). Quantitative real-time
PCR (gPCR) was performed using an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems) and SYBR Premix EX Taq™ (Takara). The samples were
analyzed in triplicate and [-actin values were used for normalization. Bisulfite
sequencing technology was used to detect the methylation pattern of the promoter
region of Oct4 and Nanog. Immunofluorescence staining confirmed the expression of
pluripotency markers in these iPSCs. Primary antibodies included Nanog (1:200, R&D),
SSEA-3 (1:400, Developmental Studies Hybridoma Bank), SSEA-4 (1:100, Abcam),
TRA-1-60 (1:100, Millipore), and TRA-1-81 (1:100, Millipore). The secondary
antibodies included Alexa Fluor 488 goat anti-mouse IgM, Alexa Fluor 594 goat anti-

rat IgM, Alexa Fluor 594 donkey anti-mouse IgG, and Alexa Fluor 594 donkey anti-



goat 1gG (all from Invitrogen). A laser scanning confocal microscope LSM710 (Zeiss)

was used to capture immunofluorescence staining images.

In vitro and in vivo differentiation

To determine the differentiation ability of human iPSCs in vitro, we used floating
cultivation to form embryoid bodies (EBSs), as previously reported (Zhang et al., 2016).
iIPSCs on feeders were treated with dispase (Invitrogen) and then collected by scraping.
After centrifugation, cell pellets were re-suspended in human ESC medium without
bFGF and grown for 8 days in non-adherent dishes. The formed EBs were then
transferred to Matrigel-coated dishes to allow differentiation for another 8 days before
RNA extraction. To test iPSC pluripotency in vivo, we injected 2x10° iPSCs
subcutaneously or intramuscularly into immunocompromised non-obese diabetic—
severe combined immunodeficient mice (NOD-SCID) using procedures approved by
the experimental animal welfare ethics committee of Zhejiang University, China. The
tumors were sectioned after 8-10 weeks, fixed with PBS containing 4%

paraformaldehyde and stained with hematoxylin/eosin (Zhang et al., 2016).

Differentiation of iPSCs into cardiomyocytes

Established iPSC lines from HCM patients and the control group were differentiated
into cardiomyocyte lineages (iPSC-CMs) using monolayer differentiation protocols as
described previously (Lian et al., 2012). iPSCs were seeded onto a Matrigel-coated cell-

culture dish at 1-2x10° cells/cm? in mTeSR1 supplemented with Sumol/L ROCK



inhibitor (Y-27632, Sigma) (day-5) for 24h. Then, the cells were cultured in mTeSR1
medium, which was changed daily (day-4~day-1). At day 0, the cells were treated with
CHIR99021 (12umol/L, Selleck) in RPMI1640/B27-insulin for 24h. The medium was
then changed to RPMI11640/B27-insulin (dayl). IWP2 (5umol/L, Tocris) was added at
day 3 and then removed during the medium change on day 5. The cells were maintained
in RPMI11640/B27 starting on day 7, and were subcultured every 3 days. The mature
beating CMs were picked up, dissociated and seeded on coverslips for functional assays,

such as calcium imaging, patch-clamp, immunostaining and more.

Measurement of cell size

Cell size measurements were performed as previously described (Parra et al., 2014).
Cells were cultured on coverslips for 72 h, incubated for 1 h with Mitotracker Red (200
nmol/L) and maintained in RPMI 1640 medium. Then cells were fixed with RPMI 1640
medium containing 4% paraformaldehyde for 15 min, and 0.4% Triton X-100 for
permeabilization for 15min. Nonspecific sites were blocked with 5% skimmed milk in
PBS for 1 h and then the cells were incubated withanti-TNNI3 at 4°C overnight. The
secondary antibody was Alexa-Fluor-488-conjugated anti-mouse-1gG. Confocal image
stacks were captured with a Zeiss LSM710 laser scanning confocal microscope and the
analysis software was Zen2011.Cell size was analyzed using the Image J-3D Object
counter plug-in. Each experiment was performed at least three times and 30-50 cells

per condition were quantified.



