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Substrate mechanics unveil early structural
and functional pathology in iPSC micro-tissue
models of hypertrophic cardiomyopathy

Jingxuan Guo,1 Huanzhu Jiang,2 David Schuftan,2 Jonathan D. Moreno,4 Ghiska Ramahdita,1,3 Lavanya Aryan,2

Druv Bhagavan,2 Jonathan Silva,2 and Nathaniel Huebsch2,3,5,6,*
SUMMARY

Hypertension is a major cause of morbidity and mortality in patients with hypertrophic cardiomyopathy
(HCM), suggesting a potential role for mechanics in HCM pathogenesis. Here, we developed an in vitro
physiological model to investigate howmechanics acts together with HCM-linked myosin binding protein
C (MYBPC3) mutations to trigger disease. Micro-heart muscles (mHM) were engineered from induced
pluripotent stem cell (iPSC)-derived cardiomyocytes bearing MYBPC3+/� mutations and challenged to
contract against substrates of different elasticity. mHMs that worked against substrates with stiffness
at or exceeding the stiffness of healthy adult heart muscle exhibited several hallmarks of HCM, including
cellular hypertrophy, impaired contractile energetics, and maladaptive calcium handling. Remarkably, we
discovered changes in troponin C and T localization in MYBPC3+/� mHM that were entirely absent in 2D
culture. Pharmacologic studies suggested that excessive Ca2+ intake throughmembrane-embedded chan-
nels underlie the observed electrophysiological abnormalities. These results illustrate the power of phys-
iologically relevant engineered tissue models to study inherited disease with iPSC technology.

INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiomyopathy and the leading cause of sudden cardiac death in the

young.1 HCM is known to have incomplete penetrance: for example, HCM patients from the same family, and even twins, harboring identical

sarcomere genomic variants can develop vastly different clinical phenotypes.2,3 Thus, non-genetic, environmental factors such as hyperten-

sion and associated myocardial stiffening may play a synergistic role in developing an overt HCM phenotype.4–6 Hypertension causes

increased afterload on the heart, and this increased mechanical loading induces cardiac hypertrophy.7 How HCM genetics and mechanical

stress on the heart might synergize to unmask a pathologic phenotype of HCM remains unknown.8 Advances in tissue engineering and stem

cell biology have improved structural and functional maturity of induced pluripotent stem cell (iPSC)-derived cardiomyocytes, making these

cells valuable tools for studying inherited heart disease.9–12 However, unlikemousemodels where transverse aortic constriction has been used

to study pressure overload effects on disease pathophysiology,6 there have been few in vitro engineered heart tissue-based studies that

investigate how HCM mutations alter cardiomyocyte hypertrophic remodeling in response to mechanical loading.4,5

HCM is linked to geneticmutations of protein components of the contractile sarcomere apparatus of cardiomyocytes. Mutations inmyosin

binding protein C (MYBPC3) predominate, and the vast majority of HCM-linked MYBPC3 genomic variants are loss-of-function muta-

tions.13–16 Hallmarks of the HCM phenotype include myocyte hypertrophy, structural disarray, and the propensity for malignant cardiac

arrhythmia. Current medical managements include beta-blockers, calcium channel blockers, and the novel myosin inhibitor, mavacamten.8

Interestingly, valsartan, an afterload reducing agent, has been found to inhibit the progression of theHCMphenotype, but only when the drug

is given before the HCM phenotype fully manifests in animal models, suggesting that environmental factors like afterload may play a critical

role in disease manifestation.17,18 Nevertheless, the precise molecular mechanisms through which these drugs can reduce and potentially

prevent hypertrophic remodeling and/or abnormal calcium handling is not clear.19,20

Clinical and animal studies of HCM suggest that cellular and sarcomeric disarray within cardiomyocytes may be directly related to the

sarcomere mutation, with fibrosis and electrophysiological abnormalities being secondary.21,22 In iPSC models, sarcomere disarray was
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Figure 1. Schematic of mechanical overload enhanced system

(A) Human iPSC differentiation using Wnt signaling pathway, and cardiomyocytes were metabolically purified using lactate. High density of cardiomyocytes

mixture was filled into ‘‘dog bone’’ shaped stencil mold to form micro-heart muscle arrays (mHM).

(B) Tissue within ‘‘dog bone’’ shaped mold was formed on PDMS substrates with desired mechanical stiffness mimicking different cardiac resistance during

contraction.

(C) iPSC-mHM action potential, calcium and traction forces were measured through fluorescence high speed imaging. Scale bars: 500 mm.
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reported with MYH7 mutations. However, no clear sarcomere disarray was seen in MYBPC3�/� cardiomyocytes.5,15,23–25 In addition to struc-

tural disorganization of the sarcomere, altered Ca2+ intake and increased Ca2+ sensitivity is often described in HCM.26–29 For example, anal-

ysis of cardiomyocytes from HCM patients’ surgical biopsies has shown reduced expression of sarcoplasmic reticulum Ca2+ ATPase (SERCA)

and inefficient contractile energetics.30 Studies using iPSC models have identified abnormalities in the Ca2+ transient with contractile defi-

cits.5,28 However, iPSC models also identified sarcomere mutation induced contractile dysfunction, which were independent of Ca2+

signaling.15,23,24 Thus, it remains unclear whether Ca2+ dysfunction in the setting of HCM is triggered by environmental factors.

Here, we investigated how substrate mechanics to contractility, together with a physiologically relevant 3D culture environment, impact

early development of HCM phenotypes in MYBPC3+/� and isogenic control iPSC-derived micro-heart muscle arrays (mHM). We hypothe-

sized that increased passive stiffness to contractility would mimic the effects of hypertension induced afterload to trigger early pathogen-

esis of HCM. To provide this substrate mechanics, we formed mHM on poly(dimethyl siloxane) (PDMS) substrates with elasticity (tensile

young’s moduli) ranging from 0.4 kPa to 114 kPa to mimic myocardial stiffnesses ranging from the embryonic developmental stage up

to a fibrotic adult heart muscle (Figure 1).21,31,32 Within mHMs, MYBPC3+/� cardiomyocytes exhibited cellular hypertrophy, along with

changes in sarcomere morphology, contractility, and calcium handling, all of which were absent in 2D monolayers. The changes were exac-

erbated by increasing the stiffness of the substrate that mHMs contracted against. Pharmacologic studies pointed toward excessive calcium

intake through L-type channels, rather than SERCA dysfunction or calcium buffering at the myofilaments, as the most likely explanation for

aberrant Ca2+ transients and contractility. Notably, we also identified micro-scale deficits in troponin complex in MYBPC3+/� tissues. These

studies suggest that early initiation of the HCM phenotype may involve micro-scale sarcomere reorganization, which depends on mechan-

ical afterload sensitivity, emphasizing the value of engineered tissue models in uncovering pathogenic mechanisms in the early stages

of HCM.

