
YAP dysregulation triggers hypertrophy by CCN2 secretion and TGFβ uptake in human 
pluripotent stem cell-derived cardiomyocytes 
 
Orlando Chirikiana,c, Mohamed A. Faynusc†, Markus Merkc†, Zachary Singhb, Christopher 
Murayf, Jeffrey Phamb, Alex Chialastrid, Alison Vander Roestg,h,p, Alex Goldsteini,l,o, Trevor 
Pylea, Kerry V. Lanea, Brock Robertsq, Jacqueline E. Smithq, Ruwanthi N. Gunawardaneq, 
Nathan J. Sniadeckii,j,l,m,o, David L. Mackk,l,m, Jennifer Davisi,l,m,n,o, Daniel Bernsteing,h, Sebastian 
J. Streichanf, Dennis O. Cleggb,c, Siddharth S. Deyd,e, Maxwell Z. Wilsonb,c and Beth L. 
Pruitta,b,c,e 
 

Affiliations:  
a. Department of Mechanical Engineering, UC Santa Barbara, Santa Barbara, CA, USA 
b. Department of Molecular, Cellular, and Developmental Biology, UC Santa Barbara, CA, USA 
c. Biomolecular Science and Engineering Program, UC Santa Barbara, Santa Barbara, CA, USA 
d. Department of Chemical Engineering, UC Santa Barbara, Santa Barbara, CA, USA 
e. Department of Bioengineering, UC Santa Barbara, Santa Barbara, CA, USA 
f. Department of Physics, UC Santa Barbara, Santa Barbara, CA, USA 
g. Stanford Cardiovascular Institute, Stanford University, CA, USA 
h. Department of Pediatrics (Cardiology), Stanford University School of Medicine, CA, USA 
i. Department of Laboratory Medicine and Pathology, University of Washington, Seattle, WA, 
USA 
j. Department of Mechanical Engineering, University of Washington College of Engineering, 
Seattle, WA, USA 
k. Department of Rehabilitation Medicine, University of Washington, Seattle, WA, USA 
l. Institute for Stem Cell & Regenerative Medicine, University of Washington, Seattle, WA 
98109, USA 
m. Department of Bioengineering, University of Washington, Seattle, WA 98105, USA 
n. Department of Comparative Medicine, University of Washington, Seattle, WA 98109, USA 
o. Center for Cardiovascular Biology, University of Washington, Seattle, WA 98109, USA 
p. Department of Biomedical Engineering, University of Michigan, Ann Arbor MI, USA 
q. Allen Institute for Cell Science. Seattle, WA, USA 
†. Equal Contribution   
 

Keywords: human induced pluripotent stem cells, cardiovascular disease, cardiomyocytes, 
hypertrophy, fibrosis, cardiomyopathy, contractile function  
 
Corresponding Author: 
Beth L. Pruitt, Ph.D. 
Department of Bioengineering and of Mechanical Engineering  
UC Santa Barbara  
2002 Bioengineering Building 
Santa Barbara, CA 93106-5170 
Office:  
Fax:  
Email: blp@UCSB.edu 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 5, 2024. ; https://doi.org/10.1101/2024.06.03.597045doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.03.597045


 
Graphical Abstract 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 5, 2024. ; https://doi.org/10.1101/2024.06.03.597045doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.03.597045


Abstract 
Hypertrophy Cardiomyopathy (HCM) is the most prevalent hereditary cardiovascular disease – 
affecting >1:500 individuals. Advanced forms of HCM clinically present with hypercontractility, 
hypertrophy and fibrosis. Several single-point mutations in b-myosin heavy chain (MYH7) have 
been associated with HCM and increased contractility at the organ level. Different MYH7 
mutations have resulted in increased, decreased, or unchanged force production at the molecular 
level. Yet, how these molecular kinetics link to cell and tissue pathogenesis remains unclear. The 
Hippo Pathway, specifically its effector molecule YAP, has been demonstrated to be reactivated 
in pathological hypertrophic growth. We hypothesized that changes in force production 
(intrinsically or extrinsically) directly alter the homeostatic mechano-signaling of the Hippo 
pathway through changes in stresses on the nucleus. Using human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs), we asked whether homeostatic mechanical signaling 
through the canonical growth regulator, YAP, is altered 1) by changes in the biomechanics of 
HCM mutant cardiomyocytes and 2) by alterations in the mechanical environment. We use 
genetically edited hiPSC-CM with point mutations in MYH7 associated with HCM, and 
their matched controls, combined with micropatterned traction force microscopy substrates to 
confirm the hypercontractile phenotype in MYH7 mutants. We next modulate contractility in 
healthy and disease hiPSC-CMs by treatment with positive and negative inotropic drugs and 
demonstrate a correlative relationship between contractility and YAP activity. We further 
demonstrate the activation of YAP in both HCM mutants and healthy hiPSC-CMs treated with 
contractility modulators is through enhanced nuclear deformation. We conclude that the 
overactivation of YAP, possibly initiated and driven by hypercontractility, correlates with 
excessive CCN2 secretion (connective tissue growth factor), enhancing cardiac fibroblast 
/myofibroblast transition and production of known hypertrophic signaling molecule TGFβ. Our 
study suggests YAP being an indirect player in the initiation of hypertrophic growth and fibrosis 
in HCM. Our results provide new insights into HCM progression and bring forth a testbed for 
therapeutic options in treating HCM. 
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Introduction  
Hypertrophic Cardiomyopathy (HCM) impacts approximately 1 in 500 individuals, making it the 
most prevalent inherited heart disease1–4. The disease manifests as either asymptomatic, 
permitting patients to reach their full life expectancy, or symptomatic, causing hypertrophied 
hypercontractile hearts. In symptomatic cases, patients develop left ventricular outflow 
obstruction and/or systolic dysfunction, which, if left untreated, can lead to heart failure3–5. HCM 
is also one of the leading causes of sudden death due to arrhythmia in adolescents and young 
adults. The heart’s debilitating hypertrophic growth originates from the hypertrophy of 
cardiomyocytes rather than their proliferation. In later stages of the disease, myocardial fibrosis 
emerges as a consequence of the transformation of cardiac fibroblasts into myofibroblasts6. 
Activated myofibroblasts proliferate extensively, accompanied by excessive deposition of 
extracellular matrix (ECM) proteins, directly contributing to an overall stiffening of the 
myocardium7. While specific mutations have been associated with these characteristic HCM 
phenotypes, how they interact with hypertrophic and fibrotic signaling pathways remains 
unknown. The majority of prevalent and well-studied genetic mutations, accounting for around 
70% of HCM cases, reside in genes encoding β-myosin heavy chain (MYH7) and myosin-
binding protein C (MYBPC3), which both regulate actin-myosin association within the 
sarcomere8–10. Other HCM mutations are situated in alternative sarcomere proteins, suggesting 
the importance of contractility in driving the phenotypes of the disease. Although clinical 
interventions capable of slowing or halting the disease's progression are limited, negative 
inotropic drugs such as verapamil (a calcium channel blocker)11–14 and Mavacamten (a myosin 
inhibitor)15,16 exhibit promising results in diminishing left ventricular hypertrophy. Altogether, 
the evidence links hypercontractility with cardiomyocyte hypertrophy and fibrosis, leading to a 
stiffer mechanical environment. 
 
Cardiomyocytes actively experience both inter- and intracellular forces with each 
contraction17,18. These mechanical forces can be exacerbated by cardiac injury or hereditary 
diseases like HCM19. The ability of cells to perceive and react to their environment, known as 
mechanotransduction, orchestrates the regulation of the epigenome and transcriptome, driving 
cellular fate20–22. The numerous mechanotransducers within cells, including integrins, cadherins, 
and cytoskeletal networks, directly transmit mechanical signals (forces) to the nucleus via 
cytoskeletal-LINC protein complexes23. As a result, these inter- and intracellular forces can 
induce alterations in chromatin configuration and accessibility, mediate the transport of 
transcription factors or transcriptional co-activators from their dormant to active state, resulting 
in drastic changes to the transcriptome24–26. Here, we sought to answer two questions: (1) How 
does enhanced contractility alter the transcriptomic behavior of cardiomyocytes, and (2) to what 
extent do these alterations contribute to the phenotypic manifestations of hypertrophic 
cardiomyopathy? 
 