ATP/ADP measurements

The ATP/ADP level in cells was measured using bioluminescent detection (ADP/ATP
Ratio Assay Kit, Abcam) according to the manufacturer’s instructions. The cells were
plated in 96well microplates (Corning) with RPMI11640 medium containing 20% FBS
for 72 hrs. The bioluminescent intensities were measured on multi-mode microplate
reader (Synergy H1 Hybrid, BioTek). The ATP test mixture (100uL/well) was added to
obtain Data A. Next, 50uL/well of Nucleotide Releasing Buffer was added to release
ATP and ADP and obtain Data B and Data C. Finally, Data D was determined by adding
the ADP test mixture. The ATP/ADP ratio = (Data B-Data A) / (Data D-Data C). Each

experiment was repeated at least three times.

Mitochondrial membrane potential assay

The mitochondrial membrane potential was measured using fluorescence detection (JC-
10, Abcam) according to the manufacturer's instructions. iPSC-CMs were cultured on
96-well black-walled clear-bottom plates for 48 hrs in mTeSR medium and RPM11640
medium with 20% FBS, respectively. After the above cells were incubated with 100 L
fresh medium for 30 min and dyed with 50 pL JC-10 solution for 30min, the
fluorescence intensities (Ex/Em=485/525nm and Ex/Em=540/590nm) were measured
on multi-mode microplate reader (Synergy H1 Hybrid, BioTek). The ratio between
monomeric (Em=590 nm) and aggregate (Em=525 nm) forms of JC-10 represents the
change in the mitochondrial membrane potential. A high ratio indicates a high

mitochondrial membrane potential.



Measurement of intracellular Ca?*

The intracellular Ca* concentrations were measured as described previously with slight
modifications (Liao et al., 2016). iPSC-CMs were dissociated and loaded in a culture
medium containing 5 pmol/L Fura-2 acetoxymethylester (Fura-2AM, Dojindo
Laboratories) at 37 <C for 30min and then washed to remove extracellular Fura-2AM.
They were then resuspended in Hanks’ balanced salt solution (140 mmol/L NaCl, 5
mmol/L KCI, 10 mmol/L HEPES, 1 mmol/L CaClz, 1 mmol/L MgCl., 1 mg/ml glucose,
pH7.4) at a concentration of 3x107 cells/mL. The calcium flux was measured using
excitation at 340 nm and 380 nm in a fluorescence spectrometer (LS55, PerkinElmer
Life Sciences). Calibration was performed using 0.1% Triton X-100 for total
fluorophore release and 10 mmol/L EGTA to chelate the free Ca?*. The intracellular
Ca?" concentrations were calculated using a fluorescence spectrometer measurement

program.

Calcium Imaging

Calcium imaging were performed as described previously with slight modifications
(Zouetal., 2017). iPSC-CMs were seeded on gelatin-coated glass coverslips for 2 days.
Cells were dissociated and loaded with 5 umol/L Fura-2 AM (Dojindo Laboratories) in
bath solution containing 0.01% pluronic F127 for 30 min at room temperature, and
washed 5 times with bath solution. Imaging was acquired in an Olympus microscope

(BX51WI) with a 40 x objective lens on an Andor DL-604M EMCCD camera. Data



was collected using the Macro-manager software. Fura-2 was excited by a Lambda XL
light source and fluorescent signals were collected at a rate of 1 Hz. The fluorescence
ratio F(Aex340 nm)/F(Aex380 nm) was calculated and imaging data were analyzed
using Imaging J. The bath solution contained: 140 mmol/L NaCl, 5 mmol/L KCI, 2

mmol/L MgClz, 1.8 mmol/L CaClz, 10 mmol/L HEPES, 10 mmol/L glucose.

Caffeine treatment of iPSC-CMs
Cells were perfused with PBS containing 1.8 mmol/L Ca?* and 2 mmol/L Mg?* and
paced at 1Hz to view regular transients. A pulse of 20 mmol/L stock caffeine solution

was added after 1 minute recording.

