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Abstract

Aims—NMutations of cardiac sarcomere genes have been identified to cause HCM, but the
molecular mechanisms that lead to cardiomyocyte hypertrophy and risk for sudden death are
uncertain. The aim of this study was to examine HCM disease mechanisms at play during cardiac
differentiation of human HCM specific pluripotent stem cells.

Methods and results—We generated a human embryonic stem cell (hESC) line carrying a
naturally occurring mutation of MYPBC3(¢.2905+ 1 G > A) to study HCM pathogenesis during
cardiac differentiation. HCM-specific hESC-derived cardiomyocytes (hRESC-CMs) displayed
hallmark aspects of HCM including sarcomere disarray, hypertrophy and impaired calcium
impulse propagation. HCM hESC-CMs presented a transient haploinsufficiency of cMyBP-C
during cardiomyocyte differentiation, but by day 30 post-differentiation cMyBP-C levels were
similar to control hESC-CMs. Gene transfer of full-length A/YBPC3 during differentiation
prevented hypertrophy, sarcomere disarray and improved calcium impulse propagation in HCM
hESC-CMs.

Conclusion(s)—These findings point to the critical role of MYBPC3 during sarcomere
assembly in cardiac myocyte differentiation and suggest developmental influences of MYBPC3
truncating mutations on the mature hypertrophic phenotype.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common autosomal dominant-inherited
form of heart disease in the world and affects an estimated 1 in 500 [1-3]. HCM is caused
by mutations in genes encoding cardiac sarcomere proteins and leads to cardiac hypertrophy,
risk for sudden cardiac death and heart failure [4]. Most mutations causing HCM are of
sarcomeric proteins including MYBPC3and MYH7[5]. MYBPC3encodes cardiac myosin
binding protein-C (cMyBP-C) which is myosin-associated protein regulating myocardial
contraction [6-8], sarcomere development and intermolecular spatial organization [9-11].
The link between these mutations, cardiomyocyte hypertrophy and arrhythmias in HCM is
currently unclear.

The majority of MYBPC3 mutations are splice site donor/acceptor or other insertion/
deletion mutations that produce reading frame shifts, premature stop codons and ultimately
truncated proteins [12]. However, analyses of cardiac tissue from HCM patients carrying
truncation MYBPC3 mutations have failed to detect expression of the truncated peptide(s)
[5,13-16]. Accordingly, cMyBP-C haploinsufficiency has been proposed as the primary
disease mechanism in symptomatic patients [13,17]. However, this is controversial, because
recent data show normal levels of cMyBP-C in myocardial tissue from patients with
heterozygous truncating mutations of MYBPC3[15]. Mice homozygous for a truncating
MYBPC3 mutation develop dilated cardiomyopathy [18], but heterozygous knock-in and
knock-out models have shown a very mild and late phenotype onset with partial
compensatory upregulation of cMyBP-C[6,19]. A knock-in mouse model with an exon 30
truncating MYBPC3 mutation has normal levels of total cMyBP-C expression and normal
cardiac morphology [19], but Barefield et al. [18] recently found that transaortic banding
induced cardiac stress induces transient haploinsufficiency of cMyBP-C in this model. At
this time, it remains unclear whether haploinsufficiency is responsible for either initiation or
progression of HCM in humans [12,20].

To address this question, we developed the first human embryonic stem cell line (hESC)
carrying a natural MYBPC3 mutation causative of HCM, other groups have reprogramed
induced pluripotent cell lines carrying mutations on MYH7 and MyBPC3 [21-24]. We
tested the hypotheses that there is MYBPC3 haploinsufficiency during cardiac
differentiation and that hESC derived cardiomyocytes (hESC-CMs) carrying ¢.2905+ 1 G >
A mutationin MYPBCS3 recapitulate the hallmarks of the adult human phenotype including
sarcomere/myocyte disarray, fiber and single cardiomyocyte hypertrophy and calcium
homeostasis impairment. These hypotheses were tested with comparison of cardiac directed
differentiation of HCM and normal hESC lines at different time points of differentiation, and
with adenovirus-assisted acute transfer of wild-type MYBPC3 gene during cardiac
differentiation. Our findings support that ¢.2905+ 1 G > A mutation in MYPBC3induces a
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transient haploinsufficiency of cMyBP-C3 associated to hallmarks of HCM phenotype that
can be prevented with acute gene transfer of wild-type MYBPC3. Furthermore, our findings
support that disease specific human stem cell-derived cardiomyocytes represents an
important model to elucidate novel mechanisms of pathogenesis for HCM.