Given the relationship between altered mechanics and organ growth, the Hippo pathway emerges 
as a prime candidate regulating the development of HCM. The Hippo pathway, an evolutionarily 
conserved signaling cascade, governs diverse biological processes including development, cell 
growth, cell migration, organ size regulation, and tissue regeneration27–29. Yes Associated 
Protein (YAP), a pivotal effector molecule within the Hippo pathway, has been substantiated by 
multiple research groups as being altered in both human HCM heart tissue samples and murine 
transverse aortic constriction (TAC) models30,31. These studies indicate reduced levels of 
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phosphorylated YAP (i.e. activated YAP with increased nuclear localization) and elevated levels 
of the well-established YAP downstream transcriptional target, Cellular Communication 
Network Factor 2 (CCN2)31. A recent study leveraging a multi-omic approach to characterize 
pediatric human patient tissues validates YAP alterations in various congenital heart diseases, 
reiterating its perturbation in HCM30. Additionally, prior investigations describe the activation of 
cardiac fibroblasts (myofibroblasts), suggesting enhanced pro-fibrotic and pro-hypertrophic 
Transforming Growth Factor-β (TGFβ) signaling30,32–34. However, the defined role of YAP in the 
development of the HCM phenotypes: hypertrophic enlargement of the cardiomyocytes and of 
fibrosis remains unclear. 
 
The prevailing influence of mechanical stimuli in the dysregulation of YAP has been associated 
with several diseases and disease phenotypes, notably those involving proliferation, hypertrophy, 
regeneration, and migration, such as cancer and various tissue fibrosis35–38. This consequently 
raises our final question: (3) How does a cardiomyocyte modulate YAP activity in a 
mechanically dynamic environment? Using human induced pluripotent stem cells (hiPSCs) and 
CRISPR technology, we have successfully recapitulated a hypercontractile phenotype for four 
HCM mutations in MYH7. Our results suggest a link between YAP and the induction of CCN2 
secretion by hiPSC-CMs. CCN2 triggers the activation of cardiac fibroblasts into myofibroblasts, 
and subsequently the downstream secretion by fibroblasts of the hypertrophic signaling molecule 
TGFβ1. This feedforward loop exacerbates several features of HCM. 
 
Results  
Despite some limitations due to immaturity, hiPSC derived cardiomyocytes (hiPSC-CMs) have 
been effectively utilized to model a range of cardiovascular diseases39–44. While characterizing 
the effects of sarcomeric mutations in the manifestation of the hypertrophic phenotype when 
modeling HCM, researchers have reported mixed outcomes45. In this context, we elucidate an 
explanation for these inconsistencies by showcasing the significance of paracrine signaling from 
cardiac fibroblasts in the hypertrophic signaling process.  
We selected three MYH7 mutations having clinical phenotypic occurrence with pronounced 
pathologies (D239N, H251N, R663H) and one with mixed clinical phenotypes (G256E)46–50. 
Employing a directed cardiac differentiation protocol that modulates the WNT pathway, we 
effectively differentiated all four mutant lines and respective controls into cardiomyocytes, as 
evidenced by the expression of the cardiac-specific marker αActinin (Figure 1A)51.  
 
hiPSC-CMs with HCM-associated mutations have elevated YAP activity. 
The role of YAP in hypertrophic cardiomyopathy remains uncertain: some propose that 
increased nuclear YAP in cardiomyocytes initiates cellular hypertrophy, while others suggest a 
proliferative response52,53. To investigate this dichotomy, we examined hiPSC-CMs with HCM-
associated mutations for changes in YAP localization using immunocytochemistry. We fixed and 
stained hiPSC-CMs for YAP on D60 to ensure that maturity would not confound our findings 
(given YAP's pivotal role in development)54. Intriguingly, the data suggest elevated YAP activity 
in all four HCM mutant lines compared to their respective controls, inferred from YAP's nuclear 
localization (Figure 1A- B). 
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Figure 1 YAP activity is enhanced in hiPSC-CM and human tissue with HCM associated MYH7 mutations. (A) Representative 
image of fixed and labeled D60 hiPSC-CMs for YAP (red), Alpha Actinin (green) and nuclei (blue) examined by 
immunocytochemistry. (B) Quantification of nuclear to cytoplasmic YAP expression (n= 200 cells for each cell line, from 3 
different differentiations). Data are presented as mean ± STDEV. Statistical test: Mann-Whitney. (C) Representative Western 
blots probing key Hippo pathway mediates: YAP, pYAP, LATS1/2, pLATS1/2, MST and pMST. GAPDH was utilized as a loading 
control. (D) Trichrome stained healthy (WT) and diseased (MYH7-R663H) human cardiac tissue. White arrows indicate 
hypertrophic cardiomyocytes. (E) Fixed and sectioned healthy (WT) and diseased (MYH7-R663H) human tissue labeled for YAP 
(red), Alpha Actinin (green) and nuclei (blue) evaluated by immunohistochemistry. White arrows indicate nuclear localized YAP. 
P<0.05 is designated with (*), P<0.005 is designated with (**), P<0.0005 or smaller is designated with (***). 

We next probed the S127-phosphorylated variant of YAP (denoted as pYAP) by Western blot 
and observed reduced phosphorylated YAP protein levels across all four HCM mutants, 
consistent with heightened nuclear localization of YAP (Figure 1C)55. To further verify YAP’s 
activity we surveyed the phosphorylated variants of upstream core kinases MST1/2 and 
LATS1/2. Both MST1/2 and LATS1/2 directly influence YAP localization. Reduced 
phosphorylation levels of MST1/2 and LATS1/2 in all four HCM mutants (Figure 1C) is also 
consistent with enhanced nuclear localization of YAP in D60 HCM mutant hiPSC-CMs. Since 
YAP is alternatively spliced to form multiple isoforms and previous studies have indicated an 
isoform specific role of YAP, we explored whether MYH7 mutant hiPSC-CMs selectively 
regulated specific YAP isoforms56. RNA purified from WT and HCM mutant D60 hiPSC-CMs 
was reverse transcribed into cDNA and run separately on a 3% agarose gel to discern distinct 
band separation characteristic of YAP isoforms, as previously illustrated56. 
Notably, no discernible changes emerged in band pattern or intensity between WT and HCM 
hiPSC-CMs, suggesting that isoform expression remains unaltered in the presence of MYH7 
HCM-associated mutations (Supplement 1A). 
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Figure 2 hiPSC-CMs harboring HCM associated MYH7 heterozygous mutations are hypercontractile. (A) Representative Peak 
Traction Force heatmap plots for each MYH7 mutation and its paired isogenic control. (B) Representative average force trace 
for each MYH7 mutation depicting the heterogeneity in trace shape for a single differentiation (n=20, average force trace from 5 
contraction cycles). Error bars represent STDEV. (C) Summarized quantification of Peak Total Force for each MYH7 mutation 
D239N (n=77 cells), H251N (n= 53 cells), G256E (n= 82 cells), R663H (n= 63 cells) and its paired isogenic control WTD239N 
(n= 70 cells), WTH251N (n= 102 cells), WTG256E (n= 108 cells), WTR663H (n= 112 cells). Data are presented as mean ± STDEV. 
Statistical test: Kruskal-Wallis between mutant and paired isogenic control. P<0.05 is designated with (*), P<0.005 is 
designated with (**).   P<0.0005 or smaller is designated with (***). 

Human tissue with HCM-associated mutation R663H substantiates enhanced YAP activity in 
hiPSC model 
To validate these findings beyond the hiPSC-CM model system, we examined healthy (WT) and 
clinically diagnosed HCM human cardiac tissue (MYH7-R663H) for YAP activity. Previous 
research has highlighted altered Hippo activity within cardiac tissue as a whole, but its specific 
impact on cardiomyocytes remains unknown. Trichrome staining of MYH7-R663H mutant 
tissue revealed both cardiomyocyte hypertrophy and increased collagen deposition compared to 
control tissue, indicative of elevated fibrosis—both characteristic features of advanced HCM 
(Figure 1D). Immunohistochemistry verified increased YAP nuclear localization, specifically in 
cardiomyocytes, within MYH7-R663H mutant tissue in contrast to healthy WT tissue. These 
outcomes paralleled those observed in the hiPSC-CM with the MYH7-R663H mutation (Figure 
1B&E, Supplement 1B). 
 
hiPSC-CMs with MYH7 HCM-associated mutations exhibit a hypercontractile phenotype.  
One prominent characteristic of HCM is the hypercontractile phenotype displayed by 
cardiomyocytes. Employing Traction Force Microscopy (TFM), we measured contractile force 
generation of single patterned hiPSC-CMs on physiological stiffness (10 kPa) polyacrylamide 
hydrogels (Supplement 2A)57,58. Isolated D28 hiPSC-CMs were cultured on hydrogels for 2 days 
prior to traction force measurements (performed on D30, standard maturity labeled by enhanced 
expression of MYH7 and TNNI3 and depletion of proliferative mark EdU59). The TFM platform 
enabled the assessment of traction forces for 53-112 cardiomyocytes from three differentiation 
batches per cell line (four mutant and four respective control lines)57. 
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Peak Force (N), derived from fluorescent bead displacement on hydrogels, displayed a 
significant increase of at least 2-fold in all four MYH7 mutant cell lines compared to their 
respective controls (mean fold change: D239N= 2.00, G256E= 3.75, H251N= 4.77, R663H= 
4.31) (Figure 2 A-C). Three out of the four MYH7 mutant lines also exhibited significantly 
enhanced contraction velocity and relaxation velocity (H251N, G256E, and R663H, Supplement 
2B-C).  
 
