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Abstract

Background: Familial hypertrophic cardiomyopathy (HCM) is the most common inherited
cardiac disease and is typically caused by mutations in genes encoding sarcomeric proteins that
regulate cardiac contractility. HCM manifestations include left ventricular hypertrophy and heart
failure, arrythmias, and sudden cardiac death. How dysregulated sarcomeric force production

is sensed and leads to pathological remodeling remains poorly understood in HCM, thereby
inhibiting the efficient development of new therapeutics.

Methods: Our discovery was based on insights from a severe phenotype of an individual

with HCM and a second genetic alteration in a sarcomeric mechanosensing protein. We derived
cardiomyocytes from patient-specific induced pluripotent stem cells (iPSC-CMs) and developed
robust engineered heart tissues (EHTS) by seeding iPSC-CMs into a laser-cut scaffold possessing
native cardiac fiber alignment in order to study human cardiac mechanobiology at both cellular
and tissue levels. Coupled with computational modeling for muscle contraction and rescue of
disease phenotype via gene editing and pharmacological interventions, we have identified a new
mechanotransduction pathway in HCM, shown to be essential in modulating the phenotypic
expression of HCM in five families bearing distinct sarcomeric mutations.

Results: Enhanced actomyosin crossbridge formation caused by sarcomeric mutations in cardiac
myosin heavy chain (MYH?7) led to increased force generation, which when coupled with slower
twitch relaxation, destabilized the muscle LIM protein (MLP) stretch-sensing complex at the
Z-disc. Subsequent reduction in the sarcomeric MLP level caused disinhibition of calcineurin—
nuclear factor of activated T-cells (NFAT) signaling, which promoted cardiac hypertrophy. We
demonstrate that the common MLP-WA4R variant is an important modifier, exacerbating the
phenotypic expression of HCM, but alone may not be a disease-causing mutation. By mitigating
enhanced actomyosin crossbridge formation through either genetic or pharmacological means,

we alleviated stress at the Z-disc, preventing the development of hypertrophy associated with
sarcomeric mutations.

Conclusions: Our studies have uncovered a novel biomechanical mechanism through which
dysregulated sarcomeric force production is sensed and leads to pathological signaling,
remodeling, and hypertrophic responses. Together, these establish the foundation for developing
innovative mechanism-based treatments for HCM that stabilize the Z-disc MLP mechanosensory
complex.

Keywords

Hypertrophic cardiomyopathy; hypertrophy; induced pluripotent stem cells; cardiomyocytes;
engineered heart tissues; computational modelling; sarcomeric; biomechanical; mechanobiology;
mechanosensing; mechanotransduction; crossbridge; Z-disc; modifier; muscle LIM protein;
myosin heavy chain 7; myosin binding protein C3; heart failure
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Introduction

Familial hypertrophic cardiomyopathy (HCM) is characterized by hypertrophic left
ventricular (LV) thickening of the heart muscle, diminished outflow tract obstruction,

and impaired diastolic relaxationl: 2. HCM affects 1 in 500 people and is the leading

cause of sudden death in young adults® 4. Mutations in sarcomeric genes, including

MYH7 (encoding B-MHC), account for ~90% of genotype-positive familial HCM cases

in humans® 8. Enhanced and prolonged myofilament force generation has been implicated as
a major physiological cause underlying HCM7~-9. However, the mechanosignaling cascades
through which the heightened sarcomeric force generation is sensed at the sarcomere and
leads to abnormal nuclear hypertrophic signaling, have yet to be determined. This lack of
mechanistic understanding has inhibited the development of precise and effective therapies.
B-adrenergic and calcium blockers are standard current therapies for HCM1?, but fail to halt
or reverse the progression of disease. Mavacamten (a.k.a. MYK-461), a small molecule
inhibitor of sarcomere contractility!!, has recently been shown to reduce LV outflow
obstruction, ameliorate symptoms, and decrease the expression of biomarkers of cardiac
stress in HCM patients!2 13, However, the mechanisms of action and long-term safety and
efficacy to prevent and/or reverse hypertrophy in humans requires further investigation.
There is some concern with the initial observation that reductions of LV ejection fractions
(LVEFs) below 45% or 50% (normal LVVEF: =55%) were more common in mavacamten-
treated patients compared with those in the placebo group?? 13, Thus, further understanding
sarcomeric mechanosensing signaling may establish the foundation for the development of
additional, complementary HCM therapeutics.

Muscle LIM protein (MLP), a component of the sarcomeric Z-disc, has been proposed

to play an important role in mechanical stretch sensing and remodeling of cardiac
myofilamentsl# 15, A common MLP variant, MLP-WA4R, is present in up to 1% amongst
European Caucasiansi®, and may lead to defective mechanosensing at the Z-disc. However,
the pathogenic role of MLP-WA4R in human cardiomyopathy remains the subject of long-
standing clinical debatel# 17. 18, as to whether it constitutes a disease-causing mutation

or a benign polymorphism. Mouse models that express MLP-W4R and sarcomeric HCM
mutations have suggested an association of MLP-W4R with HCM and cardiac dysfunction
due to altered mechanical properties in the mutant sarcomerel 16. 19 However, the
isoform expression profiles of several proteins (B-MHC in particular) differ greatly
between rodents and humans2°, so that human cardiomyocyte-based systems for studying
the mechanobiology of HCM are essential to achieve insight into human disease. Our
ability to study human HCM mutations has improved significantly with the emergence

of induced pluripotent stem cells (iPSCs), which can be derived from patient somatic

cells by the introduction of stem cell factors?! and then differentiated into functional
cardiomyocytes. Our group has incorporated patient-specific iPSC-derived cardiomyocytes
(iPSC-CMs) into engineered heart tissues (EHTS) for precise mechanical stretching and
disease modeling?2-24. Here we used patient-specific iPSC-CMs, 3D functional EHTS, and
computational modeling to uncover a new mechanotransduction pathway whereby force
dysregulation arising from sarcomeric mutations is sensed at the sarcomere, leading to
pathological signaling, remodeling, and severe hypertrophic cardiomyopathy. Our results
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indicate that the mechanosensing complex at the Z-disc could be an effective target for
innovative pharmacologic approaches to treat HCM.

The authors declare that the data, analytic methods, and research agents generated or
utilized in this study are available from the corresponding author, Dr. Yibing Qyang
(yibing.gyang@yale.edu), upon reasonable request.

Animal use for mouse embryonic fibroblast (MEF) isolation

Pregnant CF1 mice on embryonic day (ED) 12.5-13.5 were purchased from Charles River
Laboratories for the derivation of mouse embryonic fibroblasts (MEFs) for maintenance of
induced pluripotent stem cells (iPSCs) under the approval of the Institutional Animal Care
and Use Committee (IACUC) of the Yale School of Medicine. Detailed information can be
found in the Expanded Methods in the SUPPLEMENTAL MATERIAL.

Patient biopsy and healthy heart tissues

We have abided by all relevant ethical regulations. The proband and a healthy donor

heart tissues were obtained with Institutional Review Board approval from Yale University,
Columbia University, and the New England Organ Bank. The proband (1.3-year-old male
patient) showed severe heart failure, with thickened interventricular septum and obstruction
of blood flow in the left ventricular outflow tract. Tissues derived from the proband septal
myectomy were fixed for staining and histology. Healthy tissues of left ventricular free wall
were taken from a healthy young adult (18-year-old) died in a car crash, and used as a
control in the study. See the Expanded Methods in the SUPPLEMENTAL MATERIAL for
details.