2. Methods

3. Results

Details of hESC lines derivation and characterization, cardiac differentiation, analysis of
protein expression and localization, qRTPCR, optical mapping of intracellular calcium and
statistical analysis can be found in the Online Supplement. The cell line carrying the
mutation is referred as UM38-2 PGD-HCM and control lines as UM14-2 and UM22-2.

3.1. Derivation and characterization of human embryonic stem cells

Newly derived and stablished hESC lines expressed pluripotency markers Oct4, Nanog,
SOX2, SSEA4 and TRA-1-60 (Fig. 1a, Supplementary Fig. 1) and had normal karyotype
(Fig. 1b, Supplemental Fig. 1f). Embryoid bodies of UM14-2, UM22-2 and UM38-2 PGD-
HCM transcribed endoderm, mesoderm and ectoderm markers (Fig. 1c and d; and
Supplementary Fig. 1g) and the 3 lines were successfully differentiated into cardiomyocytes.

3.2. hESC cardiac directed differentiation and mutant MYBPC3 transcript

Western blot analysis (Fig. 2a) shows time-dependent reduction of Oct3/4 during cardiac
differentiation. Concomitantly Fig. 2a shows that sarcomeric myosin Il expression is
detected by day 10 of the protocol, and continuously increase up to day 30.

PCR amplification of cDNA from UM38-2 PGD-HCM demonstrated two different
MYBPC3transcripts (Fig. 1f). Nucleotide sequencing of amplicon from UM38-2 PGD-
HCM cardiomyocytes (Fig. 1f) confirmed that exon 27 is skipped during splicing of the
mutant allele (Fig. 1g and h). This results in creation of a stop codon without introduction of
novel sequence (Fig. 1h). The wild-type MYBCP3transcript accounted for over 90% of the
total MYBPC3mRNA as determined by differential grtPCR across days 5, 10, 15 and 30 of
directed differentiation for the UM38-2 PGD-HCM line (Fig. 1e). This mutant mRNA
transcript loss is similar to that observed in adult heart tissue harboring the identical
mutation (Fig. 1f and [15]).

3.3. cMyBP-C protein expression during cardiac directed differentiation

cMyBP-C protein expression was detected as early as of day 10 of cardiac directed
differentiation in control hESC lines (UM22-2 and UM14-1) and expression levels
continued to increase up to day 30 (Fig. 2b), similar to the trend observed for total
sarcomeric myosin (Fig. 2a). However, there was no detectable expression of cMyBP-C on
day 10 of cardiac differentiation in the HCM hESC-CM (UM38-2 PGD-HCM, Fig. 2b), thus
indicating a haploinsufficiency of full length protein. Despite the lack of cMyBP-C
expression, these cardiomyocytes did express myosin and began to contract spontaneously at
the same time in the differentiation process as control cardiomyocytes. cMyBP-C full length
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protein was detectable in the HCM line by day 15, but at a reduced amount compared to the
control lines. However, by day 30 there were similar amounts of full length cMyBP-C
expression in all cell lines (Fig. 2b). This result was apparent when cMyBP-C was
normalized to GAPDH (Fig. 2b) or to a cardiomyocyte specific marker (a-actinin, Fig.
2c&d). This analysis suggests that reduced cMyBP-C protein expression early during
cardiac directed differentiation in the hESC model is compensated by day 30 with
restoration of cMyBP-C to normal amounts. In earlier work, a human heart tissue sample
containing the ¢.2905 + 1 G > A mutation showed reduced cMyBP-C protein abundance
compared to controls, but average cMyBP-C protein abundance across all human heart tissue
samples with truncating MYBPC3 mutations was not significantly lower than in controls
[15]. To determine whether the difference between the hESC-CM model and the human
heart tissue data for the ¢.2905 + 1 G > A mutation is mutation-specific or due to inter-
individual difference, we analyzed a newly acquired human tissue sample with the ¢.2905

+ 1 G > A mutation and compared to the sample from Helms et al. and to donor heart
controls. Using freshly homogenized sample, we found again a 41% reduction in cMyBP-C
protein level from the previously studied individual, but no reduction in cMyBP-C protein in
the newly acquired sample with the identical mutation (Supplemental Fig. 2).