Increasing Contractility drives YAP Nuclear Localization.  
Prior research has made notable strides in understanding how MYH7 point mutations associated 
with HCM alter the kinetics of the contractile machinery within cardiomyocytes8,9,14,60–62. Our 
focus revolves around understanding how these modified mechanics influence the state of a 
cardiomyocyte, particularly in terms of activating or deactivating YAP. We increased the peak 
force of healthy (WT) hiPSC-CMs by exposing them to substrates mimicking moderate and 
severe fibrosis (35kPa and 100 kPa); as expected, we also observed increased nuclear YAP 
(Supplement 2D-E)63. We further isolated force production from substrate stiffness by utilizing 
positive and negative inotropes: levosimendan and verapamil, respectively (Supplement 2F-
G)64,65. Treatment of WT D60 hiPSC-CMs with force-reducing verapamil (100 nM) for 24 hours 
led to unchanged YAP nuclear localization (Figure 3A). However, treatment of WT D60 hiPSC-
CMs with force-enhancing levosimendan (300 nM) for 24 hours led to significantly increased 
YAP nuclear localization (Figure 3A). In contrast, when verapamil and levosimendan were 

Figure 3 YAP nuclear localization is increased in response to contractility modifying inotropic drugs. (A) Representative images 
of fixed and labeled WT WTC D60 hiPSC-CMs for YAP (red) and nuclei (blue) treated with either negative or positive inotropic 
drugs verapamil (100 nM) or levosimendan (300 nM). Quantification of YAP activity from drug experiments inferred by Nuclear 
to Cytoplasmic intensity Ratio (n= 200 cells for each treatment, from 2 different differentiations). Data are presented as mean ± 
STDEV. Statistical tested used: one-way ANOVA.  (B) Representative image of fixed and labeled disease MYH7-R663H D60 
hiPSC-CMs for YAP (red) and nuclei (blue) treated with negative or positive inotropic drugs verapamil or levosimendan. 
Quantification of YAP activity inferred by Nuclear to Cytoplasmic intensity Ratio (n= 200 cells for each treatment, from 2 
different differentiations). Data are presented as mean ± STDEV. Statistical tested used: one-way ANOVA.  P<0.05 is designated 
with (*), P<0.005 is designated with (**).   P<0.0005 or smaller is designated with (***). 
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administered to D60 MYH7-R663H hiPSC-CMs for 24 hours, a significant reduction in the 
nuclear localization of YAP was observed following the force-reducing verapamil treatment  
(Figure 3B). Interestingly, a substantial decrease in the YAP nuclear localization was detected in 
D60 MYH7-R663H hiPSC-CMs subjected to the force-enhancing levosimendan treatment 
(Figure 3B). This decrease could be due to the drug's upstream calcium-sensitizing effect on 
contraction dynamics, disrupting the mutation-induced alteration in contractility64.  
Together, our data suggest that contractility contributes to the enhanced nuclear localization of 
YAP. Subsequently, we asked if the mechanical strain from enhanced contraction alone drives 
the nuclear localization of YAP. To test this hypothesis, we employed a previously established 
uniaxial stretch device in conjunction with the contraction-inhibiting small molecule blebbistatin, 
thus enabling the separation of the mechanical strain produced by cardiomyocyte contraction 
from the intrinsic contraction process (Supplement 3A)66. Applying uniaxial static and cyclic 
(1hz) stretch in alignment with contracting WT hiPSC-CMs substantially heightened the nuclear 
localization of YAP (Supplement 3B-C). However, stretched and blebbistatin treated WT 
cardiomyocytes (non-contracting) exhibited significantly reduced nuclear YAP (Supplement 3B-
C). These findings suggest that YAP may be driven by the mechanical strain produced by 
cardiomyocyte contraction. We also tested uniaxial static and cyclic (1hz) stretch perpendicular 
to WT hiPSC-CMs alignment and observed a significant increase in the nuclear localization of 
YAP, albeit less than that observed with parallel stretch (Supplement 3D-E). 
 
Nuclear Deformation is increased in MYH7 Mutant hiPSC-CMs and correlates with YAP 
nuclear localization. 
YAP can be activated both by upstream mechanical and/or biochemical signals. Multiple 
research groups have demonstrated that mechanical stimuli that create observable nuclear  
deformation exert a more pronounced influence, promoting YAP nuclear localization 
irrespective of biochemical signals or kinase activity24,67–70. Thus, we asked whether the 
observed endogenous nuclear YAP in MYH7 mutant hiPSC-CMs was accompanied by nuclear 
deformation changes in relation to enhanced contractility in HCM mutants. Nuclear deformation 
of contracting hiPSC-CMs was apparent by eye. We quantitatively assessed nuclear aspect ratio 
change using Hoechst DNA stain and high frame rate video microscopy. We recorded videos of 
D60 hiPSC-CMs paced at 1 Hz and analyzed them using a custom Fiji script (see Supplement 
Information). Raw aspect ratio traces shown in Figure 4A were then scrutinized for changes in 
peak nuclear deformation (amplitude, A) and time under deformation (TD75). Time under 
deformation was determined by measuring the width (s) of the curve at 75% of the height (from 
the top, TD75). hiPSC-CMs carrying HCM mutations displayed elevated amplitude and TD75 
(Figure 4A-B). Furthermore, both the rise and decay times of deformation were larger 
(Supplement 4A-B). We then asked whether the increased nuclear deformation drove changes in 
structural proteins of the nuclear envelope. We assessed gene targets Emerin, Plectin, and Lamin 
A/C—associated with enhanced nuclear strain— through qPCR (Supplement 4C)71. The results 
suggest an upregulation of Emerin and Plectin in select HCM mutants, along with an 
upregulation of Lamin A/C in all four mutants. The data suggest a compensatory response by 
mutant hiPSC-CMs to increase nuclear structural integrity by increasing Lamin A/C transcript 
levels. 
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Next, we inquired whether nuclear deformation and associated increases in YAP nuclear 
localization could be disrupted by interfering with the LINC complex (thereby inhibiting 
mechanical strain on the nuclei)18,24. Transfecting hiPSC-CMs with a dominant-negative plasmid 
for nesprin 1 (DN-KASH) impeded the interaction between nesprin and sun proteins to impair 
cell/nuclear coupling24. Both WT and MYH7-R663H mutant hiPSC-CMs were transfected with 
DN-KASH and successfully incorporated hiPSC-CMs evaluated for YAP localization through 
immunocytochemistry after a 24-hour incubation period (Figure 4C). In both WT and MYH7-
R663H mutant hiPSC-CMs, disruption of the LINC complex led to significantly diminished 
YAP nuclear localization (Figure 4C-D).  
We then tested whether increasing or reducing contractility via positive and negative inotropes in 
hiPSC-CMs with disrupted LINC complexes, exacerbated or rescued N/C YAP ratio to control 
levels. Treatment with negative and positive inotropic drugs—verapamil (100 nM) and 
levosimendan (300 nM)—failed to restore or alter the reduced YAP nuclear localization. To 
validate alterations in nuclear deformation due to drug treatment and/or LINC complex 
disruption, nuclear deformation was measured as described previously (Supplement 4D-F). 
Levosimendan (300 nM) treatment alone on healthy (WT) hiPSC-CMs resulted in enhanced 
nuclear deformation (aspect ratio amplitude) (Supplement 4E). Conversely, verapamil (100 nM) 