RESULTS

Mechanics enhanced substrates unveil HCM genotype-dependent cellular hypertrophy in mHM

As HCM does not manifest in utero, our expectation was that culture environments that do not induce structural and physiologic maturation

would not lead to appreciable differences betweenMYBPC3+/� and isogenic control iPSC-cardiomyocytes. Conversely, disease phenotypes

would develop in physiologically relevant, aligned 3D tissues working against substrates with postnatal levels of stiffness. Consistent with this

expectation and prior studies,4,33 there was no evidence for hypertrophy in MYBPC3+/� iPSC-cardiomyocytes in 2D culture in standard tissue

culture polystyrene plates (Figure S2).Within mHM, increasing substrate stiffness triggered cellular hypertrophy in both genotypes. For control
2 iScience 27, 109954, June 21, 2024



ll
OPEN ACCESS

iScience
Article
tissues, cardiomyocytes within mHM formed on 114 kPa substrates had the largest mean projected cellular area (77 G 24 mm2), which was

significantly higher than the projected area of cardiomyocytes in other conditions. Interestingly, MYBPC3+/� cardiomyocytes reached

peak cell size when cultured in mHMworking against 15 kPa substrates (mean cellular area of 86G 26 mm2) and did not exhibit further hyper-

trophy when substrate stiffness increased beyond 15 kPa. Compared to isogenic controls, MYBPC3+/� tissues revealed a significant increase

in cellular cross-sectional area (Figures 2A, 2B, and S4). This difference was exacerbated on substrates mimicking the stiffness of healthy heart

muscle (15 kPa) or hearts at intermediate stages of fibrosis (65 kPa),32,34 with MYBPC3+/� cardiomyocytes exhibiting over a 30% increase in

projected cell area. In contrast, on very stiff (114 kPa) substrates, cardiomyocytes within control mHMexhibited substantial hypertrophy, blunt-

ing genotype-linked differences (Figure 2B). This result mimics prior observations from clinical and mouse studies.25,35 Specifically, MYBPC3

deficientmice had similar heartmass compared towild-type controls at baseline (nomechanical stress) but exhibited overly exuberant cardiac

hypertrophy in response to hypertension triggered by transaortic constriction surgery.6

Despite the profound cellular hypertrophy in MYBPC3+/� tissues, overall Z-disk organization, as depicted by staining for sarcomeric a-ac-

tinin (ACTN2) was similar between MYBPC3+/� and control iPSC-cardiomyocytes cultured in 2D on tissue culture plastic and in 3D mHM

(Figures 2C–2E, 4B, and 4C). In both MYBPC3+/� and isogenic control mHM, increasing substrate stiffness from 0.4 kPa to 15 kPa markedly

enhanced cellular alignment, quantified by measuring sarcomere orientation relative to tissue orientation (tissue shaft direction, Figure S5),

illustrating mechano-induced structural maturation.36 Notably, mHM formed on stiff 114 kPa substrates showed poor sarcomere organization

as indicated by a high divergence in sarcomere alignment to the tissue shaft (Figures 2C and 2D). Sarcomere disarray is strongly related to

myocardial disarray (e.g., spatial disorganization of cardiomyocytes), which is one of the first pathological description of HCM in patients and

is also a risk factor for sudden death.37,38 Our result concurs with clinical observations about load induced sarcomere disarray.21,25,37

To study whether the structural abnormalities were linked to differential adrenergic tone of MYBPC3+/� mHM, as suggested by previous

studies of HCM and other cardiomyopathies,39,40 we stressed the mHMs with isoproterenol to determine their capacity for beta-adrenergic

stimulation. Acute isoproterenol treatment revealed a significant increase in spontaneous beat rate and calcium intake for both genotypes on

0.4 and 15 kPa conditions (Figures 2F, 2G, and S6). Notably, during spontaneous beating, MYBPC3+/� tissues exhibited a similar, inotropic

response to high dose isoproterenol (1 mM) as the isogenic control, suggesting preserved adrenergic reserve in the MYBPC3+/� tissues

(Figures 2G and S6). However, MYBPC3+/� tissues exhibited a significantly lower spontaneous beat rate compared to the isogenic control

at higher doses (Figures 2F and S6). In addition, when challengedwith 1.5 Hz field pacing, theMYBPC3+/� tissues formedon 15 kPa conditions

failed tomaintain the adrenergic tone at high (1 mM) isoproterenol doses, potentially because of the slower contraction kinetics ofMYBPC3+/�

tissues (Figure 2H), yet this phenotype was absent at ultrasoft 0.4 kPa conditions (Figure S6). Despite this small change in isoproterenol

response at higher dose, the overall adrenergic responsiveness was grossly preserved in MYBPC3+/� mHM, in contrast to the lack of adren-

ergic response in some iPSC-based models of dilated cardiomyopathy.41 Together with the evidence for cellular hypertrophy in the absence

of gross sarcomere disarray, these results suggest that our model reflects an early stage HCM phenotype.39,40

Aberrant contractile kinetics and energetics in MYBPC3+/� mHM

Clinical observations and mouse models of MYBPC3-linked HCM have suggested impairment of both diastolic relaxation and systolic

contraction.42–45 Here, we observed that mHM with MYBPC3+/� deficiency exhibited much slower contraction kinetics compared to isogenic

controls (Figures 3A and 3C). During spontaneous contraction, a hypercontractility phenotype was observed in MYBPC3+/� mHM when sub-

strate stiffness approached fibrotic levels (65 and 114 kPa, Figure 3B), consistent with the clinical phenotype of HCM, our own prior studies on

mHM, and work by others onMYBPC3mutant engineered heart muscle beating at low frequencies (%1 Hz).4,23 However, at 15 kPa, where the

spontaneous contractility is similar between the genotypes, analysis of the contractile power curves revealed that the slower contraction ki-

netics of MYBPC3+/�was associated with significantly higher energy consumption (Figures 3E and 3F). Moreover, MYBPC3+/� mHMexhibited

asymmetric power generation due to the slower rising phase of the contraction (Figure 3E). Likely because of their slower contraction kinetics,

MYBPC3+/� mHM exhibited significantly reduced contractility when field paced at a moderately high beat rate (1.5 Hz) and were hypocon-

tractile on 15 kPa conditions (Figure 3D). Interestingly, at higher stiffnesses, the energy consumption during spontaneous contraction was

diminished (via a marked reduction in contraction velocity) and was not different between genotypes (Figure 3F). These observations are

consistent overall with prior animal and human iPSC-cardiomyocyte studies, where slower contraction kinetics in HCM cardiomyocytes,

thought to be due to sarcomere abnormalities and disrupted super relaxed state, have been described.24,27,46

Differential troponin localization associated with MYBPC3+/� mHM

Despite few differences observed in cardiomyocyte a-actinin organization (Figure 2) or changes in transcription of ACTN2 (Figure S7), we

discovered that, along with the expected genetically encoded reduction in transcription of MYBPC3, transcript levels for troponin C

(TNNC1), and cardiac troponin T (TNNT2) were also reduced substantially in MYBPC3+/� tissues (Figure 4A). To determine whether these

RNA changes might be correlated to sarcomeric organization, we examined protein structure by immunostaining iPSC-cardiomyocytes in

monoculture along with longitudinal cryosections of mHM. For purified iPSC-cardiomyocytes (differentiation day 30) cultured in 2D on tissue

culture polystyrene substrates, we observed a clear striated structure of ACTN2, TNNT2, andMYBPC3. In contrast, TNNC1 exhibited filamen-

tous and nucleus localization in 2D iPSC-cardiomyocytes of both genotypes. This was reflected strongly in representative line traces of the

sarcomere proteins, indicating significantly less periodicity of TNNC1 compared to other sarcomere proteins (Figures 4B and 4C).

In contrast to 2D cardiomyocyte cultures, cardiomyocytes within cryosections of control 3D mHM formedonphysiological 15 kPa substrates

showed more organized TNNC1 structure, with appropriate sarcomeric localization (Figures 4D and 4E). Moreover, within mHM of both
iScience 27, 109954, June 21, 2024 3



Figure 2. Substrate stiffness trigger iPSC-mHM morphological adaptation and hypertrophy

(A) Representative WGA staining for control and MYBPC3+/� iPSC-mHM at 15 kPa, larger cellular cross-sectional area was seen for MYBPC3+/� tissues.