3.4. hESC-CM hypertrophy, sarcomere and cellular structure analysis

Multi-cellular trabeculae width and thickness were greater in HCM hESC-CMs compared to
time matched derivation from control hRESC-CMs (Fig. 3a&b). Cardiomyocytes from
UM38-2 PGD-HCM had apparent hypertrophy at the single cell level compared to hESC-
CMs from the UM22-2 control cell line (Fig. 3c, day 36 hESC-CMs).

Additionally, we observed both sarcomere disarray and cell-cell junction disarray in HCM
hESC-CMs (Fig. 4). In the HCM hESC-CMs sarcomere disarray was apparent when
staining for the Z-band (Fig. 4a, a-actinin), for the A-band (Fig. 4b, B-MyHC) and for the I-
band (Fig. 4e, actin). The average length of continuous myofibrils was also shorter in the
UM38-2 PGD-HCM CMs (Supplemental Fig. 3). Fast Fourier Transform (FFT) analysis of
the Z-band staining indicated lower regularity index (less organization) in the disease hESC-
CMs (Fig. 4c). Examples of the FFT analysis of 60x confocal images are in the
supplemental figures (Supplemental Figs. 4 and 5). Sarcomere disarray persisted over time
in culture even up to day 69 where I-band disarray was observed on I-bands (Supplemental
Fig. 6). Average length of the N-cadherin plaques (Supplemental Fig. 7) was longer in the
HCM hESC-CMs, indicative of cell-cell mechanical junctions disorganization (Fig. 4d—e),
as described in an animal model of HCM [25].

3.5. Calcium transients and arrhythmias in HCM hESC-CMs

Intracellular calcium homeostasis has been shown to be dysregulated in HCM
cardiomyocytes [21,26-28]. Cardiomyocytes from UM38 PGD-HCM had a significantly
higher frequency of calcium transients than the control line (Fig. 5b). Additionally, the
calcium diastolic levels and peak were greater in HCM cardiomyocytes (Fig. 5¢ & 5d);
however, calcium transient amplitude was not affected (Fig. 5e).
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Seventeen days after differentiation initiation hESC-CMs monolayers presented stable rotors
and/or continuous propagation of calcium waves (Fig. 5f, Supplemental videos 1 and 2).
Proportion of hESC-CM monolayers with arrhythmic re-entry propagation (rotors) was
greater in the HCM unpurified monolayers in comparison to control cells (Fig. 5g). We
hypothesized that the pro-arrhythmia mechanism may be either due to HCM
cardiomyocytes’ idiosyncrasies and/or altered intercellular communication between hESC-
CMs and non-CMs in the unpurified monolayers. We therefore performed further optical
mapping of calcium impulse propagation in purified hESC-CMs and found marked slowing
of conduction velocity but absence of rotors (see, below).

3.6. Full length human MYBPC3 gene transfer during early cardiomyogenesis prevents
HCM phenotype in hESC-CMs

We tested the hypothesis that the HCM phenotype is caused by transient haploinsufficiency
of cMyBP-C protein with adenoviral gene transfer of the full length human MYBPC3 gene
(AdMYBPC3) on day 12 of the differentiation process (fig. 6a). Western blot analyses
suggest that UM38-2 PGD-HCM hESC-CMs produced more M2-Flag tagged adenoviral
cMyBP-C than UM22-2 hESC-CMs (Supplemental Fig. 8b and c).

We speculate that the lower level of endogenous cMyBP-C at this early time point in cardiac
differentiation (Fig. 2c) may allow greater relative sarcomeric incorporation of the
adenoviral cMyBP-C.