Figure 4 YAP activation in MYH7 mutants requires nuclear mechanical coupling. (A) Outlined representative image of WT and 
MYH7-R663H hiPSC-CM nucleus. Relaxed state (solid black line) and contracted state (dash grey line). Representative change 
in aspect ratio trace of paced (1hz) WT(black) and MYH7-R663H (grey) hiPSC-CMs. (B) Quantification of nuclear deformation 
(aspect ratio amplitude) and time under deformation (aspect ratio TD75). Statistical test: Mann-Whitney.  (C) Representative 
images of fixed and stained D(60) WT and MYH7-R663H hiPSC-CMs after DN-KASH transfection and either verapamil or 
levosimendan treatment. (D) Quantification of YAP activity in WT (left) and MYH7-R663H (right) from DN-KASH drug 
experiments inferred by Nuclear to Cytoplasmic intensity Ratio. Statistical test: one-way ANOVA. P<0.05 is designated with (*), 
P<0.005 is designated with (**).   P<0.0005 or smaller is designated with (***). 
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treatment alone on MYH7-R663H mutant hiPSC-CMs led to reduced nuclear deformation 
(aspect ratio amplitude) (Supplement 4F). Successful disruption of the LINC complex in hiPSC- 
CMs resulted in reduced nuclear deformation, even when combined with inotropic drug 
treatments (Supplement 4E-F). Together, these experiments suggest that (1) contractile force-
mediated nuclear deformation influences nuclear entry of YAP (2) disruption of the 
cytoskeletal/nuclear assembly (LINC complex) can impede YAP nuclear entry by disconnecting 
the mechanical elements responsible for transmitting mechanical signals to the nuclear 
membrane.  
 
Reducing hypercontractility of MYH7-R663H mutant hiPSC-CMs alters the transcriptomic 
profile to resemble healthy (WT) hiPSC-CMs 
We next asked whether transcriptional changes accompany the observed increases in nuclear 
deformation and YAP nuclear localization. To characterize the transcriptional landscape of 
MYH7 mutant hiPSC-CMs we assessed global gene expression profiles by conducting bulk 
RNA sequencing (RNA-seq). We performed bulk RNA-seq on D60 hiPSC-CMs from four 

Figure 5 Force modulation dysregulates both Hippo and TGFB1 signaling pathways in WT and MYH7-R663H mutant hiPSC-
CMs. (A) Chord plot illustrating the gene ontology of KEGG pathways from the top differentially expressed genes (DEGs) 
comparing D60 WT and MYH7-R663H mutant hiPSC-CM (fold change > 2, p-value < 0.05). (B) Heat map illustrating the top 
DEGs hierarchically clustered on similarity and further sub-grouped into four separate identifiable gene clusters. The red box 
indicates hiPSC-CMs with “High Force” production and black box indicates hiPSC-CMs with “Low Force” production. (C-D) 
Heat maps depicting force mediated transcriptional change of genes related to TGFb signaling and Hippo Signaling pathways. 
The red box indicates hiPSC-CMs with “High Force” production and black box indicates hiPSC-CMs with “Low Force” 
production. 
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separate conditions: 1) WT hiPSC-CMs, 2) WT hiPSC-CMs + levosimendan (300 nM) to 
mimic the hypercontractile phenotype, 3) MYH7-R663H hiPSC-CMs, and 4) MYH7-R663H 
hiPSC-CMs+ verapamil (100 nM) in an effort to reduce hypercontractility and therefore 
presumably restore a normal transcriptional profile (Bold = high force, Italics = low force). 
Initial examination of the transcriptomes of WT and MYH7-R663H hiPSC-CMs revealed an 
upregulation of known cardiomyocyte markers ACTN2, and MYH7 (Supplement 5A). MYH7-
R663H mutant hiPSC-CMs predominantly expressed MYH7 over MYH6, a common association 
with HCM (Supplement 5A). Additionally, we observed a significant enrichment of hallmark 
HCM genes NPPA and NPPB, among others, suggesting that our model captures key 
transcriptomic features expected of HCM (Supplement 5B-C). Gene networks were analyzed 
through Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the top 
differentially expressed genes (DEGs). Analysis indicated an enrichment in pathways such as 
"Focal Adhesion", "ECM Receptor Interaction", "Hypertrophic Cardiomyopathy", "Regulation 
of Actin Cytoskeleton", "TGFb Signaling", and "Hippo Signaling" (Figure 5A)72. When all four 
samples were unbiasedly compared, WT and MYH7-R663H + verapamil (100 nM) hiPSC-CMs 
were more similar and WT + levosimendan (300 nM) and MYH7-R663H hiPSC-CMs were 
more similar. These similarities are visualized in a hierarchical heatmap and Principal 
Components Analysis (PCA) plot (Supplement 5D-E). We hypothesize that the variance along 
the x-axis (PC1) is associated with force generation (low to high), while the variance along the y-
axis (PC2) is associated with disease (healthy to disease) (Supplement 5E). We grouped the DEG 
heatmap into 4 gene clusters (Figure 5B). Gene Cluster 1 appears to be unique to the WT line and 
Gene Cluster 4 unique to the MYH7-R663H mutant line. While Gene Cluster 3 includes genes 
associated with an increase in peak force production by MYH7-R663H mutant and WT + 
levosimendan treatment hiPSC-CMs.  
A subset of these force-related genes appear in KEGG pathways “TGFb Signaling” and “Hippo 
Signaling” (Figure 5C-D). Notably, a specific gene family of secreted signaling proteins, 
Cellular Communication Network (CCN), was upregulated in both "TGFb Signaling" and 
"Hippo Signaling" pathways (CCN1, CCN2, and CCN4). CCN2 is a well-known downstream 
target of YAP and often serves as an indicator of transcriptional YAP activation28,73.  
 
Conditioned media, from either MYH7-R663H mutant hiPSC-CMs or WT hiPSC-CMs with 
increased contractility, contains increased levels of CCN2 and results in the activation of hiPSC-
CFs  
CCN2, a paracrine signaling molecule shared between cardiomyocytes and cardiac fibroblasts, 
has been implicated in cardiac fibroblast/myofibroblast transition and fibrosis initiation74–77. 
Since our RNA-seq suggests upregulation of CCN related protein CCN2, we asked whether 
cardiomyocytes experiencing hypercontractility activate the CCN2 fibrotic signaling pathway 
through the nuclear localization of YAP. We examined CCN2 transcript levels in D60 MYH7 
mutant hiPSC-CMs and found a more than 5-fold increase in mRNA levels compared to WT 
hiPSC-CMs (Figure 6A). This observation was further confirmed at the protein level through an 
Enzyme-Linked Immunosorbent Assay (ELISA) that quantified increased CCN2 protein 
secretion from MYH7-R663H mutant after 48 hours of culture (Figure 6B).  
We next wanted to corroborate the connection between force, YAP nuclear localization, and 
CCN2 transcriptional activation supported by bulk RNA-seq results. We performed an ELISA 
for CCN2 protein on WT and MYH7-R663H hiPSC-CMs with and without negative inotrope 
verapamil (100 nM) and positive inotrope levosimendan (300 nM) treatment for 24 hours (Figure 
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6C). The results demonstrated significantly depleted CCN2 production in force reduced 
verapamil-treated WT hiPSC-CMs and increased CCN2 production in force enhanced 
levosimendan-treated WT hiPSC-CMs. Suggesting a regulatory role of cardiomyocyte 
contraction on CCN2 secretion. Treatment of MYH7-R663H mutant hiPSC-CMs with verapamil 
(100 nM) significantly decreased CCN2 production. However, levosimendan treatment led to 
significantly reduced CCN2 production in MYH7-R663H hiPSC-CMs, consistent with its 
confounding effects observed on YAP nuclear localization in Figure 3B. 
We assessed whether driving YAP localization has a direct influence on CCN2 secretion by 
utilizing TRULI, a small molecule shown to upregulate YAP localization and downstream 
targets78–80. When WT hiPSC-CMs were treated with TRULI (2 µM) for 24 hrs we observed 
significantly increased nuclear localization of YAP, CCN2 mRNA expression and CCN2 protein 
secretion, thus supporting the role of YAP and CCN2 secretion in HCM mutant hiPSC-CMs 
(Supplement 6A-B). However, when we attempted to alternatively inhibit YAP activation neither 
Verteporfin, a well-documented YAP inhibitor demonstrated in other cell types, or TM2, (R)-
PFI-2, and TAT_PDHPS1 resulted in decreased YAP activation nor CCN2 secretion 
(Supplement 6C-F)81–84. 
Previous studies have demonstrated the propensity of secreted CCN2 to activate cardiac 
fibroblasts and trigger the fibroblast to myofibroblast transition6,75,85,86. We further investigated 
whether the abundance of CCN2 in spent media from MYH7-R663H mutant hiPSC-CMs could 
activate hiPSC-derived cardiac fibroblasts (hiPSC-CFs), inducing their transition to cardiac 
myofibroblasts defined by elevated levels and incorporation of alpha-smooth muscle actin 
(aSMA) into stress fibers87,88. Spent media (48-hour culture) from either D60 WT or MYH7-
R663H mutant hiPSC-CMs were mixed 1:1 with fresh cardiac fibroblast media (referred to as 
conditioned cardiac media or CCM, illustration of experimental design in Supplement 7). WT 
hiPSC-CFs were subjected to treatment with both WT CCM and MYH7-R663H CCM (144 
hours in total, with media exchanged every 48 hours), followed by fixation and staining for 
alpha-smooth muscle actin (αSMA). We observed an increase in hiPSC-CFs transitioned to 
cardiac myofibroblasts, evidenced by an increase in αSMA intensity and incorporation into stress 
fibers (Figure 6D, Supplement 8A). To verify that this enrichment of αSMA was specifically 
triggered by secreted CCN2, WT hiPSC-CFs were treated with purified human CCN2 at a 
concentration of 1 ng/ml. We observed a similar enhancement in αSMA intensity and 
incorporation into stress fibers (Figure 6E, Supplement 8A). Collectively, these findings suggest 
that CCN2-enriched MYH7-R663H mutant media activates the transition of cardiac fibroblasts 
to myofibroblasts, implicating its potential role in fibrotic signaling. 
 