Measurement of L-type Ca?* currents

The L-type Ca?* currents (IcaL) were recorded using whole-cell patch-clamp (Axopatch-
700A and MultiClamp 700B amplifier, Axon Instruments, Sunnyvale, CA), as
previously described (Hamill et al., 1981). The pipette electrode (2.5-4.5 MQ) was
filled with a solution containing 120 mmol/L CsCI, 5 mmol/L Naz-ATP, 5 mmol/L
MgClz, 10 mmol/L EGTA, and 5 mmol/L HEPES, pH 7.2. The external solution
contained 140 mmol/L NaCl, 1 mmol/L MgClz, 1.8 mmol/L CaClz, 5 mmol/L CsCl and
10 mmol/L HEPES (pH 7.4). lca. was elicited by a single 200 ms voltage pulse to
various test potentials from the holding potential of -40 mV at a frequency of 0.1Hz.
The recordings were initiated 5 min after the patch break, to allow for equilibration of
the patch pipette solution with the intracellular milieu. The current-voltage (1/V)

10



relationship of Ica. was obtained by plotting the peak current amplitude in response to
voltage pulses to potentials between -40 mV and +60 mV from the holding potential in

10 mV increments. The data was then analyzed with Lab Chart8 (AD Instruments).

Current-voltage (I-V) relationship of Ica.

The current-voltage (I-V) relationship of Ica. was determined by applying test pulses
(100 ms) from -60 to +50 mV in 10 mV increments at a frequency of 0.2 Hz. Prepulses
from a holding potential of -80 to -40 mV (P, duration: 50 ms) along with TTX (10
mmol/L) were applied to inactivate Na* currents. The prestep to -40 mV was also

applied to inactivate the T-type Ca?* current.

Measurement of K* currents

For recording K* currents the extracellular solution contained: 135 mmol/L N-methyl-
D-glucamine (NMDG) chloride, 5 mmol/L KCI, 3.6 mmol/L CaCl2, 1 mmol/L MgCI2,
3 mmol/L NiClI2, and 10 mmol/L HEPES, pH adjusted to 7.40 at 37 <C with NMG. The
intracellular solution contained: 50 mmol/L KCI, 80 mmol/L K-aspartate, 1 mmol/L
MgClz, 3 mmol/L MgATP, 10 mmol/L EGTA, and 10 mmol/L HEPES, pH adjusted to
7.40 with NMDG. Depolarization-activated outward K* currents were elicited by a
family of 500 ms depolarizations from a -80 mV holding potential to voltages ranging

from —60 to +60 mV (10 mV steps).

Steady-state activation and inactivation of Ica.
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Steady-state activation was determined by stepping to various prepulse voltages (10
mV increments) levels from -60 to +20 mV for 100 ms from a holding potential of -80
mV before repolarizing to a fixed test pulse at -50 mV. Steady-state inactivation was
determined by stepping to various prepulse voltages (-60 to +40 mV, 10 mV increments)
for 5 s before depolarization to a fixed test potential of + 10mV for 100 ms to evoke
channel opening. There was a 5 ms interpulse interval that enabled the resetting of the
activation gate between the end of the prepulse and the beginning of the test pulse. Both
steady-state activation and inactivation curves were fitted with a Boltzmann function
(G=A2+(A1-A2)/(1+exp((V1/2-x)/K) that describes conductance (G) as a function of
the potential (x). V1/2 is half-activating or half inactivating potential, and k is the slope

factor.

Action potential analysis

For single-cell action potential analysis, the whole-cell patch clamp configuration
(Axopatch-700A and MultiClamp 700B amplifier, Axon Instruments, Sunnyvale, CA)
(Hamill et al., 1981) was used. Cells were digested at 37°C for 30 min with 1 mg/ml
collagenase B (Roche) and seeded for 2 days on gelatin-coated glass coverslips. For
action potential recording, patch pipettes (3-5 MQ) were filled with solutions
containing 10 mmol/L HEPES, 120 mmol/L KCI, 1 mmol/L MgClz, 3 mmol/L Mg-ATP
and 10 mmol/L EGTA, (pH 7.3), and a bath solution containing10 mmol/L HEPES, 140
mmol/L NaCl, 5.4 mmol/L KCI, 1.8 mmol/L CaCl,, 10 mmol/L glucose, and 1 mmol/L
MgCl, (pH 7.4). The MultiClamp 700B Amplifier, Digidata 1440A analog-to-digital
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converter and pClamp10.2 software (Axon Instruments/ Molecular Devices) were used

for data amplification, acquisition and analysis.