Importantly, Fig. 6b&c show proper A-band localization of the virus-delivered cMyBP-C in
each half of the A-band, consistent with the normal spatial localization of this protein [7,29].
Examination of sarcomere structure 7 days after adenoviral infection revealed that MYBPC3
gene transfer promoted sarcomere organization in the disease cell line (Fig. 6d).
Furthermore, single cardiomyocyte hypertrophy was also prevented by MYBPC3 gene
delivery (Fig. 6e, 14 days after gene transfer).

Finally we determined the effect of AdMYBPC3 gene transfer on the structural and
functional phenotype of highly purified hESC-CM monolayers (Fig. 7a) plated on matrigel
coated PDMS for improved hESC-CM maturation. [30,31] Immunofluorescent staining for
connexin 43(Cx43) revealed that AdMYBPC3treatment normalized gap junction formation
and localization at the cell-cell connection sites (Fig. 7b). Cx43 was absent at the cell
junctions in the HCM hESC-CM monolayers, but significantly accumulated at
cardiomyocyte-to-cardiomyocyte connection sites following AAMYBPCS3 treatment.
Additionally, AdMYBPC3 gene transfer prevented hypertrophy in HCM hESC-CM
monolayers (Fig. 7c).

Isochronal maps in Fig. 8a indicate that impulse propagation in untreated HCM hESC-CM
monolayers is ~50% slower than the control monolayers (Fig. 8b). AdMYBPC3 gene
transfer improved impulse propagation in the HCM hESC-CM monolayers, which is
indicated by increased spacing of the isochronal lines. Since monolayer conduction velocity
depends in large part on cell-cell junctions, these results suggest that faster conduction
velocity in the AdMYBPC3 gene transfer group may be associated with the observed
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normalization of Cx43 protein localization (Fig. 7b). Expression of SERCA2a does not
appear to be involved in the rescue of affected phenotype (Supplemental Fig. 10).

4. Discussion

To date there have been no studies to understand the complex HCM pathogenesis occurring
during cardiomyocyte development [32]. This is in part due to difficult and scarce access to
human fetal material during the early stages of heart formation, which can be partially
circumvented with in vitro cardiomyocyte differentiation. In this context, derivation and
maintenance of pluripotent stem cells carrying native or induced mutation is fundamental
[21-24].

By developing and using a hESC line harboring a MYBPC3 mutation we were able to study
and define the earliest elements of the cardiomyocyte response to a sarcomere gene
mutation, the primary hypertrophic stimulus. Our data indicate that the ¢.2905+1 G > A
mutation of MYBPC3 produces a transient haploinsufficiency of full length cMyBP-C
during early cardiomyogenesis in vitro (Fig. 2). Importantly this reduced cMyBP-C
expression occurs while other myofilament proteins such as myosin are being expressed,
cardiac sarcomeres formed and cells are beginning to contract. It is interesting to note that
differences on levels of MYBPC3cDNA were not noticeable. Further experimentation
might be necessary to understand if cMyBP-C haploinsufficiency happens through a
translational or post-translational mechanism.

However, by day 30 of directed differentiation, protein levels in the HCM line are not
different from control cardiomyocytes, consistent with prior evidence from human heart
tissue that there is compensatory up-regulation of cMyBP-C at least in some individuals
[15]. Also, consistent with previous work [15], we observed inter-individual variability in
cMyBP-C abundance in human heart tissue from individuals with ¢.2905+ 1 G > A
mutation as indicated in Supplemental Fig. 2. Therefore, our data suggest either that
hypertrophic remodeling may be induced at a very early stage by haploinsufficiency before
adequate compensation for cMyBP-C occurs, or, alternatively, that dominant negative
mechanisms may propagate disease pathogenesis despite adequate cMyBP-C levels.