Cardiac fibroblasts treated with CCN2 enriched MYH7-R663H mutant media, subsequently 
secrete a known hypertrophic signaling molecules TGFb 
Next, we explored whether cardiac myofibroblasts treated with CCN2-enriched MYH7-R663H 
mutant media secrete known hypertrophic signaling molecule Transforming Growth Factor-β 
(TGFβ), as described in previous studies32,34. Among the three isoforms of TGFβ (TGFβ1, 
TGFβ2, TGFβ3), TGFβ1 has been widely implicated in various tissue types and has been 
observed to be upregulated during cardiac hypertrophy and remodeling89,90. We investigated 
whether activated cardiac myofibroblasts, described in the previous experiment, subsequently 
induce the secretion of TGFβ191. Following 144 hours of treatment with WT-CCM or MYH7-
R663H-CCM (media exchanged every 48 hours), we collected spent media from hiPSC-CFs, and 
performed a TGFβ1 ELISA. We saw a significant increase in the amount of secreted TGFβ1 in 
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the spent media of hiPSC-CFs treated with MYH7-R663H CCM compared to WT CMM treated 
and control hiPSC-CFs (Figure 6F). Previous research has highlighted TGFβ1 as a homeostatic 
signaling molecule responsible for cardiac tissue injury repair and remodeling90. Specifically, 
TGFβ1 has been shown to further induce the transition of cardiac fibroblasts to myofibroblasts  
through the reactivation of CCN2 production and acts as a feedforward pro-hypertrophic signal 
on cardiomyocytes (Supplement 8B)89,92. Finally, we investigated whether the enriched TGFβ1 
double-conditioned media (CCM + hiPSC-CF spent media) affected cardiomyocyte hypertrophy, 
as assessed by changes in spread area39. We pivoted from the use of a complex co-culture 
experiment to a reduced order conditioned media experiment due to (1) the sensitivity of hiPSC-

Figure 6 Conditioned media experiments reveal enhanced force production by MYH7-R663H hiPSC-CMs and subsequent 
increased CCN2 secretion, activates pro-hypertrophic  TGFb secretion by hiPSC-CFs. (A) qPCR results for genes: YAP and 
CCN2 for all four MYH7 mutants (D239N, H251N,G256E and R663H). Statistical test: Mann-Whitney. (B) Bar plot illustrating 
CCN2 Elisa results for WT and R663H hiPSC-CMs spent media (48hrs). Statistical test: unpaired t-test between mutant and 
paired isogenic control. (C) Bar plots depicting CCN2 Elisa results for WT (left) and R663H (right) hiPSC-CMs spent media 
with 48hr drug treatments (verapamil(100 nM) and levosimendan (300 nM)). Statistic test: one-way ANOVA. (D) representative 
images of hiPSC-CFs fixed and stained for aSMA (RFP), reveal enhanced activation of hiPSC-CFs after R663H CCM treatment 
(144hrs). (E) representative images of hiPSC-CFs fixed and stained for aSMA, after 1 ng/ml CCN2 treatments reveals 
comparable activation of hiPSC-CFs when compared to R663H CCM treatment (144hrs total, 48hr media exchanges). (F) TGFb 
Elisa results of hiPSC-CFs after 144hr treatment with WT CCM and R663H CCM. Statistic test: one-way ANOVA. (G) 
Representative images of WT hiPSC-CMs fixed and stained for aactinin (GFP), after 144hr treatment with double conditioned 
media WT CCFM and R663H CCFM, TGFb blocking antibody (anti TGFb), and purified human TGFb (5 ng/ml). (H) 
quantification of WT hiPSC-CM spread area after the above  mentioned treatments. Statistic test: Kruskal-Wallis. (I) 
quantification of WT hiPSC-CM spread area after purified human TGFb -1 treatment. Statistical test: Kruskal-Wallis.  P<0.05 is 
designated with (*), P<0.005 is designated with (**).   P<0.0005 or smaller is designated with (***). 
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CM to stressors (i.e. glucose starvation) and the subsequent confounding effects on cell size, and 
(2) the overgrowth of cardiac fibroblasts/myofibroblasts in extended cultures inhibiting 
cardiomyocyte function (illustration of experimental design in Supplement 7)93,94. Since TGFβ1 
has been shown to play a significant role in mediating the hypertrophy of cardiomyocytes, we 
evaluated whether the conditioned medium from CCM-treated hiPSC-CFs (referred to as 
conditioned cardiac fibroblast media (CCFM)) affected hiPSC-CM cell size (Supplement 7). We 
measured the spread area of hiPSC-CMs after 144 hours of CCFM treatment. We observed an 
increase in the spread area of WT hiPSC-CMs when treated with doubly conditioned hiPSC-CM 
WT CCFM media compared to control, with an even greater increase observed when WT hiPSC-
CMs were treated with doubly conditioned hiPSC-CM MYH7-R663H CCFM media (Figure 6G-
H). To further verify if TGFβ1 was directly responsible for the enlargement of hiPSC-CMs, we 
utilized a TGFβ inhibiting antibody (antiTGFβ, blocking TGFβ1, TGFβ2, and TGFβ3) to block 
signaling and purified human TGFβ1 to directly activate signaling. Anti-TGFβ inhibiting 
antibody was supplemented to the doubly conditioned CCFM treatments at the manufacturer's 
recommended dose of 3.75 ng/ml (Figure 6H, Supplement 8C). Interestingly, while blocking 
TGFβ1 did not affect the spread area of WT-CCFM-treated WT hiPSC-CMs, it did significantly 
reduced the spread area change in hiPSC-CMs treated with MYH7-R663H CCFM. Moreover, 
the addition of 5 ng/ml of purified human TGFβ1 to WT hiPSC-CMs expectedly increased the 
spread area (Figure 6H-I). However, the size of purified (glucose-starved) WT and MYH7 
mutant hiPSC-CMs remained unchanged (Supplement 8D). These observations confirm the 
importance of hiPSC-CFs and potentially other cell types in driving the manifestation of disease 
phenotypes. Collectively, these data suggest a paracrine signaling interaction between hiPSC-
CMs and hiPSC-CFs may contribute to the hypertrophic growth and fibrotic signaling observed 
in HCM. 
 