Human induced pluripotent stem cells

MLP-W4R;MYH7-R723C (proband), MLP-W4R (mother), and MYH7-R723C (father)
iPSC lines were generated by infecting peripheral blood mononuclear cells (PBMCs) with
Sendai viral particles that encode human OCT4, KLF4, SOX2, and c-MYC, under the
approval of Yale Institutional Review Board. A control iPSC line used in this study was
reported previously2°. All iPSC lines were cultured and expanded on the MEF feeder.
Detailed iPSC generation can be found in the Expanded Methods in the SUPPLEMENTAL
MATERIAL.

Cardiac differentiation

Cardiac differentiation was performed as previously described?, and the details can be
found in the Expanded Methods in the SUPPLEMENTAL MATERIAL.

Calcium imaging

See the Expanded Methods in the SUPPLEMENTAL MATERIAL for details.
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Engineered heart tissue (EHT) generation and cell seeding

EHTSs were created by seeding decellularized laser-cut porcine myocardium with iPSC-CMs
as described previously?2. iPSC-CMs on day 14 of cardiac differentiation were detached
and resuspended in MEF medium containing 5 UM ROCK inhibitor. A cell suspension

of 10-million/mL was made and 100 pL of cell suspension (1-million) was seeded into

an assembled cassette for EHT generation (details in the Expanded Methods in the
SUPPLEMENTAL MATERIAL).

Mechanical and functional testing of EHTs

EHT contractile mechanics were measured in a custom muscle mechanical setup at day

30 after cardiac differentiation as previously described?2. Measurements were performed

at 36°C with 1Hz field stimulus. Twenty twitches were recorded, averaged, and employed
to quantify the peak force, time to peak force (TTP), and time from peak force to 50%
relaxation (RT50). Details can be found in the Expanded Methods in the SUPPLEMENTAL
MATERIAL.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-mediated gene
editing for MYH7-R723C correction

See the Expanded Methods in the SUPPLEMENTAL MATERIAL for details.

Transcription activator-like effector nuclease (TALEN)-mediated gene editing for MLP-W4R

correction

See the Expanded Methods in the SUPPLEMENTAL MATERIAL for details.

Computational modeling

Muscle mechanics simulations were performed using a computational model of cooperative
myofilament calcium-dependent activation with a three-state crossbridge cycle as previously
described?”: 28, In general, Ca2* transients from the wild-type myosin (MYH7-WT) and
mutant myosin (MYH7-R723C) were used to simulate force transients (i.e. twitches) with
model parameters for normal and mutant myosin. See the Expanded Methods in the
SUPPLEMENTAL MATERIAL for details.

Immunofluorescence staining, gene expression analysis, western blot analysis and
immunoprecipitation, luciferase assay for measuring NFAT transcriptional activity, cloning
and site-directed mutagenesis, lentivirus production, tissue histological analysis, and drug
treatment.

See the Expanded Methods in the SUPPLEMENTAL MATERIAL for details.

Quantification and statistical analyses

Data quantification and statistical analyses were performed using GraphPad Prism 8. One-
way ANOVA with Tukey’s post-hoc tests or Kruskal-Wallis test with Dunn’s post-hoc tests
were applied to evaluate statistical differences amongst three or more experimental groups
when appropriate. Two-way ANOVA followed by Tukey’s post-hoc tests was employed to
evaluate the effect of two independent variables, in combination, on a dependent variable
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amongst experimental groups. A two-tailed Student’s t test or nonparametric Mann-Whitney
U test was used to compare differences between two experimental groups as appropriate. For
paired analysis with repeated measurements on the same samples, a paired Mann-Whitney U
test was used. A p value lower than 0.05 was considered significant. Data were presented as
mean + standard error of the mean (S.E.M.). Statistical details for each experiment can also
be found in the corresponding figure legends and related results.

Patient Clinical Phenotypes and Recapitulation of HCM Defects with Patient-Specific iPSC-
Derived Cardiomyocytes and Engineered Heart Tissues

To explore how sarcomeric mutations lead to pathological hypertrophy, we investigated a
unique family in which the 1.3-year-old HCM proband presented with severe heart failure,
markedly thickened interventricular septum (IVS; 2.3 cm), and significant obstruction of
blood flow in the left ventricular outflow tract (LVOT gradient 88 mm Hg) (Figure 1A;
Video S1). He underwent septal myectomy, reducing his LVOT gradient to <30 mm Hg.
While his mother (35-year-old; 11-4 in Figure 1B) was clinically healthy (Figure 1A; Video
S2), his father (36-year-old; I1-3 in Figure 1B) showed modest septum thickening (Figure
1A; Video S3). Several second-degree relatives demonstrated modest HCM, including

the proband’s paternal grandmother (1-2) and uncle (11-2). There were no major cardiac
abnormalities detected clinically in the proband’s maternal relatives (Figure 1B; Table S1).

We next performed whole exome-sequencing of a panel of 20 genes associated with

HCM including ACTCI1, ACTNZ, JPHZ, LDB3, MLP, MYBPC, MYH6, MYH7, MYL2,
MYL3 MYLK2 MYOZ2, PLN, TCAP, TNNC1, TNNI3, TNNTZ2, TPM1, TTN,and VCL.
Results revealed that the proband carried two heterozygous point mutations MYH7-R723C
and MLP-WA4R (Figure 1C and 1D; Table S1; Figure S1D). Further screening of family
members revealed the proband inherited the MYH7-R723C mutation from his father and the
MLP-W4R mutation from his mother (Figure 1B; Table S1). Although the MYH7-R723C
mutation is implicated in HCM?29: 30, as previously noted, the pathogenic role of the
MLP-W4R variant in cardiomyopathy remains unresolved* 17: 18 The lack of significant
clinical cardiac abnormalities in the proband’s mother’s family members carrying the MLP-
WA4R mutations (Figure 1A; Table S1), in this and other studies!”: 18 raised the intriguing
possibility that this variant might be a modifier of HCM disease severity. Sirius red staining
of tissue biopsies revealed marked fibrosis in the proband compared with a healthy young
adult donor heart (Figure 1E). Moreover, a-actinin immunostaining showed noticeable
sarcomeric disarray and disintegration (Figure 1F), consistent with pathologies reported in
HCM patients!10. Coinheritance of the MYH7-R723C and MLP-WA4R mutations in the
proband resulted in an aggressive disease presentation, supporting a unique mechanistic
interaction between these two mutations.

To investigate potential molecular pathological interactions of MLP-W4R and MYH7-
R723C, we generated iPSCs from the father, mother, and proband, based on non-integrating
Sendai viral vectors encoding SOX2, OCT4, KLF4 and c-MYC in peripheral blood
mononuclear cells31: 32 (Figure 1G). We used a previously reported iPSC line from a healthy
individual as a control2®. iPSC lines with normal chromosomal integrity and pluripotency
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(Figure S1A-1H) were expanded, differentiated?5, and enriched via metabolic selection33 to
achieve high purity cardiomyocytes (Figure 1H; Figure S1I). Since the proband exhibited
severe asymmetric septal hypertrophy at a very young age (1.3-year-old), iPSC-CM disease
modeling appeared particularly suitable for studying early onset (fetal/neonatal) disease,
and elucidating the mechanisms responsible for alterations of MYH7 and MLP-mediated
biochemical signaling. The iPSC-CMs were evaluated for cellular abnormalities including
cell area, sarcomere disarray, and the expression levels of HCM-associated markers such

as brain natriuretic peptide (BNP). The cell areas of the double heterozygote proband
MLP-W4R;MYH7-R723C iPSC-CMs were significantly larger than those of control or
single heterozygote iPSC-CMs (Figure 1H and 11). Furthermore, the proband iPSC-CMs
showed increased sarcomere disarray compared to either control or single heterozygote
iPSC-CMs (Figure S1J and S1K). Additionally, BAP mRNA transcript expression appeared
to be higher in the double mutant proband iPSC-CMs (Figure S1L). Thus, the double mutant
proband iPSC-CMs demonstrated pathological abnormalities, characteristic of HCM, that
were markedly more pronounced compared to those in the single mutant parental CMs,
recapitulating clinical disease manifestations in the family.