Western blot analysis

Twenty micrograms of proteins obtained from iPSCs and iPSC-CMs were denatured
and loaded on 12% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gels).
Afterward, the proteins were electro-transferred to polyvinylidene difluoride (PVDF)
membrane and subjected to Western blotting. Membranes were blocked in Tris-
Buffered Saline and Tween20 (TBST) (150 mmol/L NaCl, 10 mmol/L Tris—HCI, pH
7.5 and 0.1% (v/v) Tween 20) containing 5% (w/v) milk, then incubated with the
corresponding primary and secondary antibodies. The primary antibodies used for this
experiment were the ND5 (1:1000, Abcam), COII (1:2000, Abcam), CYTB (1:1000,
Sigma), ATP8 (1:200, Santa Cruz), ANF (1:2000, Abcam), BNP (1:2000, Abcam),
TNNNI3 (1:2000, Abcam), a-ACTIN (1:500, Immunoway), MLC2v (1:1000, Abcam),
MLV2a (1:500, Proteintech), RyR (1:1000, Abcam), PLB (1: 1000, Abcam), PLB-p
(1:500, Abcam), SERCA2 (1:500, Abcam), MCU (1:1000, Abcam), NCX (1:1000,
Abcam), B-ACTIN (1:1000, Proteintech) and VDAC (1:1000, Abcam). Peroxidase
Affini Puregoatanti-mouse 1gG and goatanti-rabbit 1gG (Jackson) were used as a
secondary antibody and protein signals were detected using the CLINX chemiscope

and ECL system (CWBIO).

Quantitative real-time PCR
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Total RNA preparations were obtained by using Trizol reagent (Invitrogen) from 110’
cells as described elsewhere. One microgram of total RNA was reverse transcribed to
cDNA using PrimeScript RT reagent Kit (Takara). The reaction system was the
followed SYBR Premix EX TaqTM (Takara) instructions. The forward and reverse
primers for PCR amplification are shown in supplemental table 1. GAPDH or VDAC
served as an endogenous control. The quantitative real-time PCR was performed on an
ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). The relative
amount of MRNA to endogenous control was calculated using the Ct cycle method as
following formula: AACt=[Ct(target gene)—Ct(control gene)]target cell — [Ct(target

gene)—Ct(control gene)]reference cell.

Quantification of mtDNA copy number

The mtDNA copy number was quantified as described previously (\Venegas etal., 2012).
A 1241bp section of the human B-globin gene and a 1724bp sequence of mtDNA
located within the 16S rRNA gene was inserted into the cleaved blunt-ended Hind III
and Ava I restriction sites of the pCR plasmid, respectively. The resultant plasmid
pCRII (6073bp) was verified as having only one copy of each insert by restriction
enzyme digestion and DNA sequencing. The relative mtDNA copy numbers were
measured by gquantitative real-time PCR and corrected by measurement of the nuclear
DNA. The primers for the MT-RNR2 gene were 5’-
GCACACCCGTCTATGTAGCAAA -3’ and 5’-GATTTAGAGGGTTCTGTGGGCA-
3. The primers for the nuclear p-globin gene  were 5’-
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AGAAACTGGGCATGTGGAGACA-3’ and 5’-ATGAGCCTTCACCTTAGGGTTG-
3’. The quantitative real-time PCR was performed using an ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems) and SYBR Premix EX Taq™
(Takara). Sample mtDNA content (mtDNA copies per cell) were calculated using the
following formula:

mtDNA copies per cell = (MT-RNR2 gene copies/B-globin gene copies) <2

Mutational analysis of mitochondrial genome

Genomic DNA was isolated from the iPSCs of HCM patients and healthy unrelated
individuals using DNeasy Tissue kit (Qiagen). The entire mtDNA were PCR amplified
in 24 overlapping fragments by use of sets of the light-strand and heavy-strand
oligonucleotide primers, as described previously (Liu et al., 2014). Each fragment was
purified and subsequently analyzed by direct sequencing in an ABI 3730xI automated
DNA sequencer using the Big Dye Terminator Cycle sequencing reaction kit. The
resultant sequence data was compared with the revised Cambridge reference sequence
(GenBank accession No. NC_001807) (Andrews et al., 1999). The published data on

http://www.mtdb.igp.uu.se/ was used to determine the allelic frequency of the identified

variants.