Discussion  
While inherited cardiovascular diseases continue to pose a significant health challenge, our 
understanding of how small genetic alterations can result in larger life threatening complications 
remains incomplete. Several significant limitations have impeded our comprehension of 
cardiovascular diseases like HCM, including: (1) the scarcity of human primary cardiomyocytes, 
(2) the inability to culture human primary cardiomyocytes for prolonged periods, and (3) 
discrepancies between animal and human models, especially in sarcomeric protein isoforms. In 
this study we employ the power of hiPSC-derived cardiomyocytes as a human model to explore 
the role of YAP activation in HCM. While previous groups have described the activation of YAP 
in human HCM tissue or hypertrophic mouse models (TAC), the extent of their investigation on 
YAP’s involvement in the manifestation of HCM remains modest31. 
We confirm elevated YAP activation in hiPSC-CMs and human tissue harboring HCM-
associated MYH7 mutations (Figure 1A-C). This marks the first verification that YAP activation 
in human cardiac tissue is selective to the cardiomyocyte population, a detail missed by previous 
studies due to their chosen methodologies when investigating diseased tissue (Western Blot or 
RNA of bulk tissue samples, Figure 1E)30,31. Additionally, we observe no alterations in YAP 
isoform expression in HCM mutant hiPSC-CMs (Supplement 1A). With the confirmation of 
altered YAP activity in HCM-associated MYH7 mutant hiPSC-CMs and human cardiac tissue, 
we set out to answer our three original questions: 
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How does enhanced contractility alter the transcriptomic behavior of cardiomyocytes? 
 
We suspected that the preliminary phenotype of hypercontractility drives the subsequent 
hypertrophic and fibrotic phenotypes of HCM. We confirm that hypercontractility is 
accompanied by increased YAP activity (nuclear localization) in four MYH7 mutant hiPSC-CMs 
(Figure 2A-C). To test whether hypercontractility alone is sufficient to increase YAP activity, we 
use positive and negative inotropic drugs (levosimendan and verapamil, respectively), and 
increased substrate stiffness (Supplement 2D-G). Our detailed studies focus on the MYH7-
R663H mutant because of the availability of a confirmatory patient sample. The results reveal 
that increasing force generation in WT hiPSC-CMs is accompanied by the nuclear accumulation 
of YAP, and decreasing force generation in MYH7-R663H and WT hiPSC-CMs depletes levels 
of nuclear YAP, suggesting contractility as a mediator of YAP’s nuclear localization (Figure 3A-
B). We characterize the transcriptome of healthy (WT) and diseased (MYH7-R663H) hiPSC-
CMs and demonstrate the upregulation of well-known HCM genes MYH7, NPPA, and NPPB, 
demonstrating the fidelity of our model (Supplement 5A-C). Treatment with inotropic drugs to 
either induce a hypercontractile state of a WT hiPSC-CM (WT + levosimendan) or rescue the 
hypercontractile phenotype of the MYH7-R663H mutant hiPSC-CM (MYH7-R663H + 
verapamil) suggested a host of genes correlate with contractile force (Figure 5B). KEGG 
pathways analyses of WT, WT + levosimendan, MYH7-R663H, and MYH7-R663H + verapamil 
suggested the upregulation of genes closely related to both the Hippo and TGFβ pathways 
(Figure 5C-D). Further exploration revealed that part of the CCN protein family was 
upregulated. The CCN protein family of genes, specifically CCN2, is modulated by YAP28,73 and 
initiates fibrotic signaling during cardiac injury74–77.  
 
How does a cardiomyocyte modulate YAP activity in a mechanically dynamic environment? 
 
Utilizing a uniaxial stretch device we demonstrated the mechanics of contractility to be the 
predominant driver of YAP nuclear localization (Supplement 3A-C). Although the mechanical 
activation of YAP has been well studied, more recent studies suggest YAPs nuclear localization 
is driven by deformations of the nucleus24. Our findings complement and confirm a correlation 
between YAP nuclear localization, hypercontractility and nuclear deformation for all four HCM 
mutant hiPSC-CM lines (Figure 4A-C). By inhibiting the mechanical deformations of the 
nucleus through the inhibition of the LINC complex (DN-KASH), we were able demonstrate the 
dependence of YAP nuclear localization on the deformation of the nucleus (Figure 4C-D). The 
upregulation of nuclear structural proteins suggests a compensation mechanism used by hiPSC-
CMs to compensate for the increase in nuclear deformation driven by increased contractile force 
(Supplement 4C). We hypothesized the hypercontractility phenotype of HCM drives the 
activation of YAP through the physical deformation on the nucleus. 
 
Lastly, To what extent do these alterations contribute to the phenotypic manifestations of 
hypertrophic cardiomyopathy? 
 
After confirming elevated levels of CCN2 RNA and protein, we tested the effects of CCN2 on 
hiPSC-CFs (Figure 6A-B). Subjecting hiPSC-CFs to spent HCM mutant hiPSC-CM media 
induced the activation of cardiac myofibroblast, demonstrated by the enhanced levels and 
incorporation of αSMA into stress fibers (Figure 6D). As a result of myofibroblast activation, 
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further analysis depicted enhanced levels of known secreted hypertrophic signaling molecule 
TGFβ by hiPSC-CFs (Figure 6F).  
Altogether, our results strongly support a model in which paracrine signaling exists between 
hypercontractile cardiomyocytes and cardiac fibroblasts. Specifically, CCN2 mediated 
myofibroblast activation and subsequent increased cardiac fibroblast TGFβ secretion leads to the 
hypertrophic growth and fibrotic remodeling of the heart in HCM.  
 
Study Limitations 
Our study utilizes hiPSC-derived cell types, which are known to be immature and do not fully 
recapitulate all features of human heart tissue in vivo. However they have been shown to be 
suitable to model disease processes especially at the cellular level39–44. The single-cell, reduced-
ordered model described here has provided measurements that otherwise would not be possible. 
Other limitations include, but are not limited to, differences introduced between sexes, multiple 
parental cell lines, or patient tissue with the same mutations. 
 
Summary  
Our research has demonstrated the following: (1) Confirmed that MYH7 mutations D239N, 
H251N, G256E lead to hypercontractility in hiPSC-derived cardiomyocytes (hiPSC-CMs); (2) 
Increase in YAP’s nuclear localization in both hiPSC-CMs and patient tissue with MYH7 HCM 
mutations; (3) A correlation between YAP's nuclear localization and enhanced force generation; 
(4) Nuclear deformation as a mechanism enabling YAP's nuclear entry and activation; (5) 
Transcriptomic changes resulting from positive and negative modifications in force generation; 
and (6) A distinctive paracrine hypertrophic signal reliant on cardiomyocyte-cardiac fibroblast 
crosstalk. Our unique insights to the intricacies of hypertrophic cardiomyopathy phenotypes hold 
the potential to provide mechanistic clarity, informing potential therapeutic strategies.  
 
Methods 
Maintenance of stem cell culture  
The human induced pluripotent stem cell (hiPSC) parental line WTC, was generated by the 
Bruce R. Conklin Laboratory at the Gladstone Institutes and University of California-San 
Francisco (UCSF)95. hiPSC lines MYH7- G256E, MYH7- H251N, and MYH7 isogenic controls 
WTG256E and WTH251N were developed at the Allen Institute and shared with the Beth Pruitt lab at 
the University of California Santa Barbara (UCSB) as part of greater collaboration with the 
University of Washington, Stanford University and UCSB. These lines were created in an 
established αActinin-GFP WTC background. The MYH7- D239N hiPSC line and its isogenic 
control WTD239N were gifted from the Daniel Bernstein lab at Stanford University. The MYH7-
R663H patient derived hiPSC line was obtained from the Stanford Cardiovascular Institute 
(SCVI) Biobank96. To serve as a control for the unique patient-derived cell line (MYH7WT/R663H), 
the parental unedited WTC (GM25256) hiPSC line was used. Cell line details and reference 
names can be found in Table 1.  
hiPSCs were propagated on Matrigel® coated plates (dilution 1:200) using feeder-free culture 
conditions (mTeSR™ and Essential 8) in standard environments consisting of 5% carbon dioxide 
at 37°C. Media was replaced daily and cells were passaged with EDTA when hiPSC cultures 
reached 80% confluence. 
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Parental Cell Line HCM 

Mutation 
Reference Name  

SCVI-113 MYH7WT/D239N D239N 
SCVI-113 MYH7WT/WT WTD239N 

WTC (AICS-75 cl85) MYH7WT/H251N H251N 
WTC (AICS-75 cl85) MYH7WT/WT WTH251N 

WTC (AICS-75 cl85) MYH7WT/G256E G256E 
WTC (AICS-75 cl85) MYH7WT/WT WTG256E 

Patient Line MYH7WT/R663H R663H 
WTC(GM25256) MYH7WT/WT WTR663H 

 
hiPSC-CM and hiPSC-CF differentiation 
Directed cardiac differentiation was achieved using the WNT modulating protocol previously 
described51. Upon D12 of cardiac differentiation, hiPSC-CMs were purified by glucose 
starvation (RPMI(-Glucose) + B27 supplement) as previously described97. hiPSC-CMs were 
further maintained in RPMI + B27 supplement with media changes every 48hrs. 
Directed cardiac fibroblast differentiation was achieved using the previously described 
protocol98. Upon D32 of cardiac fibroblast differentiation, hiPSC-CFs were passaged and 
maintained in Promocell Fibroblast Growth Medium 3 with media changes every 48 hrs. hiPSC-
CFs were passaged with Accutase® when cultures reached 80% confluence. 
 