To determine whether the observed cellular defects in the proband CMs are sufficient

to initiate tissue level mechanical abnormalities, we generated EHTs (Figure 1G) made
utilizing thin sections of decellularized porcine myocardium?2-24, These unique engineered
scaffolds possess native cardiac fiber alignment that is critical to realistic force generation
and mechanical assessment. Day 14 differentiated iPSC-CMs were seeded into the scaffold,
and the EHTs were cultured for 2 weeks. We quantified the EHT contractile mechanics

by measuring the time to peak force (TTP), time from peak force to 50% relaxation

(RT50), and peak force (Figure 1J-1N). Two-way ANOVA revealed no interaction between
the MYH7-R723C and MLP-W4R mutations in regulating RT50 (interaction p=0.234)

and TTP (interaction p=0.092), thus only permitting statistical analysis via data grouping
of each individual mutation. Results revealed that while the MYH7-R723C mutation
resulted in a significantly prolonged RT50 (p=0.001) and TTP (p=0.012), the MLP-W4R
mutation exhibited a trend toward prolonged RT50 (p=0.052), with no effect on TTP
(p=0.756) (Figure 1L and 1M). Importantly, the MYH7-R723C and MLP-W4R mutations
synergistically upregulated the force production (interaction p=0.007) in the double mutant
proband CMs (Figure 1N). These results suggest that while the MYH7-R723C mutation
might drive the mechanical alterations in twitch kinetics, the MLP-W4R mutation could act
as a modifier to alter phenotypic expression of hypertrophy by drastically augmenting the
force development in the double mutant CMs (Figure 1K).

Genetic Correction and Computational Modeling of Muscle Contraction Reveal the Role of
the Myosin Mutation in Initiating the HCM Phenotype

To further determine the role of MYH7-R723C and MLP-W4R mutations in HCM
pathogenesis, we corrected either R723C (MYH7-corrected) or W4R (MLP-corrected) in
the proband iPSCs using gene editing techniques (Figure 2A; Figures S2 and S3). After
differentiating corrected iPSCs into CMs, cellular and mechanical defects were investigated
in an isogenic setting. Correction of the MYH7-R723C or MLP-W4R mutation resulted

in rescue of the HCM phenotype including reducing cell size and the expression of BNP
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(Figure 2B-2G). Further, EHTSs with isogenic correction of the MYH7-R723C mutation
revealed a significant attenuation of the mechanical defects including RT50, TTP, and the
peak force (Figure 2H-2K). Notably, isogenically corrected MLP EHTSs primarily rescued
peak force abnormalities but not RT50 (Figure 2L—-20). Together, these data suggest that

the MYH7-R723C mutation may be required for initiating the HCM phenotype and the
MLP-W4R mutation may enhance these defects in the double mutant, leading to exacerbated
hypertrophy and cardiac remodeling in the proband.

The impaired relaxation and prolonged force generation observed in the proband EHTs
prompted us to investigate whether alterations of intracellular Ca?* transients, such as
slower reuptake in the sarcoplasmic reticulum (SR), could underlie defective twitch kinetics.
To test this, we measured Ca2* transients in iPSC-CMs. Two-way ANOVA showed the
MYH7-R723C mutation alone resulted in significantly higher diastolic Ca2* but lower
systolic Ca%*, independent of the MLP-WA4R mutation (Figure S4A-4C). Surprisingly, the
rate of Ca2* decay (decay time constant from 80% peak Ca2* [Tau80], Figure S4D and

S4E) was faster in the MYH7-R723C mutant CMs (MYH7-R723C or MLP-W4R;MYH7-
R723C), compared with the MYH7-wild-type (WT) CMs (control or MLP-W4R), indicating
increased SR reuptake. This was associated with a concomitant upregulation of SERCA2a
and the ratio of phosphorylated phospholamban (P-PLB) to total PLB (Figure S4F-4l),
potentially underlying the enhanced Ca2* SR reuptake in MYH7-R723C mutant CMs. These
results suggest that the slower calcium SR reuptake was not likely to be the cause for the
impaired relaxation and prolonged contraction in the MYH7-R723C mutant CMs, but most
likely a compensatory mechanism.

We next investigated whether altered crossbridge cycling may account for the prolonged
contraction in the MYH7-R723C mutant CMs. MYH7-R723C is a mutation located in the
myosin converter domain (Figure 3A), which connects the a-helical light chain binding
domain to the myosin catalytic domain and is implicated in modulating actomyosin binding
during muscle contraction34-36, We extended our previously developed computational
model of cooperative myofilament activation2’: 28 37 to predict the effect of MYH7-
R723C on myofilament protein interactions using twitches and calcium transients collected
experimentally (Figure 3A-3G). Representative experimental Ca2* transients and twitches
in the WT and MYH7-R723C mutant CMs were used as model inputs and outputs (Figure
3B and 3C). First, baseline model parameters were determined by fitting the WT twitch
data driven by the WT Ca2* transient (Figure 3B and 3D; Table S2). Twitches simulated
using baseline model parameters driven by the MYH7-R723C mutant Ca2* transients were
shorter compared to the WT twitches (Figure 3B and 3E). In order to fit our model driven
by the mutant MYH7 Ca2* transient to the mutant MYH?7 experimental twitches, a single
parameter increase in the myosin duty cycle (5; Table S2) by 30% was required (Figure

3B and 3F). This increased myosin duty cycle suggested that the MYH7-R723C mutation
results in a higher ratio of strong actin-binding myosin heads relative to total crossbridge
cycling compared to WT myosin. We then applied the mutant myosin model using WT Ca2*
transients, resulting in even more prolonged twitches compared with the MYH7-R723C
mutant (Figure 3G). Altogether, these data suggest that the MYH7-R723C mutation alters
contractile Kinetics by increasing the actomyosin duty cycle during cardiac contraction and
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that the observed increase in the Ca2* reuptake is the manifestation of a compensatory
response to normalize the abnormal contractility and prolonged kinetics in the mutant CMs.

The MLP-W4R Variant Exacerbates the Phenotypic Expression of HCM

As excessive force development in the double mutant proband (Figure 1K and 1N) might
affect the integrity of sarcomeres and MLP stability at the Z-disc, we measured MLP protein
levels in day 35 iPSC-CMs. While the expression of MLP was comparable in the control,
MYH7-R723C, and MLP-W4R CMs, there was a significant reduction in the double mutant
proband CMs (Figure 4A and 4B). Additionally, cycloheximide treatment to determine
MLP protein stability revealed that MLP had a markedly higher decay rate in the double
mutant CMs than that in the control CMs (Figure 4C and 4D). These results raised the
intriguing possibility that a reduction of MLP expression due to decreased protein stability
may contribute to HCM pathology. Consistent with this notion, lentiviral-mediated ectopic
expression of HA-tagged wild-type MLP in the double mutant iPSC-CMs significantly
rescued the HCM phenotype including the enlarged CM area and the elevated expression

of BNVP (Figure 4E-4G; Figure S5A-5C). Importantly, genetic correction of MLP-W4R
resulted in restoration of MLP levels in the double mutant CMs (Figure 4H and 41) and a
significant rescue of the HCM defects (Figure 2E-2G, 2L, 2N, and 20). Additionally, there
were markedly reduced levels of MLP at the Z-disc in the double mutant proband heart
tissue compared with that in the healthy control tissue (Figure 4J). Together, these results
suggest that normal MLP expression and function are required for maintenance of effective
cardiac function.