We therefore tested the hypothesis that decreased levels of cMyBP-C during differentiation
is responsible for cardiac hypertrophy and disarray in the early disease stage by acute gene
transfer of wild-type human MYBPC3 during early cardiac-directed differentiation (Fig. 5).
Expression of wild-type MYBPC3 during early cardiomyocyte differentiation prevented
HCM structural (Figs. 6 and 7) and functional phenotypes (Fig. 8) in hESC-CM HCM
similar to the observations of Mearini et al. [33]. Neonatal adenoviral reposition of wild-type
cMyBP-C in transgenic mice carrying frameshift mutations in MYBPC3 prevented HCM
phenotype and had long-term effects on cardiovascular health. [33] Complementarily to the
reposition of MYBPC3 wild type to mutant cells, shRNA-mediated knock down of cMyBP-
C expression in fully differentiated single cardiomyocytes recapitulated a contractile
dysfunction observed in single cardiomyocytes derived from patient specific induced
pluripotent lines without altering cell size [24] and may support a temporal role of cMYBP-
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C insufficiency for full display of HCM phenotype, or simply that multicellular preparations
should be considered for observation of the main HCM hallmarks in vitro.

Collectively these data suggest that a transient haploinsufficiency in cMyBP-C protein
expression may trigger early cellular and sub-cellular processes that incite a cascade of
events ultimately leading to the mature form of disease with cardiac hypertrophy later in life
and that can be aggravated by other factors, like dysregulation in endothelin-1 levels [23].
Other mechanisms related to ongoing production of truncated mutant proteins may also
influence disease progression in the fully developed heart.

Similar alterations in cardiomyocyte biology were also reported in a zebrafish HCM model
at the earliest stages of heart development and trigger secondary mechanisms such as
calcium flux dysregulation predisposing to an arrhythmias [34]. Becker et al. [34]
recapitulated human HCM with disruption of sarcomerogenesis and sarcomere disarray in
zebrafish using morpholino antisense oligonucleotides targeting the exon 13 splice donor
site in the cardiac troponin T gene (fnnt2). After recovery from morpholino treatment and
restoration of normal #nt2 expression, sarcomere disarray resolved suggesting that the
structural abnormalities were reversible with cessation of mutant transcript expression.
However, in a mammalian HCM model with persistent expression of mutant protein,
myocyte and sarcomeric disarray persisted despite of pharmacologic reversal of the cardiac
hypertrophy and fibrosis [35].

Recent evidence suggests that abnormal calcium handling underlies HCM pathology in a
patient-specific induced pluripotent stem cell model with a MYH7mutation [21,22].
Abnormal intracellular calcium homeostasis was also disrupted in the MYBPCZmutation
hESC-CM HCM model presented here (Fig. 5), suggesting a common pathogenic pathway
with the MYH7mutation model. [21,22] Additional investigation on the impact of cMyBP-
C on calcium regulated proteins should be performed to determine because the functional
rescue of AdMYBPC3treated UM38-2 HCM does not seem to be related to change in the
expression of SERCAZ2a (Supplemental Fig. 10). Furthermore, the MYBPC3-mutation
hESC-CM monolayers presented rotors, which are an in vitro form of re-entry arrhythmia
and data from purified monolayers showed slow conduction in HCM monolayers. The
purified monolayers were plated on matrigel coated PDMS to enhance the maturation state
of hESC-CMs [31], a common concern in the field that has been also addressed by others
[24]. Also, this cell culture technique may decrease the variability observed in unpurified
samples in which cardiomyocytes in different stages of differentiation co-exist with non-
cardiomyocyte.

Therefore data suggests that HCM cardiomyocytes may be pro-arrhythmic in a multicellular
environment, as is the case for the in vivo organ. Further, it is clearly evident in humans with
HCM that arrhythmias only very rarely present in childhood, but rather most commonly
occur in adulthood. Intrinsic cellular abnormalities in calcium handling, cell-cell connection
abnormalities altering impulse propagation, and a subsequent final pathogenic mechanism,
such as fibrosis development, may all ultimately combine to cause clinical arrhythmias in
patients.
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In summary, using a human embryonic stem cell model, we were able to demonstrate that
MYBPC3-mutant HCM cardiomyocytes presented transient cMyBP-C haploinsufficiency
associated with fundamental structural abnormality during early cardiac differentiation that
triggers hypertrophy and creates an arrhythmogenic substrate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
HCM disease specific hESC line characterization and cardiac directed differentiation. a,

Immunostaining for pluripotent stem cell markers. b, UM38-2 PGD-HCM cells have normal
karyotype. ¢, UM38-2 PGD-HCM cells formed EBs and d, EBs express genetic markers of
all three germ layers. e, qRT-PCR demonstrates proportional expression of wild-type
MYBPC3in relation to total MYBPC3mRNA. f, RT-PCR observation of wild-type and c.
2905 + 1 G > A mutation mRNA in UM22-2 and UM38-2 hESC-CMs, and a myectomy
sample isolated from a patient carrying the same mutation. g&h, cDNA sequencing of exon
27 flanking regions confirms exon skipping in the disease cell line. i, the heterozygous
mutation was also confirmed by sequencing of genomic DNA of UM38-2 PGD-HCM.