Traction Force Microscopy 
Traction Force Microscopy was conducted following established procedures99. Single 
micropatterned hiPSC-CMs were imaged using a Zeiss Axio Observer 7 inverted microscope 
equipped with a high speed/resolution camera (Photometrics Prime 95b). Micropatterns of 
1500µm2 area with a 7:1 aspect ratio were created using microcontact printing. Patterned hiPSC-
CMs were cultured on polyacrylamide hydrogels with of different stiffness (10kPa, 35kPa or 
100kPa) with embedded fluorescent beads (FluoSphere™ Carboxylate-Modified Microspheres, 
0.5µm, red fluorescent 580/605) for 48hrs. Displacements of the imaged fluorescent beads over 
time (i.e. velocity) were quantified using custom Matlab code. Contractile force dipoles were 
integrated from traction stresses as previously described99. 
 
hiPSC-CM/hiPSC-CFs immunocytochemistry and Human Tissue immunohistochemistry  
hiPSC-CMs and hiPSC-CFs were fixed with 4% paraformaldehyde (PFA). Primary antibodies 
(1:200) and secondary antibodies (1:500) were diluted in PBS supplemented with 0.1% Tween20 
(PBST) and 1% BSA. Primary antibodies directed against aActinin (Sigma-Aldrich A7811), 
YAP (Abcam-52771), and a-SMA(Abcam-124964) were incubated overnight at 4°C. Secondary 
Alexa 488 or 564 conjugated antibodies were incubated for 30mins and counterstained with 
Hoechst and CellMask™ (Invitrogen, deep red) prior to imaging. 
WT and MYH7-R663H human cardiac tissue was gifted by the Daniel Bernstein lab. Flash 
frozen human tissue samples were immediately immersed in OCT freezing compound (Fisher), 
frozen and sectioned using a microtome. Tissue sections were placed on glass microscope slides 
and stored in the -80°C. Prior to immunohistochemistry, sections were removed from the -80°C 
and immediately fixed with 4% paraformaldehyde (PFA). The fixed tissue sections were 
permeabilized and blocked for 1hr in PBS supplemented with 0.3% Tween20 and 2% BSA prior 
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to overnight primary antibody incubation. Tissue sections were then washed and incubated with 
0.1% (diluted in ETOH) Sudan Black for 10mins (to mitigate autofluorescence), washed and 
incubated with secondary antibody for 30mins. Finally, fixed and stained tissue sections were 
mounted using ProLong™ Gold Antifade with DAPI (Thermofisher) prior to imaging. Negative 
controls for immunohistochemistry included the use of primary and secondary antibodies alone.  
 
Imaging experiments  
All fixed cell imaging experiments were carried out on a Nikon W2 SoRa spinning disk confocal 
microscope. Glass-bottom or Polymer-like glass bottom dishes were pretreated with Matrigel 
(1:200 dilution) and D55 hiPSC-CMs were allowed to settle at least 5 days prior to fixation and 
staining (D60).  
 
RNA extraction and quantitative RT-PCR (qPCR) 
RNA extraction and purification was performed using the RNeasy mini kit (Qiagen) according to 
manufacturer’s instructions. Reverse transcription was performed with a total of 300ng of RNA 
using High Capacity RNA-to-cDNA kit (Invitrogen) according to manufacturer’s instructions. 
Quantitative RT-PCR (qPCR) was performed using PowerUp™ SYBR™ Green Master Mix 
(Applied biosystems). Three biological replicates and two technical replicates per sample per 
gene were performed. Technical replicate cycle threshold (Ct) values were averaged (Average 
Ct) then normalized to glycerol phosphate dehydrogenase (GAPDH) (ΔCt). ΔCt values were 
further normalized to the control (WT) (ΔΔCt). Final values are displayed as fold changes (2(-

ΔΔCt)). 
 
Westerns and ELISA 
hiPSC-CMs were first lysed in RIPA lysis buffer (ThermoFisher) supplemented with Halt™ 
Phosphatase (78420) and Protease (87786) inhibitor cocktails. Lysates were spun down at 10,000 
RPM and supernatant collected for protein quantification using a Pierce™ BCA Protein Assay 
Kit (ThermoFisher-23225). NuPAGE™ 4% to 12%, Bis-Tris mini protein gels (NP0321) were 
loaded with 15µg of protein for each sample and run in NuPAGE™ MOPS SDS running buffer 
(ThermoFisher). Gels were then transferred to a PVDF membrane using Pierce™ 1-step transfer 
buffer (84731). Primary antibodies (1:1000) directed against YAP (Cell Signaling-4912), pYAP 
S127 (Cell Signaling-4911), LATS1/2 (Bioss-BS-4081R), pLATS1 T1079+ pLATS2 T1041 
(Abcam-111344), MST1 (Cell Signaling-3682), pMST1/2 (Cell Signaling 49332) and GAPDH 
(Proteintech-60004-1) were incubated overnight at 4°C. Secondary LI-COR 680 or 800 
conjugated antibodies were incubated for 1hr and imaged on a LI-COR 9120 Odyssey Infrared 
imaging system. Human CCN2 (Abcam-261851) and TGFb1 (Abcam-100647) ELISAs were run 
according to manufacturer’s instructions. ELISA plate preparations were then read on a Synergy 
H1 microplate reader (BioTek).   
 
Study cohort and myocardial sample collection HCM patients 
The HCM patient underwent septal myectomy for clinical indications at Stanford Medical 
Center. Inclusion criteria: normal or hyperdynamic LV function (left ventricular ejection fraction 
(LVEF) > 55%) with either eccentric or concentric LV hypertrophy on echo and a gradient 
across the left ventricular outflow tract (LVOT). The patient did not have prior evidence of 
myocardial infarction, primary valvular disease or had progressed to LV dysfunction. A family 
history of cardiac related disease was obtained and defined as the presence of one or more 
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affected family members with either HCM, arrhythmia, sudden cardiac death, or heart failure. 
The Stanford Institutional Review Board approved the study.  
Controls: Myocardial tissue from both interventricular septum and left ventricular apex were 
obtained from a donor heart with no major cardiac history, maximum travel distance to Stanford 
<60 miles, donor ischemic time <6 hours and no history of blunt chest trauma. Cardiac tissue 
was excised, and a mid-myocardial portion was used immediately for studies of mitochondrial 
respiration or fixed in 4% paraformaldehyde (PFA) for paraffin embedding or in 4% PFA and 
2% glutaraldehyde for TEM analysis. The remaining tissue was flash frozen in liquid nitrogen 
for all other assays.   
 
Histological assessments  
Fresh myocardial tissue samples (HCM; control) were washed with normal saline solution 
followed by fixation in 4% paraformaldehyde (PFA) for 24h. The tissue was then embedded in 
paraffin and sectioned to 7um thickness. After deparaffinization, adjacent sections were stained 
with hematoxylin and eosin (H&E) to assess tissue morphology and Masson trichrome for 
collagen deposition associated with fibrosis. This histology was performed by Histotec. All 
images were taken with a Keyence microscope (BZ-9000, Keyence, Osaka, Japan). 
 
Small Molecules and inhibiting antibody  
Small Molecules: verapamil (Tocris-0654), levosimendan (Sigma-Aldrich-L5545), blebbistatin 
(Sigma-Aldrich-B0560) and inhibiting antibody: TGFb-1,2,3 (R&Dsystems- MAB1835) were 
resuspended according to manufactures protocol. Appropriate dilutions were made fresh in 
RPMI supplemented with B27. Control comparison groups were treated with either matching 
volumes of DMSO or water when appropriate. 
 
Nuclear Deformation 
hiPSC-CMs were treated with Hoechst for 1hr, paced at 1hz, and imaged on a Zeiss Axio 
Observer 7 inverted microscope with a high speed/resolution camera (Photometrics Prime 95b). 
The captured videos were processed with an custom ImageJ macro script where Hoechst positive 
nuclei were selected for aspect ratio measurement over time (20s). The aspect ratio traces were 
averaged and analyzed with a Matlab script to determine their amplitude, rise time, decay time 
and TD75. 
 