Statistical analysis
Statistical analysis was carried out using the Student’s unpaired, two-tailed t-test
contained in the Microsoft-Excel program. In Figure Legends, all data represent three
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control individuals (3 clones) and one patient (3 clones) with at least three independent
experiments. Several replicates for each clone were performed in every independent
experiment. The n is the total replicates of each Group. Data are represented as mean +

SEM. *P<0.05, **P<0.01, ***P<0.001.
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Figure S2.
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Figure S3.
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Figure S4.
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Figure S5.
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Figure S6.
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Figure S7.
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Table S1. Summary for clinical features of HCM family members

Family  Gender  Age MT-RNR2 MLVWT
Ground Symptoms IVS/LPW
Member  (M/F)  (years)  Genotype (mm)
-1 F 59 m.2336T>C HCM 26.8 3.21
Maternal 11-3 M 49 m.2336T>C HCM 38.7 2.93
members -1 M 38 m.2336T>C HCM 46.6 2.86
-3 M 32 m.2336T>C HCM 37.4 3.99
11-2 M 57 Wild type Normal 10.2 1.17
-4 F 48 Wild type Normal 9.6 1.22
Non-maternal 11-2 F 30 Wild type Normal 9.5 1.19
members 11-4 F 31 Wild type Normal 8.5 1.23
V-1 F 13 Wild type Normal 8.2 1.28
V-2 M 8 Wild type Normal 8.2 1.12

* MLVWT, maximum left ventricular wall thickness; IVS, interventricular septum thickness;

LPW, left posterior wall thickness.
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Table S2. mtDNA variants of UCs and iPSCs from HCM patient

Gene Position HCM-UC HCM-iPSC7P10 HCM-iPSC7P23 HCM-iPSC7P33
D-loop 16223 C>T C>T C>T C>T
16295 C>T C>T C>T C>T
16519 T>C T>C T>C T>C
73 A>G A>G A>G A>G
146 T>C T>C T>C T>C
199 T>C T>C T>C T>C
489 T>C T>C T>C T>C
12S rRNA 750 A>G A>G A>G A>G
16S rRNA 1438 A>G A>G A>G A>G
2336 T>C T>C T>C T>C
2706 A>G A>G A>G A>G
ND1 3882 G > A(syn) G > A(syn) G > A (syn) G > A (syn)
4071 C>T (syn) C>T (syn) C>T(syn) C>T(syn)
ND2 4769 A > G (syn) A> G (syn) A> G (syn) A> G (syn)
4850 C>T(syn) C>T(syn) C>T(syn) C>T (syn)
5442 T > C (Phe-Leu) T > C (Phe-Leu) T > C (Phe-Leu) T > C (Phe-Leu)
NC5(non-coding) 5894 A>C A>C A>C A>C
Cco1 6455 C>T(syn) C>T(syn) C>T(syn) C>T (syn)
7028 C>T (syn) C>T (syn) C>T (syn) C>T(syn)
ATP6 8701 A > G (Thr-Ala) A > G (Thr-Ala) A > G (Thr-Ala) A > G (Thr-Ala)
8860 A > G (Thr-Ala) A > G (Thr-Ala) A > G (Thr-Ala) A > G (Thr-Ala)
colll 9266 G > A (syn) G > A (syn) G > A (syn) G > A (syn)
9540 T>C (syn) T>C (syn) T>C (syn) T>C (syn)
9824 T>C (syn) T>C (syn) T> C (syn) T> C (syn)
ND3 10398 A > G (Thr-Ala) A > G (Thr-Ala) A > G (Thr-Ala) A > G (Thr-Ala)
10400 C>T(syn) C>T(syn) C>T(syn) C>T (syn)
ND4 10873 T>C (syn) T>C (syn) T>C (syn) T>C (syn)
11665 C>T (syn) C>T (syn) C>T (syn) C>T(syn)
11719 G > A (syn) G > A (syn) G > A (syn) G > A (syn)
12091 T>C (syn) T>C (syn) T>C (syn) T>C (syn)
ND5 12372 G > A (syn) G > A (syn) G > A (syn) G > A (syn)
12705 C>T (syn) C>T (syn) C>T (syn) C>T(syn)
12810 A> G (syn) A > G (syn) A > G (syn) A> G (syn)
13759 G > A (Ala-Thr) G > A (Ala-Thr) G > A (Ala-Thr) G > A (Ala-Thr)
CYTB 14766 C > T (Thr-lle) C > T (Thr-lle) C > T (Thr-lle) C > T (Thr-lle)
14783 T>C (syn) T>C (syn) T>C (syn) T>C (syn)
15043 G > A(syn) G > A (syn) G > A (syn) G > A (syn)
15301 G > A (syn) G > A (syn) G > A (syn) G > A(syn)
15326 A> G (Thr-Ala) A> G (Thr-Ala) A> G (Thr-Ala) A> G (Thr-Ala)
15364 C>T(syn) C>T(syn) C>T(syn) C>T (syn)
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Table S3. Steady-state activation and inactivation parameters of Ica recorded in Con-