(B) Mechanical stiffnesses trigger cellular hypertrophy. MYBPC3+/� has larger cell area compared to control tissue, especially at 15 and 65 kPa conditions,

however, less genotype related hypertrophy was seen at 114 kPa (n = 75–140 per group).

(C) Representative sarcomere a-actinin and DAPI co-stain indicates both control (top) and MYBPC3+/� (bottom) iPSC-mHM has better sarcomere alignment at

15 kPa condition. Less organized sarcomere was observed at ultrasoft 0.4 kPa and stiff 114 kPa conditions.

(D) Average angle between individual sarcomere to tissue shaft. 15 kPa condition has the most organized sarcomere, both genotypes adapt to environmental

stiffness similarly (n = 12–25 per group).

(E) Average sarcomere lengths were similar between genotypes, 15 kPa condition has slightly longer sarcomere compared to other conditions (n = 17–30 per

group).

(F) Spontaneous beat rate changes for control and MYBPC3+/� 15 kPa tissues in response for isoproterenol.

(G and H) Spontaneous (G) and 1.5 Hz (H) pacing Ca2+ intake for control and MYBPC3+/� 15 kPa tissues in response for isoproterenol (n = 5–12 per group). *, ***,

**** indicate p value less than 0.05, 0.001 and 0.0001, respectively. Error bar: SD. Scale bars: 50 mm, insets: 25 mm.
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Figure 3. MYBPC3+/� iPSC-mHM is associated with slower contraction kinetics together with impaired energy consumption

(A) Representative spontaneous force curves for both control and MYBPC3+/� iPSC-mHM at 15 kPa, slower force rising phase was seen in MYBPC3+/� iPSC-mHM.

(B) During spontaneous contraction, a hypercontractility phenotype was seen in MYBPC3 tissues, especially at stiffer conditions (n = 5–37 per group).

(C) Representative pacing force curves for both control and MYBPC3+/� iPSC-mHM at 15 kPa, slower force kinetics with minimal resting phase was seen in

MYBPC3+/� iPSC-mHM.

(D) At 1.5 Hz pacing, MYBPC3+/� iPSC-mHM is hypocontractile at 15 kPa (n = 6–25 per group).

(E) Representative power curve for control and MYBPC3+/� iPSC-mHM at 15 kPa, a phenotype of non-uniform power distribution was seen in MYBPC3+/� iPSC-

mHM.

(F) Integrated energy consumption indicatedMYBPC3+/� iPSC-mHM consumemore power compared with control at 15 kPa (n = 5–6 per group). * and ** indicate

p value less than 0.05 and 0.01. Error bars: SD.
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genotypes, individual sarcomeres appeared to be wider than sarcomeres from 2D iPSC-cardiomyocytes (Figures 4B–4E). Interestingly, in

MYPBC3+/� mHM, while MYBPC3 itself appeared to have appropriate localization, both TNNC1 and TNNT2 appear to be mis-localized. In

isogenic control tissues, we observed physiological alternating localization of troponins with sarcomeric a-actinin containing Z-disks, exem-

plified most readily in line-scans of the fluorescence micrographs. In contrast, within MYBPC3+/� mHM, both troponin proteins exhibited

potentially pathologic overlap with the Z-disk (Figures 4D and 4E).

Mechanics exacerbates calcium handling dysfunction in MYBPC3+/� mHM

Calcium plays a critical role in cardiac contraction and relaxation; dysregulation in calcium can lead to abnormal contraction, arrhythmias, and

structural changes in HCM.28,47 Thus, we assessed both action potential waveforms and calcium handling of the mHM (Figures 5A and 5B). In

2D iPSC-cardiomyocytes (differentiation day 30), we observed similar Ca2+ transients and action potential kinetics in cells of both genotypes,

althoughMYBPC3+/� iPSC-cardiomyocytes exhibited higher cytosolic calcium amplitude (Figures 5C and 5D). However, culturing cardiomyo-

cytes in mHM unveiled marked Ca2+ handling abnormalities in MYBPC3+/� cells (Figures 5B–5F). Most striking was a prolonged systolic Ca2+

plateau phase (Figures 5B and 5D) that was comparable to clinical observations of impaired myocardial relaxation, especially under chronic

pressure overload conditions.26,48 Abnormalities of Ca2+ dynamics in MYBPC3+/� mHM, especially the prolonged systolic plateau, were exac-

erbated when mHM substrate stiffness exceeded 0.4 kPa (Figure 5D). Nevertheless, despite significant prolongation in Ca2+ transient, differ-

ences in action potential waveform morphology were relatively subtle (Figures 5A–5F). These findings suggest that the primary electrophys-

iological difference between the HCM-prone MYBPC3+/� tissues and isogenic controls is in Ca2+ handling, as opposed to a global
iScience 27, 109954, June 21, 2024 5



Figure 4. Mechanical stiffness triggers structural maturation of troponin C

(A) MYBPC3+/� genotype has significantly less MYBPC3, troponin T and C expression compared to control (n = 4–10 per 4A group).

(B and C) Similar MYBPC3, TNNC1, and TNNT2 structural were seen between control and MYBPC3+/� purified cardiomyocytes. Both MYBPC3 and TNNT2 have

striated structure, however, troponin C is filamentous with localization at cellular nuclei (middle column). Targeted protein was merged with ACTN2,

representative sarcomere traces were shown below each merged image, red indicates ACTN intensity, blue, green, cyan indicate MYBPC3, TNNC1, and

TNNT2 respectively.

(D and E) Representative immunostaining for mHM formed on 15 kPa substrates. Compared to 2D sarcomere are widened in 3D, similar MYBPC3 localization was

seen between the genotypes. Strikingly, we observed striated TNNC1 protein, yet both TNNC1 and TNNT2 protein have different localization in reference to

ACTN2 compared to control tissues. * and ** indicate p values less than 0.05 and 0.01. Error bars: SD. Scale bars: 10 mm.
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Figure 5. Mechanical stiffness trigger Ca2+ mishandling in MYBPC3+/� iPSC-mHM

(A and B) Representative action potential and calcium traces for both control andMYBPC3+/� iPSC-mHM at 15 kPa condition. Significantly prolonged Ca2+ during

the peak was observed for MYBPC3+/� iPSC-mHM.

(C) Compared to 2Dmonolayer (n = 17–18 for monolayer group), iPSC-mHM has more Ca2+ intake, further, MYBPC3+/� tissue has significantly higher Ca2+ intake

compared to control (n = 24–37 per tissue group).

(D) 2D monolayer has similar Ca2+ kinetics compared to control (n = 17–18 per monolayer group). However, when cells formed in 3D tissue, a significantly longer

Ca2+ plateau was observed at elevated substrate stiffnesses (n = 24–47 per tissue group).

(E and F) Heatmap of action potential and Ca2+ transient during spontaneous contraction (E) and 1.5 Hz paced contraction. Control tissue has prolonged action

potential and Ca2+ transient at stiffness, while 15 kPa has the shortest action potential and Ca2+ transient. MYBPC3+/� tissues always have significantly longer

Ca2+ plateau compared to control, while MYBPC3+/� tissues are less responsive to mechanical stiffness. *** and **** indicate p values less than 0.001 and

0.0001. Error bars: SD.
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electrophysiology change. Meanwhile, we found that control tissues could adapt to mechanical stiffnesses up to 114 kPa through changes in

their physiology, such as increased calcium decay and action potential durations; however, MYBPC3+/� tissues develop disease phenotypes

at physiological 15 kPa, but did not exhibit further adaptation to higher mechanical stiffnesses, indicating that calcium dynamics for

MYBPC3+/� tissues were less sensitive to environmental stress beyond the stiffness (15 kPa) which induced initial calcium transient

prolongation.