We next examined whether the MYH7-R723C mutation is required for elevated MLP
degradation in the double mutant CMs. Importantly, genetic correction of MYH7-R723C
in the double mutant CMs resulted in a marked restoration of the MLP levels (Figure

4K and 4L) and an effective rescue of the HCM defects (Figure 2B-2D and 2H-2K). As
MLP self-associates in a protein complex38: 39, this prompted us to hypothesize that the
MLP-W4R-containing complex is more sensitized for degradation in the MYH7-R723C
genetic background (i.e. double mutant proband) than in the MYH7-WT type background
(MLP-WA4R single mutant). To test this, HA-tagged MLP-W4R was ectopically expressed
in the MYH7-R723C and WT iPSC-CMs, and HA-MLP-WA4R protein stability was
analyzed by cycloheximide treatment. Interestingly, HA-MLP-W4R exhibited a significantly
higher decay rate in the MYH7-R723C mutant CMs than in the WT control CMs

after cycloheximide treatment (Figure 4M and 4N). Taken together, these results suggest
that MLP-WA4R is more prone to degradation in the MYH7-R723C genetic background,
providing molecular evidence for the aggressive hypertrophic pathology in the double
mutant proband CMs, which have both a source of enhanced Z-disc mechanical stimulus
(the myosin mutation) and a hypersensitive detector (MLP-WA4R) of that stimulus.

Based on the prolonged, hypercontractile twitches caused by the MYH7-R723C mutation,
the increased MLP-WA4R decay in the MYH7-R723C background, and the more severe
HCM defects in the double mutant proband CMs, we postulated that the myosin mutation
might trigger the initial hypertrophic stimulus while the MLP-W4R mutation could be a
modifier of the phenotypic expression of HCM. To test this, HA-tagged MLP-W4R was
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ectopically expressed in the MYH7-R723C and WT control iPSC-CMs. While MLP-W4R
significantly exacerbated the enlarged cell area and elevated BA/Pexpression in the MYH7-
R723C mutant CMs, it did not affect the control CMs (Figure 40-4Q); Figure S5D-5F).
Additionally, MLP-W4R ectopic expression in iPSC-CMs of four other HCM patients
(MYH7-R663H, MYH7-R442G, myosin binding protein C3 [MYBPC3-R943x; with a
premature stop codon], and MYBPC3-V321M)’: 40-42 exacerbated the HCM defects (Figure
4R-4Y; Figure S5G-5R). These results suggest that MLP-WA4R, likely via interfering

with the formation of functional MLP-protein complexes38: 39, may have a broad role in
modifying phenotypic expression of HCM associated with MYH7 and MYBPC3 mutations.

Inhibiting Calcineurin/NFAT or Mitigating Enhanced Actomyosin Crossbridge Formation in
Proband iPSC-CMs Prevents Development of the HCM Phenotype

We next investigated the potential mechanism by which reduced expression of MLP in

the double mutant proband CMs leads to severe hypertrophic defects. A previous murine
study reported the colocalization of MLP and calcineurin, a pro-hypertrophic phosphatase
that dephosphorylates NFAT and promotes its nuclear translocation, at the Z-disc*3. MLP
also appeared to have a role in anchoring calcineurin to the Z-disc in the mouse heart.

We performed co-immunostaining of MLP and calcineurin in LV tissue sections from a
healthy human donor heart, and observed colocalization of MLP and calcineurin at the
Z-disc (Figure 5A). Additionally, MLP and calcineurin could be coimmunoprecipitated
from lysates of healthy control iPSC-CMs, suggesting an interaction (direct or indirect)

of MLP with calcineurin (Figure 5B). Moreover, co-immunostaining of calcineurin and
a-actinin in sections from a healthy donor and the double mutant proband heart showed
that while calcineurin primarily colocalized with a-actinin at the Z-discs in the healthy
heart, there were readily appreciable numbers of disintegrated sarcomeres with calcineurin
dissociated from the Z-discs (Figure 5C) in the proband heart, suggesting contribution of
abnormal calcineurin signaling to proband HCM pathogenesis. To test this, we measured
nuclear translocation of NFATc4 in control and double mutant proband iPSC-CMs. Nuclear
translocation of NFATc4 in the double mutant CMs was markedly higher than that in the
control CMs (Figure 5D and 5E). Further, treatment of double mutant CMs with calcineurin
inhibitor FK506 resulted in reduced nuclear localization of NFATc4 (Figure 5F and 5G) and
a significant rescue of hypertrophic defects including normalizing cell area and expression
of BNP (Figure 5H and 51). Additionally, consistent with enhanced nuclear localization of
NFATc4 in proband CMs, a higher NFAT transcriptional activity was observed in proband
CMs compared with controls based on NFAT-luciferase activity (Figure S5S and 5T).

Since we showed that the MYH7 mutation caused increased myosin duty cycle and could
prolong contraction and putatively drive pathological hypertrophy, we next investigated
whether mavacamten (MYK-461), a small molecule that modulates myosin duty cycles by
reducing myosin ATPase activity!, could attenuate the hypertrophic response in proband
CMs. Indeed, there appeared to be a significant rescue of HCM defects in proband iPSC-
CMs by mavacamten, including the enlarged cell area as well as elevated expression

of BNPand other HCM markers (Figure 5J-5L; Figure S5U-5Z). We then explored
whether mavacamten treatment might affect the expression of MLP, implicated in preventing
hyperactivity of calcineurin-NFAT and pathological hypertrophy in the proband CMs
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(Figure 4A—-4L and Figure 5C-5I). Notably, administration of mavacamten resulted in a
reproducible upregulation of MLP (Figure 5M and 5N) as well as downregulation of nuclear
NFATc4 (Figure 5J and 50), its target gene MC/P1, and NFAT-luciferase activities (Figure
S5Y’ and 52”) in the proband CMs. Moreover, double mutant proband EHTS treated with
mavacamten exhibited reduced peak force and RT50 (Figure 5P-5S). These results indicate
that reducing cardiomyocyte contractility can attenuate the severe hypertrophic signaling

in the double mutant proband CMs, by indirectly blocking the degradation of MLP and
preventing NFAT translocation. Increased myosin duty cycle appears to be necessary for
driving hypertrophic signaling and can be attenuated with pharmacological interventions.

Discussion

Here we describe a unique clinical case that provides insights into a new biomechanical
mechanism by which enhanced myofilament contractile force generation due to sarcomeric
mutations destabilizes the MLP/Z-disc mechanosensory complex, leading to disinhibition of
calcineurin-NFAT signaling and consequent hypertrophic responses (Figure 5T). Further, our
studies report for the first time, evidence to address the long-standing knowledge gap and
clinical debate over the role of the common MLP-WA4R variant that appears in Caucasians
of up to 1%76. Previous studies reported that while the human MLP-WA4R variant associates
with dilated cardiomyopathy (DCM)!4, heterozygous knock-in of MLP-W4R in mice
causes moderate HCM18, In contrast, CMs derived from MLP-W4R iPSCs did not show
appreciable cardiac abnormalities (Figure 1H-1N; Figures S1J-1L and S4), consistent with
the lack of overt cardiomyopathic defects in healthy MLP-W4R human carriers in our
(Figure 1A; Table S1) and other research settings!’: 18, Further, while ectopic expression of
MLP-W4R in healthy control iPSC-CMs did not cause any abnormalities, it significantly
worsened the HCM defects in iPSC-CMs derived from five HCM patients bearing different
MYH7and MYBPC3 mutations (Figure 40-4Y). Our studies thus provide strong evidence
that the MLP-W4R common variant is an important disease modifier, and in the presence
of other cardiac risk factors, can promote cardiac pathology. However, it remains possible
that the MLP-WA4R variant associated with DCM in the original report}4 may be in linkage
disequilibrium with an unknown mutation that initiates DCM worsened by MLP-W4R.
Additionally, these results highlight the possibility that significant physiological and genetic
differences between mice and humans may contribute to the different cardiac phenotypes
observed in the presence of the heterozygous MLP-WA4R variant.