IPSC-CMs or HCM-iPSC-CMs

Steady-state activation

Steady-state inactivation

V1iz (mV) k n

Vi (mV) k n

Con-iPSC-CMs -28.6+H.5 6.0#).7 25
HCM-iPSC-CMs -23.6#..6* 7.3#05 23

-41.0#4.8 58#).2 25
-40.140.6 5.640.2 23
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Table S4. Electrophysiological parameters of iPSC-CMs

Con-iPSC-CMs HCM-iPSC-CMs p-Value
Beating rate (BPM) 68.4+2.1 54.0+2.8 0.0062
Cm (pF) 21.941.6 (n=39) 46.444.9 (n=34) 0.0005
Tau (us) 190.0+17.4 (n=39) 437.6476.2 (n=34) 0.0008
RMP (mV) -50.241.3 (n=40) -55.54).8 (n=43) 0.0806
APA (mV) 90.2+1.4 (n=40) 92.742.5 (n=43) 0.3846
Max dV/dt (mV/s) 125014764.9 (n=40) 119174597.8 (n=43) 0.5480
APD30 (ms) 394.2+18.7 (n=40) 496.4424.3 (n=43) 0.0012
APD50 (ms) 484.5419.6 (n=40) 577.7430.1 (n=43) 0.0051
APD90 (ms) 582.3+19.6 (n=40) 669.3430.4 (n=43) 0.0084

Cnm, Cell electric capacitance; RMP, resting membrane potential; APA, action potential amplitude;
Max dV/ds, maximal rate of depolarization; APD30, APD at 30% of repolarization; APD50, APD
at 50% of repolarization;APD90, APD at 90% of repolarization. Values are the meansSEM.
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Table S5. Information of antibodies in the study

Antibody Antigen Company Cat. No.
Anti-ANF Atrial natriuretic factor Abcam ab191398
Anti-BNP Brain natriuretic peptide Abcam ab92500
Anti-TNNI3 Troponin | type 3 cardiac Abcam ab52862
Anti-a-ACTIN  alpha-cardiac muscle actin Immunoway  YT5110
Anti-MLC2v ventricular myosin light chain Abcam ab92721
Anti-MLC2a atrial myosin light chain 2 Proteintech 17283-1-AP
Anti-NCX Na(+)/Ca(2+)-Exchange Protein Abcam ab177952
Anti-RyR Ryanodine receptor Abcam ab2868
Anti-PLB Phospholamban Abcam ab2865
Anti-PLB-p Phospholamban (phospho S16) Abcam ab15000

Sarcoplasmic/endoplasmic reticulum

Anti-SERCA2  calcium ATPase 2 Abcam ab150435
Anti-VDAC Voltage dependent anion channel Abcam ab14734
Anti-MRPL19  Mitochondrial ribosomal protein L19 Abcam ab218978
Anti-MRPL23  Mitochondrial ribosomal protein L23 Abcam ab174791
Anti-MT-ND5  Mitochondrial NADH dehydrogenase 5 Abcam ab92624
Anti-MT-CYB  Mitochondrial cytochrome b Abcam ab81215
Anti-MT-COX2 Mitochondrial cytochrome ¢ oxidase 2 Abcam ab79393
Anti-MT-ATP8 Mitochondrial ATP synthase 8 Santa Cruz SC-84231
Anti-MCU Mitochondrial calcium uniporter Abcam ab45167
Anti-B-ACTIN  Beta cytoskeletal actin Proteintech 66009-1-Ig
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Table S6. Primers for quantitative PCR