Pharmacological studies indicate L-type Ca2+ channel dysfunction in MYBPC3+/� mHM

The prolonged Ca2+ plateau phase in MYBPC3+/� tissues was not associated with transcriptional change of the L-type Ca2+ channel

(CACNA1c, Figure 6A). A slight inhibition of SERCA transcript was observed inMYBPC3+/� mHM (Figure 6B). SERCA is responsible for removal

of >70% of cytoplasmic Ca2+,49 and SERCA transcript levels were observed to be reduced in cardiac biopsies.26,30 Thus, to test whether Ca2+

mishandling was caused by SERCA inhibition, we administered a SERCA-specific inhibitor, thapsigargin.50 Thapsigargin treatment signifi-

cantly increased Ca2+ upstroke duration for both genotypes (Figure 6C). However, SERCA inhibition did not cause a prolonged Ca2+ plateau

phenotype in the control tissues (Figure S8). In addition, this drug also produced a trend toward hypercontractility in both genotypes, though

the magnitude of the change was only significant in control tissues (Figure 6D). While the contractile response was notable, the fact that both
iScience 27, 109954, June 21, 2024 7



Figure 6. Pharmacological probes target specific Ca2+ mishandling mechanisms associated with MYBPC3

(A and B) Ca2+ regulation gene expression, similar CACNA1c and SERCA expression was seen between genotypes or stiffnesses (n = 4–10 per group).

(C) Thapsigargin (Thap) has similar drug effects for both genotypes, significantly prolonged Ca2+ upstroke duration (n = 10–42 per group).

(D) Thapsigargin resulted in higher contractility, especially for control tissues (n = 6–19 per group).

(E) Mavacamten (MYK) did not change Ca2+ transient significantly, although there is a trend toward shortened Ca2+ plateau for MYBPC3+/� tissues (n = 4–24 per

group).

(F) Significantly reduced contractility was seen for both genotypes with Mavacamten (n = 5–8 per 6F group).

(G and H) Control and MYBPC3+/� mHM in response to verapamil. MYBPC3+/� tissues showed more resistance to verapamil blocking. Higher doses of verapamil

however reduce the Ca2+ plateau duration in MYBPC3+/� mHM.

(I and J) Ca2+ plateau duration in response to verapamil for both control and MYBPC3+/� mHM, higher IC50 is required for higher mechanical resistance (n = 5–29

per 6I group, n = 5–17 per 6J group).

(K and L) Contractility in response to verapamil for both control and MYBPC3+/� mHM, higher IC50 is required for higher mechanical resistance (n = 4–20 per 6K

group, n = 10–20 per 6L group). *, **, ***, and **** indicate p values less than 0.05, 0.01, 0.001 and 0.0001. Error bars: SD. n > 4, 15 kPa tissues at 1.5 Hz were

selected for comparison.
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genotypes exhibited similar Ca2+ handling changes in response to SERCA inhibition suggests against SERCA dysfunction being the primary

cause for observed Ca2+ mishandling (Figures 5D–5F).

Dysfunction in Ca2+ handling in HCMhas been suggestedby some to originate directly from excessive Ca2+ buffering atmyofilaments.51,52

To test this possibility in our mHM, we acutely inhibited myosin using mavacamten.53 While others have reported that chronic mavacamten

exposure can normalize Ca2+ handling in engineered heart muscle with HCMmutations,54 we observed only a very small change in the length

of the systolic Ca2+ plateau inMYBPC3+/� tissues with acutemavacamten dosing (Figures 6E and S9). However, this dose didmarkedly reduce

contractility in both genotypes (Figure 6F). These results suggest that changes in the myofilament invoked by mavacamten do not acutely
8 iScience 27, 109954, June 21, 2024
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impact the overall Ca2+ transient. Consistent with our results, chronic mavacamten treatment was suggested to impact Ca2+ cycling through

indirect means in prior work by others.55

Finally, as drug probe studies suggested against SERCAdysfunction ormyofilament calciumbuffering asmechanisms for calciumhandling

dysfunction in MYBPC3+/� tissues, we investigated a potential role for calcium channels using the Ca2+ channel blocker verapamil, which is

widely prescribed for HCM patients.56 Strikingly, MYBPC3+/� mHM exhibited markedly higher resistance to verapamil compared to isogenic

control tissues: only very subtle changes in calcium handling were seen at 0.1 mM verapamil. In contrast, control tissues showed a significantly

negative inotropic effect (Figure 6G). Unlike mavacamten, verapamil treatment significantly reduced the prolonged Ca2+ plateau phase

observed in MYBPC3+/� mHM (Figure 6H). Importantly, MYBPC3+/� tissues’ resistance to verapamil increased when the tissues worked

against higher stiffnesses 15 kPa (compared to fetal-like stiffness 0.4 kPa; Figures 6I, 6J, and S10). This result suggests that although Ca2+

intake was increased in MYBPC3+/� cardiomyocytes at baseline (Figure 5C), mechanical stress provokes more exaggerated dysfunction of

calcium handling. As with calcium handling, the impact of verapamil on force production inMYBPC3+/� mHMwasmarkedly less than the effect

on control tissues, with the MYBPC3 deficient tissues exhibiting a much higher IC50: 474 vs. 112 on 0.4 kPa condition and 327 vs. 60 on 15 kPa

conditions (Figures 6K and 6L).
DISCUSSION

In this study, we leveraged iPSC technology and a physiologically relevant engineered 3D micro-tissue system, in which tissues performed

mechanical work against substrates with tunable stiffness, to simulate the combined effects of mechanical load and genetics in HCM path-

ogenesis.Our resultsmirror clinical findings, which indicate that coexistent hypertensionworsens the prognosis of HCMpatients, but also that

HCM can develop in patients with blood pressures that would not be considered abnormal.30,57 By expanding the range of the passive stiff-

ness cardiac tissues contract against from our previous studies,4,33 we were able to simulate the impact of both physiologic increases in tissue

stiffness (0.4–15 kPa) and pathologic increases in tissue stiffness (15–65 or 114 kPa (Figure 1). Applying this system, we discovered and quan-

tified how mechanics can trigger several early-stage structural, physiologic, and pharmacologic hallmarks of HCM.58

In the valsartan for attenuating disease evolution in early sarcomeric hypertrophic cardiomyopathy (VANISH) clinical trial, investigators

studied the impact of valsartan on early-stage HCM patients, who are less than 30 years old and do not exhibit severe left ventricular hyper-

trophy (LVH). Valsartan blocks the angiotensin II receptor to inhibit pathological cardiac remodeling.17 Interestingly, a composite clinical score

that weighed several early metrics of cardiac function, suggested potential benefits of valsartan in this patient cohort. It is consistent with

preclinical studies in HCMmouse models, whereby administration of losartan to HCMmice abrogated the development of LVH and fibrosis,

when administered early, but did not appear to be beneficial if administered once hypertrophy was apparent.59 While one of the key pro-

posed mechanisms of action for valsartan was reduction of TGF-b signaling, direct analysis of circulating TGF-b levels in VANISH study pa-

tients showed minimal differences between valsartan and placebo treatment groups.60 In contrast, valsartan-treated patients exhibited a

significantly reduction of systolic and diastolic blood pressure compared to placebo patients.17 This is consistent with the known ability of

valsartan to reduce blood pressure by blocking angiotensin receptors.61 Thus, afterload reduction may be a key means for the efficacy of

angiotensin receptor blockers like valsartan in treating early-stage HCM. Conversely, the presence of increased afterload, even subtle in-

creases that would not lead to hypertrophic remodeling in patients who do not harbor sarcomeric genome variants, may be important for

early HCM pathogenesis of HCM. In another study of pre-clinical HCM, diltiazem, when administered before the overt HCM phenotype, ap-

peared to improve early LV remodeling in HCM, particularly for MYBPC3 carriers.18 These results suggested that afterload may play a path-

ogenic role in early-stage HCM patients and aggressive control of either afterload or contractility in the pre-clinical setting may ameliorate

predisposition to overt disease. Our in vitro system lends support to this hypothesis, and allowed us to further elucidate how the interaction

between mechanics and genetics impacts HCM development.