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 September 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

da Rocha et al.

Page 12

Total Myosin Expression

a, Cardiac Differentiation (Western Blot): , Pluripotent Marker Expression
’ —@— UM22-2 control

8

UM22-2 control UM38-2 PGD-HCM =
. Q20 56| =O= UM3s-2 PGD-HCM
yosin < a
(220kDa o 1.5 ?D: "
<10 S
Oct3/4
(40"')”_ % 05 \; g 2
go.
GAPDHISI——-.--I |"a----| ~ o o
Day: 0 1 3 5 10 1530 0 1 3 5 10 15 30 0O 5 10 15 20 25 30 0 5 10 15 20 25 30

Day Day
b, cMyBP-C Protein Expression During Cardiogenesis:

UM22-2 control UM14-1 control UM38-2 PGD-HCM

cMyBP-C

I
il

Day: 5 10 15 30 Day: 5 10 15 30 Day: 5 10 15 30
1. UM22-2 control o UM14-1 control 10, UM38-2 PGD-HCM
S0 5 z
e o 05 £ 08
é 08 Q 06 [} 086
Glos o o
n" 04 o 04 a 04
) 20 202
So2 ] 2 *%
00 00 0.0
10 15 30 10 15 30 10 15 30
Day Day Day
¢, cMyBP-C Expression (Day 17) d, cMyBP-C Expression (Day 30)
S S = UM22-2 Control & < m— UM22-2 control
s & S e c12, = UMa.2 POD.HOM & & & = UM38-2 PGD-HCM
£ =
1 08 * i
E 06 E 2
E\OQ Q!
2
S0 3o

Fig. 2.

cI\%yBP—C expression during cardiac directed differentiation. a, Western blot analysis of the
expression of Oct3/4 and the muscle specific myosin Il during cardiac directed
differentiation in a control (UM22-2) and HCM cell lines (UM38-2). Quantification of
Oct3/4 or myosin Il expression relative to GAPDH (n = 3 differentiation experiments). b,
Total cMyBP-C expression was determined during the cardiac directed differentiation
process. In two different control cell lines cMyBP-C was detected as early as day 10 of
differentiation. However, in the UM38-2 PGD-HCM cell line cMyBP-C was not detected at
day 10, was less than controls on day 15 and was not different from controls on day 30. (**
p = 0.002, *p = 0.004 UM14-1 and UM22-2 controls vs HCM, One-way ANOVA
uncorrected Fisher’s LSD, n = 3 separate experiments). ¢, In separate experiments total
cMyBP-C expression was quantified relative to a-actinin to normalize for any variations in
differentiation efficiency on day 17(*unpaired #test, P = 0.04, n = 6 differentiation
experiments). d, On day 30 total cMyBP-C expression levels in the HCM cells were not
different from control. Data were expressed as mean + standard deviation.
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a, Multi-cellular Trabeculae Hypertrophy:
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Fig. 3.