Our biophysical analysis, computer modeling, genetic-correction, and pharmacological
normalization experiments, revealed a prolonged myosin duty cycle leading to elevated
sarcomeric force generation in the MYH7-R723C mutation (Figures 2, 3 and 5). This is
consistent with a recent report suggesting that mutations in the MYH?7 converter domain
including arginine at position 723 may result in an increased availability of myosin heads
participating in force production®4. Enhanced force generation by mutant myosin is expected
to be transmitted into the Z-disc and trigger an abnormally high mechanical stimulus during
systole (Figure 5T, Proband vs. Healthy control). Since the MYH7-R723C mutation also
led to a prolonged twitch event with slower relaxation (Figures 1K, 1L and 2H, 2I), it is
likely that some mutant crossbridges remained attached to the thin filament, even as Ca?*
fell to diastolic levels. These crossbridges would pull on actin as the sarcomere lengthens,
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add to the titin-based force already being transmitted to the Z-disc, and provide a higher-
than-normal mechanical stimulus during diastole (Figure 5T, Proband vs. Healthy control).
Notably, slower relaxation of the myosin mutant CMs was not due to delayed reuptake of
intracellular Ca?* to the SR, since Ca?* decay was significantly faster in the MYH7-R723C
mutant CMs (Figure S4D-4l), which likely represents a compensatory response to blunt the
heightened contractility and prolonged kinetics in the mutant CMs. Abnormally high force
transmission into the Z-disc in either systole or diastole would likely sensitize the MLP/Z-
disc mechanosensory machinery, leading to MLP degradation and subsequent calcineurin-
NFAT hypertrophic signaling (Figure 5T). Consistent with this model, restoration of MLP
levels via genetic correction of either myosin or MLP mutation (Figure 4H, 41, 4K, and

4L) or ectopic expression of wild-type MLP (Figure 4E) markedly rescued hypertrophic
defects in the proband CMs (Figure 2A-20 and Figure 4F, 4G). Additionally, inhibiting
calcineurin-NFAT led to significant rescue of hypertrophic defects in the proband CMs
(Figure 5F=51). These findings highlight the potentially important interaction of MLP and
calcineurin in a protein complex localized to the Z-disc in healthy CMs (Figure 5A and 5B).

These results raise the intriguing possibility that MLP may prevent calcineurin-NFAT
signaling from being activated by forming an MLP/calcineurin/NFAT protein complex at the
Z-disc in healthy hearts (Figure 5T). Notably, MLP is implicated in anchoring calcineurin at
the Z-disc, and compartmentalization of calcineurin and NFAT at the Z-disc appears to be
essential for coordinated activation of NFAT via dephosphorylation in murine studies3: 45,
It is possible that MLP has both inhibitory and facilitative effects on calcineurin activity. By
localizing calcineurin/NFAT complex at the Z-disc, under normal physiological conditions,
the MLP mechanosensing complex might keep calcineurin/NFAT in check to prevent
hypertrophy in healthy hearts. In contrast, if a higher-than-normal mechanical stimulus

is received by the MLP/Z-disc complex, MLP proteolytic degradation might allow for a
rapid activation of a pre-assembled calcineurin/NFAT complex at the Z-disc and subsequent
hypertrophic signaling (Figure 5T, Proband). Consistent with this model, normalization

of hypercontractile force and prolonged relaxation in proband CMs with the actomyosin
crossbridge inhibitor mavacamten resulted in an increase in the MLP level, a decrease in the
calcineurin/NFAT activity, and a rescue of the hypertrophic defects (Figure 5J-5S; Figure
S5X-52"). Future studies are warranted to further elucidate the molecular mechanisms

that mediate the repression of calcineurin/NFAT by MLP, MLP protein degradation by
stretch-sensing, and potentially additional targets mediating MLP mechanosignaling. Future
work is also required to obtain further mechanistic insights into the marked enhancement of
measured twitch force in the proband EHTSs regarding potential contributions from increased
cell mass, production of new isoforms of sarcomeric proteins, and post-translational
modifications to sarcomeric and/or calcium handling proteins associated with the activation
of calcineurin-NFAT signaling in the proband. Additionally, future endeavors will be made
to optimize the EHT technology with further electromechanical conditioning, reproducible
cardiac scaffolds, coupled with isogenic iPSC lines based on gene-editing, for robust disease
modeling.

It is anticipated that the sarcomeric contraction/MLP/calcineurin mechanotransduction
pathway described here would have relevance to many sarcomeric HCM mutations, not
solely the three p-cardiac myosin and two myosin-binding protein C3 mutations that
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we studied. In addition, reduced MLP levels at the Z-disc and consequent calcineurin/
NFAT complex activation associated with abnormally high mechanical stress, could lead

to pathological remodeling in many types of heart failure, including other familial
cardiomyopathies or acquired heart failure that develops in the context of hypertension,
diabetes, or aging. To the extent that mavacamten therapy predisposes to reduced cardiac
function in HCM patients? 13, its use would be restricted in advanced heart failure patients
with depressed LVEF. In this context, an alternative therapeutic strategy that enhances

the Z-disc MLP mechanosensing complex might prove advantageous. Such an approach
warrants further investigation and may hasten the development of effective, rationally
designed therapeutics for a wide spectrum of heart failure patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?

. This study presents a novel biomechanical mechanism by which
enhanced myofilament contractile force generation due to sarcomeric
mutations destabilizes the MLP/Z-disc mechanosensory complex, leading to
disinhibition of calcineurin-NFAT signaling and consequent hypertrophy.

. Normalization of hypercontractile force in proband cardiomyocytes either
with gene editing approaches or with the actomyosin crossbridge inhibitor
mavacamten resulted in an increase in MLP levels, a decrease in the
calcineurin/NFAT activity, and a rescue from HCM defects.

. We also provide evidence that the common MLP-W4R variant is an important
modifier that worsens the disease severity of HCM but alone does not appear
sufficient to cause disease.

What are the clinical implications?

. The sarcomeric contraction/MLP/calcineurin mechanotransduction pathway
discovered from this study may play important roles in pathological
hypertrophic remodeling caused by many sarcomeric HCM mutations.

. Reduction in the sarcomeric MLP level associated with elevated Z-disc
mechanical stress and consequent disinhibition of the calcineurin/NFAT
signaling could contribute to the development of many types of heart failure,
including other familial cardiomyopathies or acquired heart failure in the
context of hypertension, diabetes, or aging.

. New therapeutics that stabilize the sarcomeric MLP mechanosensory complex
warrant further investigation and may prove fruitful in treating HCM and
other heart failure patients.
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Figure 1. Patient Clinical Phenotypes and HCM Modeling with Patient-Specific iPSC-Derived
Cardiomyocytes and Engineered Heart Tissues.