We observedminimal differences in phenotypes betweenMYBPC3+/� and control cardiomyocytes cultured on standard 2D tissue culture

polystyrene, or in 3D micro-tissues contracting against ultrasoft (0.4 kPa) substrates mimicking fetal heart condition. For example, when con-

tracting against 0.4 kPa substrates, both control and MYBPC3+/� tissues had similar cardiac contractility (Figures 3B–3D and 3F) and calcium

dynamics (Figure 5D). Moreover, similar to 2D monolayer iPSC-cardiomyocytes, tissues formed on 0.4 kPa substrates had less aligned sarco-

meres regardless of genotype. In contrast, cells of both genotypes exhibited robust sarcomere alignment and organization when cultured on

substrates with physiologic stiffness (15 kPa, Figure 2C). Our results are concordant with previous in vitro studies showing that physiologically

relevant mechanical stimuli can increase engineered heart tissue maturity,9,36,62 and enhance sarcomere alignment.63–65 Likewise, studies us-

ing mouse hearts observed that an initial passive stretch can significantly increase the peak contractility of the left ventricular free wall, in both

circumferential and longitudinal directions.66 Those results indicate the adaptive behavior of cardiac tissue to external mechanical stresses. In

contrast, when mHM of either genotype contracted against very stiff (114 kPa) substrates, we observed marked sarcomere disarray/misalign-

ments (Figure 2C). Similar disarray has been reported in HCM patients, further highlighting the importance of incorporating mechanical cues

into iPSC-based in vitro disease models.9,37,67,68

Surprisingly, while the MYPBC3 protein itself exhibited normal localization, we discovered a unique structural defect in troponin complex

in MYBPC3+/� tissues. This phenotype wasmasked in 2D culture andmay be linked to structural maturation of the sarcomere triggered by 3D

physiological environment (Figures 4B–4E). Within this tissue setting, we observed increased sarcomere width, and physiologic localization of

TNNC1 in isogenic control tissues (Figures 2C and 4B–4E). In purified 2D cardiacmonolayers, we observed that TNNC1was primarily localized

to the nucleus rather than the sarcomere. Similar mis-localization of this protein has been reported by others in neonatal rat ventricular car-

diomyocyte and iPSC-cardiomyocytes.69,70 Importantly, our observation of defective localization of TNNC1 and TNNT2 in mHM mirrors
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clinical observations of HCM patients, where cardiac cell degeneration is associated with structural defects including an abortive form of sar-

comerogenesis.71 The micro-defects of troponin complex may be an early structural deformation associated with MYBPC3mutations, poten-

tially relating the physiological phenotypes observed. For example, the troponin complex is strongly linked to heart muscle contraction and

can cause Ca2+ sensitivity.72–74 Further, troponins have important implications in cardiomyopathy, with identified troponin mutations causing

hypertrophic, dilated, and restrictive myopathies.47,75,76

Besides the unique troponin structural defects reported here (Figure 4), we also captured marked changes in the Ca2+ transient for the

MYBPC3+/� tissues, which exhibited significantly higher Ca2+ intake and a prolonged systolic Ca2+ plateau (Figures 5B and 5D). Ca2+ mishan-

dling has been reported in both human andmice HCMmodels, with potential mechanisms including dysfunction of Ca2+ channels, disrupted

Ca2+ buffering, and stress induced Ca2+ sensitivity.27–30,47,77 While SERCA inhibition has been reported in obstructive HCM patient samples,

we observed similar SERCA function between control and MYBPC3+/� tissues, indicating SERCA may not be the primary cause of the pro-

longed Ca2+ plateau in our mHM model (Figures 6C and 6D).30,78 Meanwhile, the hypothesis of altered myofilament Ca2+ buffering has

been supported by studies with recombinant protein and isolated pig heart samples associated with thin filament proteins like troponin.29,55

However, we and others observed that mavacamten, which shifts myosin into their super-relaxed state,45 has much less effect on intracellular

Ca2+ compared to its effect on contraction inhibition (Figures 6E and 6F). This indicates calciumbuffering at themyofilamentsmay not directly

cause calcium abnormalities in HCM. Nevertheless, whether chronic depression of HCM-cardiomyocyte contractility with mavacamten can

cause adaptive reduction of calcium buffering needs to be further investigated.47,54,79 We did observe that aberrant Ca2+ handling is asso-

ciated with a much slower contraction kinetics and impaired energy consumption in MYBPC3+/� mHM (Figures 3 and 5).

Our observations of differential verapamil responses between control andMYBPC3+/� mHM suggest an excessive activation of L-type cal-

cium channel in MYBPC3+/� mHM, potentially altering the intercellular Ca2+ homeostasis, and leading to impaired force generation kinetics

and hypertrophy (Figures 6G and 6H).27,46 Notably, while MYBPC3+/� mHM on 0.4 kPa substrates had similar verapamil response to controls,

the genotype-linked difference was readily observed on substrates with physiologic 15 kPa stiffness (Figures 6I–6L). Consistent with our ob-

servations of hypertrophy (Figure 2B) and contractile energetics (Figure 3), we found that substrate mechanics to contractility—linked to sub-

strate stiffness in vitro and hypertension in vivo—plays a critical role in early-stage pathogenesis of MYBPC3-linked HCM.4,80,81

In conclusion, we developed a mHM model that leverages substrates with tunable stiffness to investigate how non-genetic factors (e.g.,

hypertension) can synergizewith genomic variants in triggering pathogenesis of HCM.Our simple PDMSbased physiological model provides

a valuable tool to understand the pathogenesis of HCM. This model proved useful for capturing early phenotypes of HCMdisease, creating a

tool for investigating disease prevention, and developing novel pharmacological targets. Importantly, this system can be widely employed to

explore other inherited cardiomyopathies and investigate combined effects of mechanics and genetics.
Limitation of the study

There are several limitations to the present mHM model. First, this engineered tissue system does not recapitulate naturally occurring trans-

mural variations in heart muscle alignment and mechanics. Nevertheless, we and others have observed that 3D heart tissue model with

enhancedmechanical stimuli do engender robust cardiomyocyte alignment, cell-cell connectivity and cellular maturation (Figure 2C).9,82 Sec-

ond, our contractility measurements are based on traction force microscopy, where deformation of the underlying substrate was quantified.