Hspertrophic cardiomyopathy structural phenotype in the UM38-2 PGD HCM cell line
obtained from 3 independent differentiations. a, Immunostaining for a-actinin 17 days after
induction of differentiation. Average width of multicellular trabeculae obtained after
differentiation was greater in the UM38-2 PGD-HCM CMs compared to the control (268.2
+119.5 um, n =144 vs. 135.2 £ 47.9 um, n = 119 fibers *Student’s #test p = 1 x 10-10). b,
Average 3D thickness of multicellular trabeculae obtained after differentiation was greater in
the UM38-2 PGD-HCM cultures compared to the UM22-2 control CMs (20.8 £ 2.2 ym, n =
13 vs. 13.9 £ 2.34 um, n = 13 *Student’s #test P = 6.5 x 10-8). c, Single cell hypertrophy
was apparent in the UM38-2 PGD HCM cardiomyocytes as well (day 36, cross sectional
area: 5114.41 + 4505.83 pm2, n = 421 individual HCM CMs vs. 3367.85 + 2344.98 ym?, n =
267 individual control CMs, * Student #test, p = 0.001). Data were expressed as mean £
standard deviation.
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a, Cardiomyocyte/Sarcomere Disarray (Z-band) b, Cardiomyocyte/Sarcomere Disarray (A-band)
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Fig. 4.
Cardiomyocyte and sarcomere disarray in the UM38-2 PGD HCM cell line. a, Examination

of the Z-band (a-actinin) organization reveals sarcomere disarray in UM38-2 PGD HCM
cardiomyocytes. b, Sarcomere disarray is also apparent in A-band (B-MyHC)
immunostaining in the HCM cells. ¢, Fast Fourier Transform (FFT) analysis of the Z-band
indicates that HCM cardiomyocytes have a lower regularity index, which reflects sarcomere
disarray (0.11 + 0.014, n = 10 vs. 0.15 + 0.018, n = 10 *Student’s #test, P = 6.0 x 1075). d,
Average length (transverse length at cell-cell junction) of the N-cadherin plaques reveals
altered mechanical junctions in the HCM CMs (17.3 £ 6.71 pym, n = 78 CMs vs. 6.88 + 2.2
pm, n = 57 CMs, *Student’s £test, P = 1.0 x 1079). e, I-band immunostaining (actin) shows
sarcomere disarray and staining for N-cadherin shows altered cell-cell junction formation in
the HCM CMs. Data were expressed as mean + standard deviation.
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a, Spontaneous Ca?* transient measurements b, Spontaneous Beating Rate
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Fig. 5.

Caglcium transient waves in unpurified hESC-CMs. a, Unpurified cultures of hESC-CMs
were submitted to optical mapping with Fura-2. b, Transient calcium waves frequency was
higher in hESC-CMs from UM38-2 PGD-HCM (n = 15, 0.72 Hz £ 0.26) than in UM22-2 (n
=15,0.5+ 0.3 Hz; p = 0.03). c, Diastolic calcium levels were elevated in HCM hESC-CMs
(n =15, 0.57 £ 0.16) in comparison to those from UM22-2 (n = 15, 0.33 £ 0.16; p = 0.001).
d, UM38-2 PGD-HCM cardiomyocytes also exhibited higher peak of calcium (n =15, 0.9
+0.11) in comparison to UM22-2 cardiomyocytes (n = 15, 0.6 + 0.17; p = 0.0001). e,
Calcium waves amplitude was similar between groups (UM38-2 PGD-HCM n = 15, 0.33
+0.15, and UM22-2 n = 15, 0.26 £+ 0.15; p = 0.18). f, Examples of rotors and continuous
propagation of calcium waves in HCM hESC-CMs. Frequency of rotors was significantly
higher in HCM-CMs (n = 45, 44%) than in the control line(n = 41, 21%; p = 0.0001). Data
were expressed as mean + standard deviation.
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a, AdMYBPC3 Gene therapy strategy
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Fig. 6.
Acute gene transfer of full length wtMYBPC3in early cardiac directed differentiation

prevents sarcomere disarray and cellular hypertrophy. a, AdMYBPC3 (250 moi) was applied
to restore levels of cMyBP-C 12 after initiation of cardiac-directed differentiation. b, Full
length cMyBP-C expression in hESC-CMs shown by M2-FLAG immunolocalization. c,
Virus-delivered cMyBP-C localized correctly to each half of the sarcomeric A-band (~1.6
pum). d, AdMYBPC3 gene transfer prevented sarcomere disarray in HCM hESC-CMs,
indicated in the picture as well as in the FFT analysis (regularity index = 0.09 + 0.015, n =
10 vs. 0.13 £ 0.018, n = 9 after virus treatment, student £test, *P = 0.0002). e, AdMYBPC3
gene transfer prevents CM hypertrophy compared to untreated UM38-2 PGD-HCM CMs
(no treatment cell size = 4828.71 + 3452.21 pm2, n = 193 vs. AdM YBPC3-treated cell size
= 2888.83 + 2047.93 pm2, n = 209). AAMYBPC3 gene transfer had no effect on UM22-2
CMs size (no treatment cell size = 2813.24 + 1737.63 um?, n = 211 vs. AdMYBPC3treated
cell size = 2744.38 + 1639.60 um?, n = 305). ***indicates significant difference from all
other means, One-way ANOVA, Tukey’s multiple comparison test, p < 0.0001. Data were
expressed as mean + standard deviation.
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a, SIRPA2a MACS purified hESC-CM monolayers