A, Echocardiographic images (parasternal long axis) showing severe interventricular septum
(IVS) hypertrophy in the neonatal proband with no overt structural changes in the proband’s
parents. LV: left ventricle; LA: left atrium; Ao: aorta. B, Schematic pedigree of the proband
exhibiting co-inheritance of the MLP-W4R and MYH7-R723C heterozygous missense
mutations (111-2, black arrow). Squares represent male family members and circles represent
females. Red indicates the MYH7-R723C heterozygous mutation, and yellow indicates the
MLP-W4R heterozygous mutation. See Table S1 for additional clinical characteristics of the
proband and family members. C, Confirmation of the heterozygous MLP-W4R and MYH7-
R723 mutations in the respective MLP (exon 2) and MYH7 (exon 20) genes via PCR and
Sanger sequencing in the proband. Red arrows indicate MLP and MYH7 mutations. See
Figure S1D for additional sequencing information. D, Schematic of a sarcomere unit that
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includes thick filament components p myosin heavy chain (B-MHC; encoded by the MYH7
gene) and titin, thin filament component actin, and Z-disc components a.-actinin and MLP.
E, Sirius red staining of patient myectomy tissues versus healthy human controls. Scale

bar, 200 um. F, a-actinin immunostaining of patient myectomy tissue versus healthy human
control. DNA was counterstained by DAPI. Scale bar, 50 um. G, Schematic illustrating
patient iPSC generation, iPSC-CM derivation, cellular analyses, EHT production, and

EHT biomechanical measurements including peak force, time to peak force (TTP), and
time from peak force to 50% relaxation (RT50). H, cTnT immunostaining of day 35
control, MLP-W4R, MYH7-R723C, and MLP-W4R;MYH7-R723C iPSC-CMs. Scale bar,
100 pm. 1, Quantification of iPSC-CM areas in panel H with ImageJ from more than

four independent cardiomyocyte differentiation batches (=50 cells per batch for each cell
type). Two-way ANOVA with Tukey’s multiple comparisons test revealed that the MYH7-
R723C and MLP-W4R mutations synergistically regulated cell size (F(1,1985)=7.213,
p=0.0073; each mutation considered as an independent factor). Note that the F value
indicates the ratio of explained variance between groups to unexplained variance due to
experimental variations within groups and the degrees of freedom (df) represent the df for
factor (genotype) interaction and the sum of the individual df for each genotype group,
respectively. J, Top panel: A representative image of an EHT constructed by seeding day

14 iPSC-CMs into decellularized thin sections of native porcine myocardium followed by
an additional 14-day culture. Scale bar, 200 um. Bottom panel: cTnT immunostaining of

a representative EHT section. Scale bar, 200 um. K, Representative isometric twitches

of control, MLP-W4R, MYH7-R723C, and MLP-W4R;MYH7-R723C EHTs under 1 Hz
pacing. L-N, Quantification of EHT biomechanical properties (n=8 per group from three or
more independent cardiomyocyte differentiation batches). Two-way ANOVA with Tukey’s
multiple comparisons test revealed that there were no statistically significant interactions
between the MYH7-R723C and MLP-WA4R mutations in regulating RT50 (F(1,40)=1.46,
p=0.234) and TTP (F(1, 40)=2.991, p=0.092). The presence of the MYH7-R723C mutation
significantly prolonged RT50 (L, F(1,40)=12.200, p=0.001) and TTP (M, F(1,40)=6.857,
p=0.012). In addition, these two mutations synergistically increased peak force (N) in the
proband EHTs (F(1,40)=8.080, p=0.007). # denotes that proband MLP-W4R;MYH7-R723C
EHTs generated significantly higher peak force than MLP-W4R (p<0.0001), MYH7-R723C
(p=0.029), or control (p=0.001) EHTSs. Note that the degrees of freedom (df) represent the
df for each factor (genotype) or factor interaction and the sum of the individual df for each
genotype group, respectively (L-N). Each mutation is considered as an independent factor.
Each data point represents a single iPSC-CM (1) or EHT (L-N) derived from at least three
independent cardiomyocyte differentiation batches. All data are presented as mean + S.E.M;
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; N.S.: not significant.
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Figure 2. Mutant Cardiac Myosin Initiates HCM Phenotype.
A, Schematic of correcting HCM-associated mutations in iPSCs via gene editing and

phenotypic analyses of corrected iPSC-CMs and EHTS. See Figures S2 and S3 for
CRISPR-Cas9- and TALEN-mediated correction of the myosin and MLP mutations. B-

D, cTnT immunostaining in MLP-W4R;MYH7-R723C and MYH7-corrected (containing
MLP-W4R) isogenic iPSC-CMs (B), followed by quantification of cell area based on
cTnT staining (C) and analysis of hypertrophic molecular marker BA/Pvia gRT-PCR (D).
E-G, cTnT immunostaining in MLP-W4R;MYH7-R723C and MLP-corrected (containing
MYH-R723C) isogenic iPSC-CMs (E), followed by quantification of cell area based on
cTnT staining (F) and analysis of hypertrophic molecular marker BA/Pvia gRT-PCR

(G). Cell areas in panels B and E were quantified with ImageJ from three independent
cardiomyocyte differentiation batches (=100 cells per batch). mMRNA expression was
normalized to GAPDH and fold change relative to MLP-W4R;MYH7-R723C iPSC-CMs
was presented (D: n=4 independent cardiomyocyte differentiation batches per group; G:
n=5 independent cardiomyocyte differentiation batches per group). Scale bar (B, E), 100
pum. A two-tailed unpaired Student’s t test was used for cell area comparison (C, F) and

a two-tailed unpaired Mann-Whitney U test for gene expression comparison (D, G). H,
Representative twitches of EHTs constructed from MLP-W4R;MYH7-R723C and MYH7-
corrected isogenic iPSC-CMs under 1 Hz pacing. I-K, Quantification of EHT biomechanical
properties including RT50 (1), TTP (J), and peak force (K) (n=7 per group from three
independent cardiomyocyte differentiation batches). L, Representative twitches of EHTs
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constructed from MLP-W4R;MYH7-R723C and MLP-corrected isogenic iPSC-CMs under
1 Hz pacing. M-O, Quantification of EHT biomechanical properties including RT50 (M),
TTP (N), and peak force (O) (n=11 per group from at least three independent cardiomyocyte
differentiation batches). A two-tailed unpaired Mann-Whitney U test was used for analysis
between two groups (I-K, M-0). Each data point represents a single iPSC-CM (C and F),
EHT (I-K and M-0O), or sample generated from a batch of iPSC-CMs (D and G) from

at least three independent cardiomyocyte differentiation batches. All data are presented as
mean £ S.E.M; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; N.S: not significant.
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Figure 3. An Increase in Actomyosin Duty Cycle by Mutant Cardiac Myosin Leads to Prolonged
Muscle Contraction in HCM.

A, Schematic illustration of a computational model for muscle contraction based on
cooperative myofilament activation2’- 28. 37 |_eft panel: The model depicts the function of
individual thin filament regulatory units (RUs), consisting of 7 actin monomers, TnC, Tnl,
and tropomyosin (Tm), in conjunction with the S1 fragment of myosin head. Right panel:
The model takes a calcium transient as input and outputs activation of the myofilament
dependent on the model parameters which describe myofilament protein interactions. Each
RU exists in one of four states illustrating Ca2* binding (from Ca2*-free BO to Ca2*-bound
B1 blocked states), Tm shifting (from B1 blocked to the closed [C] states), and myosin
attachment (from the closed [C] to open [M] states). Note that the transition between
closed and open (M) states is determined by the simplified crossbridge attachment (7) and
detachment (g) rates2’:28: 37, The B<>C and C<>M transition rates are functions of Tm
states of the two nearest neighboring RUs (X and Y). Also see additional information

in the Expanded Methods in the SUPPLEMENTAL MATERIAL. B, Experimental Ca2*
transients collected from both the wild-type (WT) and MYH7 mutant (Mut) iPSC-CMs.
Ca?* transients (Figure S4A-4C) were normalized and scaled to reflect relative average
properties from the summary data, with the WT Ca2* transient normalized at a diastolic
value of 0.1 pM and a maximum value of 1.0 uM. C, Experimental twitches collected from
both the WT and the MYH7 Mut EHTs and normalized to their individual maximum force
for model analysis. D, The WT twitch was simulated by inputting the realistic WT Ca%*
transient into the model and optimizing the parameter set through minimization of the root
mean square error using the particle swarm stochastic optimization algorithm. See details in
the Expanded Methods. E, The MYH7 Mut Ca?* transient was input into the model while
keeping the parameters that fit the WT twitch. F, MYH7 Mut twitch was simulated using
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the MYH7 Mut Ca2* transient and increasing the myosin duty cycle (8) by 30% from the
WT fit parameters (& 0.20; Sput 0.26). No other parameters were changed from the WT
fit except for the myosin attachment rate £ See Table S2 for myofilament model parameter
sets. G, The WT Ca?* transient was input into the model with the mutant parameter set,
representing only an increase in the myosin attachment rate.
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Figure 4. MLP-W4R Exacerbates the Phenotypic Expression of HCM.
A, A representative western blot image showing MLP protein levels in day 35 control,
MLP-W4R, MYH7-R723C, and MLP-W4R;MYH7-R723C iPSC-CMs. GAPDH was used
as a loading control. B, Quantification of MLP protein in panel A (n=5 independent
cardiomyocyte differentiation batches per group). Two-way ANOVA with Tukey’s multiple
comparisons test revealed that there was a statistically significant interaction between

the MLP-W4R and MYH7-R723C mutations in regulating MLP protein levels (F(1,
16)=17.940, p=0.0006; each mutation considered as an independent factor). C, Evaluation
of MLP protein stability in control and MLP-W4R;MYH7-R723C iPSC-CMs via western
blotting following cycloheximide (CHX, 50 ug/mL) treatments for 0, 8, 16, 24 and