Whenmodeling stiff fibrotic conditions (elasticity >100 kPa), this led to bead deflection that was very small, increasing the noise in contractility

and power measurements, a challenge that exists in many engineered tissue system (e.g., posts) in which contractile motion is small. Finally,

while our tissues do have a significant fraction of non-cardiac stromal cells, they lack a true cardiac fibroblast population, which could in the

future be added to the tissues to determine how Extracellular Matrix within the tissue and tissue mechanical properties evolve dynamically

during early HCM pathogenesis.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal Cardiac a-actinin

(ACTN2, Clone EA-53, IHC 1:1000)

Sigma CAT# A7811; RRID: AB_476766

Rabbit monoclonal Cardiac a-actinin

(ACTN2, Clone 1E11, IHC 1:100)

Sigma CAT#ZRB1169; RRID: AB_3094613

Mouse monoclonal Cardiac Troponin C

(TNNC1, Clone 12G3, IHC 1:100)

Santa Cruz CAT# sc-52263; RRID: AB_675914

Mouse monoclonal Cardiac Troponin T

(TNNT2, Clone 11-13, IHC 1:100)

Thermo Fisher Cat#MA5-12960; RRID: AB_11000742

Mouse monoclonal Myosin Binding Protein C

(MYBPC3, Clone e-7, IHC 1:100)

Santa Cruz CAT# sc-137180; RRID: AB_2017317

Mouse monoclonal Human Fibronectin (IHC 1:250) Developmental Studies

Hybridoma Bank-DSHB

CAT# HFN 7.1; RRID: AB_528244

Goat anti-Mouse IgG, Secondary Antibody,

Alexa Fluor� 488

Thermo Fisher CAT#A-11001;

RRID: AB_2534069

Goat anti-Mouse IgG, Secondary Antibody,

Alexa Fluor� 647

Thermo Fisher CAT#A-21235;

RRID: AB_2535804

Goat anti-Mouse IgG, Secondary Antibody,

Alexa Fluor� 594

Thermo Fisher CAT#A-11032;

RRID: AB_2534091

Goat anti-Rabbit IgG, Secondary Antibody,

Alexa Fluor� 488

Thermo Fisher CAT#A-11008;

RRID: AB_143165

Chemicals, peptides, and recombinant proteins

PDMS-Sylgard 184 DOW.INC CAT#1317318

PDMS-Sylgard 527 DOW.INC CAT#2270030

Formlabs Clear Resin Cartridge Formlabs CAT# RS-F2-GPCL

Agar Fisher Scientific CAT# BP9744500

1H,1H,2H,2H-Perfluorooctyltriethoxysilane

(fluoro-silane)

Sigma CAT# 667420

(3-Aminopropyl)triethoxysilane (APTES) Sigma CAT# A3648

Glutaraldehyde, 50% aq. soln. Thermo Fisher CAT# A10500-22

Fibronectin bovine plasma Sigma CAT#F4759

Ethanolamine hydrochloride, 99+% Thermo Fisher CAT# 217042500

Poloxamer 188 Non-ionic Surfactant (100X) Thermo Fisher CAT# 24040032

Corning Matrigel Sigma CAT# CLS356234

Knock-out DMEM Thermo Fisher CAT# 10829018

Essential 8� Medium Kit (E8) Thermo Fisher CAT# A1517001

Y-27632 Rock Inhibitor (Ri) BioGems CAT# 1293823

CHIR 99021 BioGems CAT# 2520691

IWP-2 BioGems CAT# 6866167

L-Ascorbic acid (AA) Fisher Scientific A61100

Sodium L-lactate, 98+% Thermo Fisher CAT# L14500.14

RPMI 1640 Thermo Fisher CAT# 11875119

50X B-27 Complete Serum-Free Supplement (B27c) Thermo Fisher CAT# 0080085SA

50X B-27 Minus Insulin Serum-Free Supplement (B27i) Thermo Fisher CAT# A1895601

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Qualified Fetal Bovine Serum (FBS) Thermo Fisher CAT# 26140079

Knockout DMEM Thermo Fisher CAT# 10829018

NEAA 100X Thermo Fisher CAT#11140050

GlutaMAX 100x

PowerUp� SYBR� green master mix ThermoFisher CAT# A25743

Triton-X-100 Fisher Scientific CAT# ICN807423

Bovine Serum Albumin Sigma CAT# A2153

Goat serum Sigma CAT#01-6201

Agarose Sigma CAT# BP1356-100

Sucrose Sigma CAT#8510-500GM

WGA, tetramethylrhodamine

conjugate (IHC 1:100, 10mg/mL)

Invitrogen CAT#W849

WGA 350 (IHC 1:100, 10mg/mL) Invitrogen CAT#W11263

Draq5 (IHC 1:1000, 5mM) Thermo Fisher CAT# 65-0880-92

Phalloidin 488 (IHC 1:100) Thermo Fisher CAT#A12379

Hoescht33342 (IHC 1mg/mL) Thermo Fisher CAT# H21492

ProLong Gold Thermo Fisher CAT# P36934

Isoproterenol hydrochloride Sigma CAT#420355

Verapamil Thermo Fisher CAT#J61535

Mavacamten MedChem Express CAT# HY-109037

Thapsigargin Fisher Scientific CAT#11-381

Dimethyl sulfoxide (DMSO) Sigma CAT# 276855

Critical commercial assays

RNAqueous�-Micro Kit Invitrogen CAT#AM1931

Super Script III Reverse Transcriptase Kit Invitrogen CAT#18080093

Deposited data

Mendeley Data https://doi.org/10.17632/rpbj83wpxw.1 This paper

Custom built action potential and calcium code https://github.com/huebschlab Oguntuyo et al. Tissue Eng. C. 2022.83

Custom build sarcomere analysis code https://github.com/huebschlab This paper

Experimental models: Cell lines

Isogenic Control iPSC (Wild Type C,

GCaMP6f knock-in)

Gladstone Institutes of Cardiovascular Disease A. J. S. Ribeiro, Circ Res. 2017.84

MYBPC3+/- iPSC (in Wild Type C

background with GCaMP6f knock-in)

Gladstone Institutes of Cardiovascular Disease Ribeiro, Circ Res. 2017.84

Oligonucleotides

GAPDH:

F: CTCTGCTCCTCCTGTTCGAC

R: TTAAAAGCAGCCCTGGTGAC

IDT N/A

ACTN2:

F: GCTTCTACCACGCTTTTGCG

R: CATTCCAAAAGCTCACTCGCT

IDT N/A

TNNT2:

F: TTCACCAAAGATCTGCTCCTCGCT

R: TTATTACTGGTGTGGAGTGGGTGTGG

IDT N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MYBPC3:

F: GGCATGCTAAAGAGGCTCAA

R: TCTTGTGGCCTTTGCTCAC

IDT N/A

SERCA:

F: ACCCACATTCGAGTTGGAAG

R: CCAACGAAGGTCAGATTGGT

IDT N/A

CACNA1C:

F: GGAGAGTTTTCCAAAGAGAG

R: TTTGAGATCCTCTTCTAGCTG

IDT N/A

TNNC1:

F: ATGAGCTGAAGATAATGCTG

R: AACTCCAGGAACTCATCATAG

Sigma N/A

Software and algorithms

ImageJ National Institute of Health N/A

MATLAB 2023 MATLAB Version 2023b

GraphPad Prism 10 GraphPad Software Version 10

BioRender.com BioRender.com N/A

Other

Spin coater Laurell Technologies CAT#WS-650MZ- 23NPPB

Plasma Chamber HARRICK Plasma CAT# PDC-001

Planar Biaxial Test Machine TestResources CAT# 574
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact: Nathaniel Huebsch

(nhuebsch@wustl.edu).

Materials availability

This study does not generate new reagents.

Data and code availability

� Data: All data within the main and supplemental figures within this study are published throughMendeley Data, making them publicly

accessible. DOIs are listed in the key resources table. Any additional raw data are available upon request from the lead contact.
� Code: All original code has been deposited at the Github repository and is publicly available as of the date of publication. DOIs are

listed in the key resources table.

� Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

iPSC culture and differentiation

MYBPC3+/- iPSC and isogenic controls of the Wild Type C background (WTC; Coriell GM2525) harboring the knock-in GCamP6f calcium in-

dicator were cultured in Essential 8 media withMatrigel coated plate (day -3 to day 0). Matrigel was diluted 1:100 with knockout DMEM.When

confluent, iPSCs were differentiated to cardiomyocytes usingWnt pathway modulators: from day 0 to day 6, RPMI1640 with R27 minus insulin

(R-) was used as the base media. On day 0, R- was supplemented with 6 mMCHIR99021 and 150 mg/mL L-ascorbic acid. Exactly 48 hours after

the day 0 media change, media was changed to R- supplemented with 5 mM IWP2 and 150 mg/mL L-ascorbic acid (days 2 to 4). On day 4,

media was changed to R- supplemented with 150 mg/mL L-ascorbic acid. From day 6 and onward, RPMI1640 with R27 containing insulin

(R+) was supplied.4,33 Media was changed on days 6, 8, 11 and every 3 days thereafter. Beating of the 2D monolayer is normally observed

by day 6-10 of differentiation. On differentiation day 14, beating cardiomyocyte monolayers were singularized gently with 0.25% trypsin

and replated onto Matrigel coated tissue culture plastic at a density of 250,000 cells/cm2 into Dulbecco’s Modified Eagle Media (DMEM)

supplemented with 20% Fetal Bovine Serum (FBS) and 10 mM Y-27632 for 2 days (days 14-16). Media was then changed to R+ for 3 days
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(days 16-19) followed by cardiac purification. From days 19 to day 21 of differentiation, the media was changed to lactate-based metabolic

selectionmedia (RPMI1640 without glucose, supplementedwith 4mM lactate andNon-Essential AminoAcids, NEAA). OnDays 21 and 24, the

monolayer was washed with Dulbecco’s PBS (dPBS) and the media was changed again to fresh metabolic selection media.33 After a total of

5 days culture in metabolic selection media, media for purified iPSC-cardiomyocytes was changed to R+ from day 24 to day 27 for post-se-

lection recovery. Cardiomyocytes purities were quantified using flow cytometry analysis of cardiac troponin T positive cells. At differentiation

days 27-30, purified iPSC-cardiomyocytes were used for making micro heart muscle (Figure 1).4
METHOD DETAILS

Material characterization

To address our hypothesis that mechanics can initiate HCM pathogenesis in vitro, we formed mHM on PDMS substrates ranging in elastic

modulus from 0.4 kPa up to 114 kPa (Figures 1 and S1) (17, 29, 30). Polydimethylsiloxane (PDMS) elastomer was used for making substrates

and stencil molds. Elastic modulus of the material was characterized using a planar biaxial testing machine through tensile test.33 Ultrasoft

0.4 kPa substrates mimicking the embryonic heart microenvironment were made using sylgard 527 (5:4 ratio of component A to component

B). Substrates with rigidity ranging from values near that of healthy adult human heart (15 kPa) to fibrosis-like (65kPa and 114kPa) substrates

were made by mixing sylgard 184 into sylgard 527 with ratio of 1:40, 1:10 and 1:5.21,31,32

‘‘Dog bone’’ shaped stencil molds to control the shape of micro-muscles were made of sylgard 184 using 3D printed masters.85 Briefly,

‘‘dog bone’’ positive 3D prints were generated from FormLabs Clear Resin�. To avoid toxicity from direct molding sylgard 184 off the 3D

prints, 1.5% agar gels were cast directly off to make ‘‘dog bone’’ negative. Sylgard 184 was then molded off the agar gel to get a positive

replica of the original 3D print. Finally, the PDMS replicas of the 3D prints were treated with 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (flu-

oro-silane, 0.25 mL) in a vacuum chamber through vapor deposition for 72 hours, before sylgard 184 stencils were cast off these replica PDMS

molds.33,85 Sylgard 184 was cured against the replicamold under tight compression to form the ‘‘dog bone’’ shaped through-holes within the

1mm-thick PDMS stencils.85
Device fabrication

mHM forming stencils were prepared on soft substrates based on our previously described methods.4,33 Briefly, a thick PDMS base layer

(� 200 mm thick) and a thinner PDMS/fluorescent bead layer (� 5 mm thick) were applied to glass coverslips (20mm x 20mm) by spin coating.

Soft PDMS substrates were cured sequentially overnight at 60�C. To prevent floating of the coverslips during culture and imaging, substrates

were fixed in 6 well plates using either soft or stiff PDMS and cured overnight. Substrates were then covalently bound to the extracellular ma-

trix protein fibronectin following seven steps:1) plasma oxidation (pressure/flow rate: 580�680 mTorr) for 90 s at high power (30 W). 2) Amino

silane (5 v/v % of (3-Aminopropyl)triethoxysilane), APTES, in methanol) was immediately poured onto the plasma treated substrate in 6 well

plates. Plates were wrapped with parafilm to reduce the amount of air getting into the reaction, and then shaken gently for 1 hour at room

temperature. 3) Unreacted APTES was depleted with 3X 5minutes washes in methanol, followed by one overnight dPBS wash. The long dPBS

was eliminates residual APTES that was not covalently bonded to the substrate.4 4) Amine groups from APTES were next grafted to glutar-

aldehyde by applying a 2.5 wt/v% solution of glutaraldehyde in dPBS, which reacted for 2 hours at room temperature on an orbital shaker. 5)

Covalent bonding of fibronectin to the exposed aldehyde groups from the glutaraldehyde was then achieved by reacting the substrates with

20 mg/mL fibronectin in dPBS for at least 30minutes at room temperature on the shaker. 6) Unreacted aldehydes and fibronectin were washed

off the surface by 3x 5 minutes washes with dPBS followed by 3x5 minutes rinses with deionized water. 7) Unreacted aldehyde groups were

further quenched by exposing the substrates to 2.5 w/v% ethanolamine in dPBS (45 minutes at 37�C) followed by 3x 5 minutes dPBS washes.

While preparing soft substrates, rigid sylgard 184 stencils were exposed to 10% Pluronic F68 in dPBS (30 minutes incubation at room tem-

perature with magnetic stirring followed by 3 dPBS washes and 1 methanol wash). Finally, stencils were physiosorbed onto the substrates by

applying a small drop ofmethanol to the substrate and allowing themethanol to evaporate out from under the stencil at 60�C (normally within

2 hours).4 Prior to tissue seeding onto the substrates, the devices were disinfected by applying 70% ethanol overnight.
iPSC-mHM formation and optimization

Purified cardiomyocytes were gently dissociated using 0.25% trypsin EDTA (3-4 minutes, up to 10 minutes) and seeded into each ‘‘dog bone’’

shapedmoldwith 3 mL of 7 x 107 cell/mL (210,000 cells). The cells were then incubated at 37�Cwith 5%CO2 for 2 hours before the entire culture

well was filled with replatingmedia (DMEM supplementedwith 20% FBS, 150 mg/mL ascorbic acid and 10 mMY27632). Tissue compaction and

alignment was typically observed within 24 hours.4 At least 4 high quality tissue batches with cardiomyocytes purity of 85G10%were selected

for study. Tissue quality was determined by tissue shape, absence of visible cellular death, and maintenance of adhesion to the substrates

(Figure S3). We used tissue gross shape as our first quality control metric because of our recent findings that overall mHM shape impacts phys-

iology.85 Tissues that deviated significantly from the expected ‘‘dog bone’’ shape or were delaminated from the substrate were excluded.We

observed that the inclusion rate for tissues was not dependent on cardiomyocyte genotype or substrate stiffnesses. Altogether, these quality

control metrics led to a more consistent and narrower range of mHM physiologic behaviors compared to what was previously possible.33
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Gene expression analysis

Expression of sarcomere genes and calcium genes were evaluated with quantitative RT-PCR.4 Detailed gene primer sequence in key re-

sources table. Cell or tissue lysis and RNA recovery were performed using RNAqueous�-Micro Kit (Thermo Scientific). At least 320 ng

RNA per sample was synthesized for cDNA using Super Script III Reverse Transcriptase Kit (Thermo Scientific). Gene expression was per-

formed using Applied Biosystems Step One Plus Light Cycler instrument using SYBR green master mix (Thermo Scientific). Relative gene

expression for each sample was normalized to its housekeeping gene GAPDH.