UM 22-2 Control UM 38-2 PGD-HCM

Myosin F
o
<
% 10
8
>
§ 0.5
GAPDH e
128 8 5 6 7 89 0.0
Uiiariad SIRPA2a SIRPA2Q Unsorted SIRPA2a  SIRPA 2a
negative posive . hegative  positive
b, AdMYBPC3 promotes Cx43 localization in HCM cardiac monolayers
UM 22-2 control UM 38-2 PGD-HCM  Ejyorescence Intensity plots of white arrows:

UM 2.2 control - AJMYBPC3 UM 38.2P00.HOM _+AdMYBPC3 UM 36.2 PGD-HCM

=

Merge

UM 38-2 PGD-HCM +AdMYBPC3

Cx43 channel

Cardiomyocyte Size
C, AdMYBPC3 prevents cellular hypertrophy in cardiac monolayers UM 38-2 PGD-
UM 22-2 control UM382PGD-HCM <, | o —
UM 22-2 control +AdMYBPC3 UM 38-2 PGD-HCM +AdMYBPC3

Fig. 7.

Ag’MYBPCS’gene transfer prevents HCM phenotype in purified hESC-CM monolayers. a,
SIRPA based magnetic activated cell sorting enriched the cell population expressing myasin
used to form high-purity cardiomyocyte monolayers. b, Cx43 immunostaining shows lack of
gap junctional protein in the HCM hESC-CM monolayers. However, AdMYBPC3 gene
transfer promotes Cx43 expression and localization in the UM38-2 PGD-HCM monolayers.
A fluorescence intensity plot of the white arrows demonstrates Cx43 localization at the cell-
cell borders in the AdMYBPC3-treated group. ¢, N-cadherin expression is localized at the
cell-cell borders was used to quantify CM size in each group. Untreated UM38-2 PGD-
HCM CMs were larger than all other groups (3566.54 + 1669.2 um?, n = 57 compared to
UM38-2 PGD-HCM AdMYBPC3-treated = 1621.8 + 969.5 um?2, n = 80 and control
UM22-2 = 1966.4 + 876.1 pm?2, n = 52 and UM 22-2 AdMYBPCS3 treated = 1805.5

+ 810.35 pm?, n = 80). One-way ANOVA followed by Tukey’s multiple comparison, *P <
0.0001. CMs monolayers were fixed on day 35 of the differentiation protocol. Data were
expressed as mean + standard deviation.
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a, AdMYBPC3 Gene therapy speeds impulse propagation in HCM monolayers
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Fig. 8.

Agute gene transfer of full length wtMYBPC3 speeds electrical impulse propagation in
human purified HCM cardiac monolayers. a, Isochronal maps indicating activation times of
pacemaker activations in four different experimental conditions. b, Quantification of calcium
impulse conduction velocity shows that the untreated HCM monolayers had a significantly
slower impulse conduction velocity than the other groups (untreated UM38-2 PGD-HCM =
13.9+6.1 cm s—1, n = 6 compared to UM22-2 control untreated =29.4 £ 6 cms-1,n=5
and UM22-2 control AAMYBPC3 treated = 32.4 + 3.3 cm s—-1, n = 5 and UM38-2
AdMYBPC3 treated = 23.4 + 5.5 cm s—1, n = 5 monolayers). **** and ** denote
significantly different means, One-way ANOVA, Newman-Keuls multiple comparisons test,
a = 0.01, ns = not significant. Data were expressed as mean * standard deviation.
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