36 hours. D, Quantification of the percentage of remaining MLP protein at different

time points of CHX treatment normalized to time zero protein levels in panel C (n=3
independent cardiomyocyte differentiation batches per group). Two-way ANOVA with
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Tukey’s multiple comparisons test was used to evaluate the MLP levels between control

and MLP-W4R;MYH7-R723C iPSC-CMs at each time point and revealed a significantly
higher decay rate of MLP in the double mutant CMs than that in the control CMs

8, 16, 24, and 36 hours after CHX treatment (F(4,20)=6.811, p=0.001; genotype and
treatment time considered as two independent factors). E, Schematic showing ectopic
expression of GFP and HA-tagged wild-type MLP (MLP-WT) in control and MLP-
WI4R;MYH7-R723C day 35 iPSC-CMs and phenotypic analysis. F, Quantification of iPSC-
CM cell area in control and MLP-W4R;MYH7-R723C iPSC-CMs from three independent
cardiomyocyte differentiation batches (=100 cells per batch). See Figure SSA-5C for

cell staining images. G, gRT-PCR analysis of BNP mRNA expression levels in control

and MLP-WA4R;MYH7-R723C iPSC-CMs (n=6 independent cardiomyocyte differentiation
batches per group). Two-way ANOVA with Tukey’s multiple comparisons test revealed a
preferential normalization of cell area (F(1,1404)=180.200, p<0.0001) and BN/P expression
(F(1,20)=53.410, p<0.0001) by MLP-WT in MLP-W4R;MYH7-R723C iPSC-CMs (F,

G). Note that genotype and type of ectopically expressed protein were considered as

two independent factors. H, A representative western blot image showing MLP protein
levels in day 35 control, MLP-W4R;MYH7-R723C, and MLP-W4R-corrected (containing
MYH7-R723C) iPSC-CMs. I, Quantification of MLP protein in panel H (n=6 independent
cardiomyocyte differentiation batches per group) by Kruskal-Wallis with Dunn’s multiple
comparisons test (H(2)=11.000, p=0.0007). J, Immunostaining of MLP (red) and a-actinin
(green) in young adult healthy heart tissue and MLP-W4R;MYH7-R723C proband heart
tissue. Scale bar, 50 um. K, A representative western blot image showing MLP levels in
day 35 control, MLP-W4R;MYH7-R723C, and MYH7-corrected (containing MLP-W4R)
iPSC-CMs. L, Quantification of MLP protein in panel K (n=6 independent cardiomyocyte
differentiation batches per group) by Kruskal-Wallis with Dunn’s multiple comparisons test
(H(2)=11.910, p=0.0002). M, A representative western blot image showing the expression
of HA-tagged MLP-W4R protein in control or MYH7-R723C iPSC-CMs after CHX
treatment. HA-MLP-WA4R was ectopically expressed in day 21-22 iPSC-CMs via lentiviral
infection. Infected iPSC-CMs were cultured for an additional 12-13 days followed by a
24-hour treatment of CHX (50 pg/mL) to examine the stability of HA-MLP-W4R via
detection of HA signals. N, Quantification of the remaining HA-MLP-WA4R protein in
control and MYH7-R723C iPSC-CMs after CHX treatment in panel N (n=5 independent
cardiomyocyte differentiation batches per group). Two-way ANOVA with Tukey’s multiple
comparisons test revealed a significantly higher decay rate of HA-MLP-WA4R protein

in MYH7-R723C iPSC-CMs compared with that in control iPSC-CMs (F(1,16)=4.560,
p=0.0485; genotype and type of ectopically expressed protein considered as two independent
factors). O, Schematic showing ectopic expression of the GFP or HA-tagged MLP-W4R
protein in control and MYH7-R723C iPSC-CMs via lentiviral infection and phenotypic
analysis. P-Q, Quantification of cell area (P) and BNPmRNA levels (Q) in control and
MHY7-R723C day 35 iPSC-CMs. See Figure S5D-5F for cell staining images. Two-way
ANOVA with Tukey’s multiple comparisons test revealed a specific effect of HA-MLP-W4R
in worsening HCM defects, including cell area (F(1,1289)=42.39, p<0.0001) and BNP
expression (F(1,20)=4.457, p=0.0475), in MYH7-R723C iPSC-CMs but not in control iPSC-
CM s (genotype and type of ectopically expressed protein considered as two independent
factors). Note that cell area measurements were from three independent cardiomyocyte
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differentiation batches (=100 cells/batch) and BNP expression analysis from six independent
cardiomyocyte differentiation batches. R-Y, Quantification of cell area (R, T, V, and X)

and BNPmRNA levels (S, U, W, and Y) in the corresponding day 35 MYH7-R663H,
MYH7-R442G, MYBPC3-R943x, and MYBPC3-V321M iPSC-CMs transduced with GFP
or MLP-W4R lentiviruses on day 21-22. See Figure S5G-5R for cell staining images. A
two-tailed unpaired Student’s t test was used for cell area comparison (R, T, V, and X)

and a two-tailed unpaired Mann-Whitney U test for BNP expression analysis (S, U, W,

and Y). Cell area measurements in R and T were from three independent cardiomyocyte
differentiation batches (=100 cells/batch), and those in V and X from four independent
batches (=50 cells/batch). BNP expression analyses were from five or more (S, U, W, and Y)
independent cardiomyocyte differentiation batches. Note that F values indicate the ratio of
explained variance between groups to unexplained variance due to experimental variations
within groups and the degrees of freedom (df) represent the df for factor interaction and the
sum of the individual df for each experimental group, respectively (B, D, F, G, N, P, and

Q). Additionally, H values indicate Kruskal-Wallis H Test statistics and df represent df for
experimental groups (I and L). Each data point represents a single sample generated from a
batch of iPSC-CMs (B, D, G, I, L, N, Q, S, U, W, and Y) or iPSC-CM (F, P, R, T, V, and

X) derived from at least three independent cardiomyocyte differentiation batches. All data
are presented as mean + S.E.M; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; N.S: not
significant.