Immunostaining

mHMwere incubated in dPBS until cessation of spontaneous beating, and then step fixed with 1%, 2%, 3% and 4% paraformaldehyde at 4�C,
with each fixation step at least 1 hour.9 Next, tissues were embedded into 1%wt/v agar followed by protection in sucrose and embedding into

OCT as described previously.33 8 mm cryosections were obtained on a cryotome, and subsequently used for immunostaining for sarcomeric

a-actinin, myosin binding protein C, troponin T, troponin C. Wheat germ agglutinin (WGA) was used for staining cell membranes, and cell

nuclei were stained with Hoechst 33342. See key resources table for detailed description of antibodies used. Stained tissue sections were

mounted in ProLong Gold and scanned using a Fluoview FB1200 confocal microscope (Olympus, Tokyo, Japan). Cell sizes were sampled

throughout the entire tissue, which was quantified by drawing individual cross-sectional areas of cell using ImageJ. The regional cellular

size quantification within either tissue shaft or knobs sees Figure S4. The sarcomere properties were measured exclusively within the tissue

shaft region, where it was possible to observewhether there is sarcomeremisalignment relative to the tissue shaft direction. Tissue alignments

were measured by using sarcomeric a-actinin staining, the angles of individual sarcomeres in relevant to the tissue shaft were measured

through custombuilt MATLAB code (available at: github.com/huebschlab). For example, 0 degreemeans perfectly aligned to the tissue shaft

direction, 90 degree means perpendicular to the tissue direction, indicating misalignment. More than 4 individual sarcomere angles were

averaged for each tissue (Figure S5). Sarcomere profiles (Figure 4) were plotted by selecting representative sarcomere regions in ImageJ

and normalized by the mean intensity value of the specific sarcomere trace.

High-speed fluorescent imaging

Physiology of iPSC-mHM at tissue day 10 (corresponding to day 40 of iPSC-cardiomyocytes differentiation) was analyzed using a high-speed

imaging system (Eclipse Ts2R, Nikon; Tokyo, Japan) equipped with a digital CMOS camera (Hamamatsu ORCA-Flash4.0 V2; Japan).33 The

imaging stage was set to a constant 37�C temperature using a thermal plate (Tokai Hit; Shizuoka, Japan).4 Field pacing of tissue (1.5 Hz,

20msec Bipolar pulses, <20V) during imaging was achieved using graphite electrodes (MyoPacer, Ion Optix, USA). 1.5 Hz field pacing was

chosen because it is slightly above the average spontaneous beating rate of the cardiac tissues.

Contractility characterization

Traction force microscopy (TFM) was used to quantify tissue contractility. Tissue peak force was calculated through using substrate elasticity

and measuring green fluorescence beads displacement via open-source software described previously490. For TFM, we assumed the Pois-

son’s ratio of PDMS was 0.49, detailed parameters for TFM analysis are based on prior work.33,84,86 For contractility measurements, we focus

on the knob region of the tissue where the tissue adheres and contracts against the substrate (exert forces on substrates). We sampled

contractility and calcium data randomly from one randomly selected knob from each tissue.

Mechanical energy consumption calculation

Instantaneous contractile power was calculated at each imaging timepoint by multiplying force and velocity obtained from TFM calculations.

These curves were used to calculate energy consumed during contraction and relaxation.84 Briefly, positive (contraction), and negative (relax-

ation) regions of the power curve from each contraction cycle, were integrated by calculating the area under the curve. Positive energy con-

sumption was used for comparison between mHM of each genotype.

Action potential and calcium measurements

Membrane potential was measured by labeling tissue overnight with 1 mMBeRST-1 voltage sensitive dye in phenol red free RPMI-C.87 Action

potential waveforms were captured by imaging in the Cy5 channel. For action potential, we captured the entire tissue. Calcium transients

were captured by imaging endogenously expressed GcaMP6f in the GFP channel.4 Calcium and contractility are strongly coupled, therefore,

similar to contractility measurements, calcium dynamics measurements were measured at the tissue knobs regions (one randomly selected

knob per tissue), where tissues maintain strong mechanical coupling to the substrate. BeRST-1 and GCaMP6f videos were analyzed via

custom, open-source MATLAB code (available at: huebschlab.wustl.edu and github.com/huebschlab); intensity profile and kinetics param-

eters were automatically extracted.83 For calcium transient dynamics, initial baseline to 80% of the intensity was measured as UPD80, plateau

region of more than 80% intensity was measured, decay times from end of the plateau to 50 and 75% decay of intensity was characterized.

Beats per minute (BPM) were characterized by GCaMP6f and BeRST-1 videos of spontaneously beating tissues. For action potential wave-

forms, initial baseline to peak intensity was measured as UPD, and the time from action potential initiation to 30% decay from peak intensity

(APD30), along with the time from action potential initiation to 80% or 90% decay from peak intensity (APD80 and APD90, respectively), were

measured.
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Pharmacology studies

The potential mechanism for pathologic calcium handling in HCM-prone MYBPC3+/- mHM was investigated using pharmacological probes.

Specifically, isoproterenol (0-1 mM) L-type Ca2+ blocker verapamil (0 up to 5 mM), SERCA inhibitor thapsigargin (0, 5 mM) and myosin inhibitor

mavacamten (0, 0.5 mM).50,53,88 Drugs were first diluted in dimethyl sulfoxide (DMSO), then serial diluted in RPMI/C media with supplements.

When applying to tissue culture, 10% of the existing media was replaced by 10x target dose of the drug. Acute drug administration was per-

formed by at least 45 minutes incubation at 37�C with 5% CO2 prior imaging. The highest final concentration of DMSO in cell culture media

was 0.01% in these imaging studies.
QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad 9.3.1 was used for statistics and data visualization. Data are presented with meanG standard deviation (SD) with n > 3 biological

repeats detailed in figure legends.One-way or two-way analysis of variance (ANOVA) was used followedbymultiple comparison test between

groups was performed using Holm Sidak’s method. For two-way ANOVA, there are two independent variables, genotypes (control and

MYBPC3+/-) and substrate stiffnesses (0.4, 15, 65, and 114 kPa) that affect the overall data variation. We investigated each factors’ significance.

For example, whether differential cellular size is triggered by either stiffness factor or genotype factor or both. The p value less than 0.05 was

considered statistically significant.
20 iScience 27, 109954, June 21, 2024


	ISCI109954_proof_v27i6.pdf
	Substrate mechanics unveil early structural and functional pathology in iPSC micro-tissue models of hypertrophic cardiomyopathy
	Introduction
	Results
	Mechanics enhanced substrates unveil HCM genotype-dependent cellular hypertrophy in μHM
	Aberrant contractile kinetics and energetics in MYBPC3+/− μHM
	Differential troponin localization associated with MYBPC3+/− μHM
	Mechanics exacerbates calcium handling dysfunction in MYBPC3+/− μHM
	Pharmacological studies indicate L-type Ca2+ channel dysfunction in MYBPC3+/− μHM

	Discussion
	Limitation of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	iPSC culture and differentiation

	Method details
	Material characterization
	Device fabrication
	iPSC-μHM formation and optimization
	Gene expression analysis
	Immunostaining
	High-speed fluorescent imaging
	Contractility characterization
	Mechanical energy consumption calculation
	Action potential and calcium measurements
	Pharmacology studies

	Quantification and statistical analysis