RNA sequencing  
Samples designated for transcriptome analysis were harvested from D60 hiPSC-CMs. hiPSC-
CM RNA was harvested and total RNA was purified as described above. Total RNA was sent to 
Novogene (Beijing, China) for library construction and 150 base pair pair-end sequencing. The 
resulting raw FASTQ files were trimmed using the default settings of TrimGalore in paired end 
mode. Afterwards, STAR (STAR aligner version 2.7.8a) was used to map and quantify gene 
expression levels using the human genome assembly GRCh37 (hg19). DESeq2 with adaptive 
shrinkage was used for normalization and differential gene expression calling100,101. A shrunken 
absolute log fold change cutoff of 1 and adjusted p-value cutoff of 0.05 was used for differential 
gene expression calling. For visualization and clustering, variance stabilizing transformation was 
performed. The removeBatchEffect function in the LIMMA package was used to remove batch 
effects observed between two successive rounds of sequencing102. David Bioinformatics 
Resources was used for gene ontology analysis103.  
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Statistics  
Data are presented as mean ± standard deviation (SD). Normality was determined by the 
Anderson-Darling test or Shapiro-Wilk test and the appropriate parametric or non-parametric 
statistical tests were performed (listed in figure caption). P<0.05 is designated with (*), P<0.005 
is designated with (**).   P<0.0005 or smaller is designated with (***). 
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Supplement 1 Similar YAP isoform expression in isogenic WT hiPSC-CM and HCM associated MYH7 mutant hiPSC-CMs.(A) 
PCR amplification of cDNA from each MYH7 mutant hiPSC-CMs and its paired isogenic control. Primer pairs that recognizes 
conserved portions of the n-and c terminus were used to YAP specific isoforms. (B) Representative image of fixed and sectioned 
WT and mutant MYH7-R663H human heart tissue labeled for YAP (red), alpha actinin (green) and nuclei (blue) evaluated by 
Immunohistochemistry. Representative image of fixed and sectioned mutant MYH7-R663H human heart tissue treated with 
secondary antibody Alexa Fluor 546 (YAP) and Alexa Fluor 488 (a Actinin) only (secondary control), evaluated by 
Immunohistochemistry. 
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Supplement 2 MYH7 mutant hiPSC-CMs develop hypercontractile features. (A) Illustration of the TFM Platform used to assess 
single patterned hiPSC-CM contractility. (B) Quantification of contraction velocity for each MYH7 mutation and its paired 
isogenic control. Statistical test: Kruskal-Wallis. (C) Quantification of relaxation velocity for each MYH7 mutation and its paired 
isogenic control. Statistical test: Kruskal-Wallis. (D) TFM results for WT hiPSC-CMs cultured for 48hrs on 10kPa, 35kPa, and 
100kPa polyacrylamide gels. Statistical test: Kruskal-Wallis. (E) Representative images of fixed and stained single patterned 
hiPSC-CMs cultured for 48hrs on 10kPa and 100kPa polyacrylamide gels. (F) TFM results for WT hiPSC-CMs treated for 24hrs 
with different levosimendan doses. Statistical test: Kruskal-Wallis. (G) TFM results for WT hiPSC-CMs treated for 24hrs with 
different verapamil doses. Statistical test: Kruskal-Wallis. 
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Supplement 3 Mechanical deformation in response to uniaxial stretch drives nuclear localization of YAP (A) Illustration of the 
Uniaxial Stretch Platform. (B) Representative image of fixed and labeled patterned WT hiPSC-CMs with and without 
longitudinal stretch (1hz, static and cyclic) and blebbistatin treatment. (C) Quantification of YAP activity from longitudinal 
stretch experiments inferred by Nuclear to Cytoplasmic (N/C ) intensity Ratio. Statistical test: Kruskal- Wallis. (D) 
Representative image of fixed and labeled patterned WT hiPSC-CMs with and without transverse stretch (1hz, static and cyclic) 
for 10 mins in the transverse direction. (E) Quantification of YAP activity from transverse stretch experiments inferred by 
Nuclear to Cytoplasmic (N/C) intensity Ratio. Statistical test: One-way ANOVA. 
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Supplement 4 YAP activation in MYH7 mutants requires nuclear mechanical coupling. (A-B) Quantification of nuclear 
deformation rise time (aspect ratio rise time) and decay time (aspect ratio decay time). Statistical test: Kruskal-Wallis. (C) qPCR 
results for genes: EMD, PLEC, and LMNA for all four MYH7 mutants (D239N, H251N,G256E and R663H). Statistical test: 
Kruskal-Wallis. (D) Representative image of WT and MYH7-R663H hiPSC-CM nuclei deforming after DN-KASH treatment 
(relaxed state (solid,) contracted state (dash)). (E) Quantification of nuclear deformation (aspect ratio amplitude) after DN-
KASH and drug treatments for D(60) WT hiPSC-CMs. Statistical test: Kruskal-Wallis. (F) Quantification of nuclear deformation 
(aspect ratio amplitude) after DN-KASH and drug treatments for MYH7-R663H (right) hiPSC-CMs. 
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Supplement 5 Force modulation alters the transcriptome in WT and MYH7-R663H mutant hiPSC-CMs.  (A) RNA-seq results 
depicting relative detection of known cardiac markers ACTN2, MYH6, and MYH7 for WT and MYH7-R663H hiPSC-CMs. (B) 
RNA-seq results depicting relative detection of known HCM markers NPPA and NPPB for WT and MYH7-R663H hiPSC-CMs. 
(C) Volcano plot displaying the top differentially expressed genes (DEGs) for WT and MYH7-R663H hiPSC-CMs. (D) 
hierarchical clustering heatmap based on Euclidean distance of gene expression from all genes and (E) corresponding PCA plot 
of WT, WT+levosimendan (300 nM), R663H, and R663H+verapamil (100 nM).  
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Supplement 6 YAP Modulation by Small Molecule. (A) Representative image of fixed and labeled hiPSC-CMs for YAP (red), Alpha 
Actinin (green) and nuclei (blue) after 24 hr treatment with Hippo Pathway inhibitor TRULI (2 μM, causing the nuclear entry and 
activation of YAP) examined by immunocytochemistry. (B) (left) Quantification of nuclear to cytoplasmic YAP expression (n= 100 
cells for each condition). Statistical test: Mann-Whitney, (middle) qPCR results for CCN2 with and without TRULI treatment (24 
hr). Statistical test: Mann-Whitney, (right) Bar plot illustrating CCN2 Elisa results for WT hiPSC-CMs with and without TRULI 
Treatment (24 hr). Statistical test: unpaired t-test. Data are presented as mean ± STDEV.  (C-F) unsuccessful YAP inactivation 
with small molecules verteporfin, TAT_PDHPS1, (R)-PFI-2, and TM2 . Verteporfin was toxic to hiPSC-CMs even at a low dose 
(10nM). Verteporfin Elisa maybe confounded by cell death. (left) qPCR results for CCN2 with and without drug treatment (24 hr). 
Statistical test: Mann-Whitney, (right) Bar plot illustrating CCN2 Elisa results for WT hiPSC-CMs with and without drug treatment 
(24 hr). Statistical test: unpaired t-test. Data are presented as mean ± STDEV.   
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Supplement 7 Conditioned Media Experimental Design. (A) Illustration of a reduced order conditioned media experiment to 
assess the paracrine signaling effects of CCN2 and TGFb1 on hiPSC-CM size.  
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Supplement 8 Conditioned media treatment transitions cardiac fibroblasts to myofibroblasts. (A) Representative images of 
hiPSC-CFs fixed and stained for aSMA, after conditioned media treatment (CCM) or 1 ng/ml CCN2 treatment (144hrs total, 
48hr media exchanges). Arrows indicate the incorporation of aSMA into stress fibers, a characteristic of myofibroblast. (B) 
Representative image of hiPSC-CFs fixed and stained for aSMA, after 3 ng/ml TGFb1 treatment (144hrs total, 48hr media 
exchanges). (C) TGFb1 Elisa results demonstrating appropriate blocking of TGFb1 with the addition of anti TGFb1. Statistical 
test: one-way ANOVA. (D) Quantification of spread area of purified (glucose starved) hiPSC-CM cultures for all four mutations 
(D239N, H251N, G256E, and R663H) compared to WT. 
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