Circulation. Author manuscript; available in PMC 2023 April 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Riaz et al. Page 28

>

Healthy heart C Healthy heart MLP-W4R;MYH7-R723C
<

< Z
2 i F
Q 2 8 £
- 5 £ =2 :
e £ 38 % 3
2 g 2 s
< s 2 35 <

E £ g e
= =
5 a-actinin 91 kDa g
= < &
S N 7]
] Calcineurin A = = |59kDa T
oSN o

MLP | s 21 kDa

Merged
Merged

m
M
=
i
5
=
8
e
(9]
=

3 @
X 2 25 1 82 15
—_ x H —_
2% Sg20] ! g~ % [
< ] 52,18 0 83 2 210
g gs $551f 1 ES <3
py - 2o SE10 Qo £6
© ) Eg O o1 €305
E RES 3805 % 22 .8
Ly g 2 00— LS & oo
L S €O = MLP-W4R: MLP-W4R;
= 282 Z  MYH7-R723C MYH7-R723C M
= 5 ;ly\ o © o ©
oak 28 s 8
[ 2k Y s x s X
N z - s i
MLP-W4R; "
J_Wvhi7-R73ac (Vehicle) K L M 5 .N ., 0
; o P » *x 82 * °
s ,..10 =g ?1.5 .-—-I ” ‘§ % gns m 'g?:.z
5 3108 § 29, 2 g £ §10{ & B2
< s8 < 5 L E- 3515
g Qo 25 g 2 58 S <
S S0t €205 S35 3610
3 29 Y £ 0. S g0- £g
L e as MLP 21kDa o< 3 805
£ T MLP-W4R 8 VO'OMLP WaR s OLp-War E - O MLP R
ZN -W4R; -W4R; -W4R; -W4R;
e MYH7-R723C MYH7-R723C GAPDHE'” kDa MYH7-R723C Z  MYH7-R723C
< o £ o £ o £ o £
5 s £ s 8 S g S g
£ E & E £ E £ E
238 28 28 28
o © o ©
> > > >
S © o >
= = = =
Isometric twitch 2
037 ] -
— Vehicle T Systole Diastole
=4001 Mavacamten @2 MLP mechanosensing MLP mechanosensing
< e complex complex
2 300 ko1 o
<] s
5200 00 c
3 “'mMLPwar; | S
g 10 MYH7-R723C : L
< & © €
%.o .05 .0 s 8 §
Time (s) s E G| systotic Diastolic
> § |z force stretch
g RPN RN
R S = Nucleus ¢ Nucleus
N.S. *k
804 21200 ™ MLP MLP
> — 31000 4 complex / complex
o3 g 800 desradatl
a 4 g Degradation
e 8 8001 N 8
502 T 400 -
£ $ 200 c
Fo1 [
*" MLP-W4R; MLP-W4R; |2
MYH7-R723C mykz-R723¢ | O NFAT
25 o £ 0O |Excessive  Mutant Z-disc Excessive
2 E 2 E systolic myosin diastolic
s 3 S5 force w stretch
8 8 > [
2 H /A@WA\
S S Nucleus - “Xieteds

Figure 5. Inhibiting Calcineurin/NFAT or Cardiac Myosin Mitigates Development of the HCM
Phenotype in Proband iPSC-Derived Cardiomyocytes.

A, Immunostaining of calcineurin (green) and MLP (red) in the young adult healthy

heart tissue. DNA was counterstained by DAPI. Scale bar, 50 um. B, A representative
immunoblot showing co-immunoprecipitation of MLP, calcineurin, and a-actinin in day
35 control iPSC-CMs. C, Immunostaining of calcineurin (green) and a-actinin (red) in
the young adult healthy heart tissue and MLP-W4R;MYH7-R723C proband heart tissue.
Scale bar, 50 pm. D, Immunostaining of NFATc4 (red) and cTnT (green) in day 35 control
and MLP-W4R;MYH7-R723C iPSC-CMs. DNA was counterstained by DAPI. Scale bar,
100 pm. E, Quantification of NFATc4 nuclear signals in panel D (two-tailed unpaired
Student’s t test). Nuclear NFATc4 pixels (gray value) were quantified by ImageJ from three
independent cardiomyocyte differentiation batches (=100 cells/batch). F, Immunostaining
of NFATc4 (red) and ¢cTnT (green) in MLP-W4R;MYH7-R723C iPSC-CMs treated with
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DMSO (vehicle) or 0.5 pg/mL calcineurin inhibitor FK506. Treatment was started on

day 25 of cardiac differentiation for 4 days (G and H) and 24 hours (1). Scale bar,

100 pm. G-I, Quantification of NFATc4 nuclear signals (G), cell area (H), and BNP

gene expression (1) in DMSO- or FK506-treated MLP-W4R;MYH7-R723C iPSC-CMs.

A two-tailed unpaired Student’s t test was performed for nuclear NFATc4 and cell area
analyses from three independent cardiomyocyte differentiation batches (=100 cells/batch).
A two-tailed unpaired Mann-Whitney U test was used for BA/P gene analysis (n=5
independent cardiomyocyte differentiation batches per group; normalized to GAPDH). J,
Immunostaining of NFATc4 (red) and cTnT (green) in MLP-W4R;MYH7-R723C iPSC-
CMs treated with DMSO (vehicle) or 0.5 uM cardiac myosin ATPase inhibitor mavacamten.
Treatment was started on day 25 of cardiac differentiation for four days (J, K, M, N, and O)
and 24 hours (L). Scale bar, 100 um. K-L, Quantification of cell area (K) and BNP gene
expression (L) in DMSO- or mavacamten-treated MLP-W4R;MYH7-R723C iPSC-CMs.

A two-tailed unpaired Student’s t test was performed for cell area analysis from three
independent cardiomyocyte differentiation batches (=100 cells/batch). A two-tailed unpaired
Mann-Whitney U test was used for BA/P gene analysis (n=5 independent cardiomyocyte
differentiation batches per group; normalized to GAPDH). M, A representative western

blot of MLP expression in vehicle- and mavacamten-treated MLP-W4R;MYH7-R723C
iPSC-CMs. N, Quantification of MLP protein levels in panel M. A Mann-Whitney U

test was used for MLP protein analysis (n=4 independent cardiomyocyte differentiation
batches per group; normalized to GAPDH). O, Quantification of NFATc4 nuclear signals

in vehicle and mavacamten-treated MLP-W4R;MYH7-R723C iPSC-CMs in panel J. A two-
tailed unpaired Student’s t test was performed based on three independent cardiomyocyte
differentiation batches (=100 cells/batch). P, Representative paired measurement of proband
MLP-W4R;MYH7-R723C iPSC-CM-derived EHTSs treated with DMSO (vehicle) or 0.5 pyM
mavacamten to steady state (30 minutes). Q-S, Quantification of biomechanical properties
including RT50 (Q), time to peak (R), and peak force (S) (ten EHTs generated from

three independent proband cardiomyocyte differentiation batches). A two-tailed paired
Mann-Whitney U test was used for analysis between two groups. T, Schematic of the
proposed working model. Mechanical force is transmitted into the Z-disc primarily through
pulling actin by myosin heads via actomyosin crossbridges during systolic contraction. Titin
is the main mechanical element transferring load into the Z-disc during diastolic stretch,
with very little mechanical input through actin due to the detachment of myosins from

actin. MLP mechanosensing complex may keep calcineurin/NFAT signaling in check under
normal systolic and diastolic conditions. In contrast, the MYH7-R723C mutation in the
proband resulted in abnormally higher systolic force transmitted into the Z-disc due to more
crossbridge formation. Additionally, residual mutant actomyosin crossbridges due to delayed
relaxation in the proband could lead to elevated diastolic Z-disc stretching. Consequently,
MLP stretch-sensing machinery would likely be sensitized, leading to MLP degradation

and subsequent calcineurin-NFAT hypertrophic signaling. Importantly, treatment of proband
CMs with mavacamten, a cardiac myosin ATPase inhibitor, could potentially normalize
systolic force generation and diastolic stretching, resulting in a restored MLP level and
rescue from HCM defects. See the main text for details. Each data point represents a single
iPSC-CM (E, G, H, K, and O), sample generated from a batch of iPSC-CMs (I, L, and N),
or EHT (Q-S) derived from at least three independent cardiomyocyte differentiation batches.
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All data are presented as mean + S.E.M; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001;
N.S: not significant.
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