Gene Sequence (5°—3°)
Forward CAGGGCTGCTTTTAACTCTGGTA
GAPDH Reverse CATGGGTGGAATCATATTGGAAC
165 rRNA Forward GCACACCCGTCTATGTAGCAAA
Reverse GATTTAGAGGGTTCTGTGGGCA
Forward CGCTATGACATCGACATGACCAAGT
DN Reverse ACCGATACAAGTAGTCAGCCTGGAT
Forward AGCAACACTCCACCTCCTATTCTTG
cYTe Reverse GCTTACTGGTTGTCCTCCGATTCA
COX2 Forward CCGCCATCATCCTAGTCCTCATC
Reverse AGTTGAAGATTAGTCCGCCGTAGTC
ATPS Forward CTACCACCTACCTCCCTCACCAAA
Reverse GGGCAATGAATGAAGCGAACAGATT
MRPL1S Forward CCAGGAGATTCAGGTGGTCAA
Reverse GGACGTTCCCAGCGTTTAGA
MRPL23 Forward GGTGCAGCATGGCTCTAACA
Reverse GATCTGGGAACGTGAAGGTCT
Forward GATGTGCAGCTGATCAAGACTG
RPLPO Reverse TATCAAGCACTTCAGGGTTGTAGAT
Forward ATTCGTGGATTATCAATT
12S rRNA
Reverse GGATTAGATACCCTATTA
VDAC Forward GGTACAAGCGGGAGCACA
Reverse TCTGGGTCACTCGGGATT
ACTB Forward CCCAGAGCAAGAGAGG
Reverse GTCCAGACGCAGGATG
Forward CCTCACTTCACTGCACTGTA
ocT4 Reverse CAGGTTTTCTTTCCCTAGCT
Forward CCCAGCAGACTTCACATGT
SOX2 Reverse CCTCCCATTTCCCTCGTTTT
Forward TGAACCTCAGCTACAAACAG
NANOG Reverse TGGTGGTAGGAAGAGTAAAG
Forward TCGCTGAGCTGAAACAAATG
REX1 Reverse CCCTTCTTGAAGGTTTACAC
Tg-0CT4 Forward GGGTGGACCATCCTCTAGAC
Reverse CCAGGTCCGAGGATCAAC
Tg-SOX2 Forward GGGTGGACCATCCTCTAGAC
Reverse GGGCTGTTTTTCTGGTTG
Tg-KLF4 Forward GGGTGGACCATCCTCTAGAC
Reverse GGAAGTCGCTTCATGTGG
Forward GGGTGGACCATCCTCTAGAC
Tg-C-MYC

Reverse

CCTCGTCGCAGTAGAAATAC
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Table S7. Information of key reagents in the study

Reagents Company Cat. No.
pMX-h-Oct4 Addgene 17217
pMX-h-Sox2 Addgene 17218
pMX-h-KIf4 Addgene 17219
pMX-h-c-Myc Addgene 17220
pMX-GFP Addgene 14567
PCL-ECO Addgene 12371
REGM™ Renal Epithelial Cell Growth Medium Lonza CC-3191
REGM SingleQuot Kit Suppl. & Growth Factors Lonza CC-4127
Primocin Invivogen ant-pm-1
DMEM/HG Gibco C11995500BT
DMEM/F12 Gibco C11330500BT
FBS PAA A15-101
Knockout serum replacement Gibco 10828-028
NEAA Gibco 11140-050
GlutaMAX Gibco 35050-061
0.1% Gelatin millipore ES-006-B
MycoAlert®Mycoplasma Detection Kit Lonza LTO07-218
2-Mercaptoethanol Gibco 21985-023
bFGF Invitrogen 13256-029
Dispase Gibco 17105-041
Collagenase IV Gibco 17104-019
Vc Sigma 49752-10G
VPA CALBIOCHEM 676380
mTeSR1 STEMCELL #05850
Matrigel BD 354277
REGM™ Renal Epithelial Cell Growth Medium Lonza CC-3191
Knockout serum replacement Gibco 10828-028
B27-insulin Gibco A1895601
B27 Gibco 17504044
CHIR99021 Selleck CT99021
IWP2 Tocris 3533
Y-27632 Sigma Y0503
Accutase STEMCELL #07920
Collagenase B Roche 11088815001

31



	Mutation
	Introduction
	Results
	Results
	Results
	Results
	Results
	Results
	Results
	Results

	Discussion
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures
	Experimental Procedures

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


