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Slower Calcium Handling Balances Faster  
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BACKGROUND: The pathogenesis of MYBPC3-associated hypertrophic cardiomyopathy (HCM) is still unresolved. In our HCM 
patient cohort, a large and well-characterized population carrying the MYBPC3:c772G>A variant (p.Glu258Lys, E258K) 
provides the unique opportunity to study the basic mechanisms of MYBPC3-HCM with a comprehensive translational 
approach.

METHODS: We collected clinical and genetic data from 93 HCM patients carrying the MYBPC3:c772G>A variant. Functional 
perturbations were investigated using different biophysical techniques in left ventricular samples from 4 patients who 
underwent myectomy for refractory outflow obstruction, compared with samples from non-failing non-hypertrophic surgical 
patients and healthy donors. Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes and engineered heart 
tissues (EHTs) were also investigated.

RESULTS: Haplotype analysis revealed MYBPC3:c772G>A as a founder mutation in Tuscany. In ventricular myocardium, the 
mutation leads to reduced cMyBP-C (cardiac myosin binding protein-C) expression, supporting haploinsufficiency as the 
main primary disease mechanism. Mechanical studies in single myofibrils and permeabilized muscle strips highlighted faster 
cross-bridge cycling, and higher energy cost of tension generation. A novel approach based on tissue clearing and advanced 
optical microscopy supported the idea that the sarcomere energetics dysfunction is intrinsically related with the reduction 
in cMyBP-C. Studies in single cardiomyocytes (native and hiPSC-derived), intact trabeculae and hiPSC-EHTs revealed 
prolonged action potentials, slower Ca2+ transients and preserved twitch duration, suggesting that the slower excitation-
contraction coupling counterbalanced the faster sarcomere kinetics. This conclusion was strengthened by in silico simulations.

CONCLUSIONS: HCM-related MYBPC3:c772G>A mutation invariably impairs sarcomere energetics and cross-bridge cycling. 
Compensatory electrophysiological changes (eg, reduced potassium channel expression) appear to preserve twitch 
contraction parameters, but may expose patients to greater arrhythmic propensity and disease progression. Therapeutic 
approaches correcting the primary sarcomeric defects may prevent secondary cardiomyocyte remodeling.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Hypertrophic cardiomyopathy (HCM) is the most com-
mon inherited heart muscle disease, characterized by 
abnormal and asymmetric thickening of the left ven-

tricle (LV), diastolic dysfunction, and structural remodeling 

of the myocardium (eg, myocyte/myofibril disarray). Most 
genotyped HCM patients harbor a mutation in one of the 
genes coding for cardiac sarcomeric proteins—hence, 
HCM is defined primarily as a disease of the sarcomere.1
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A complex and unresolved chain of events leads from 
sarcomeric protein alterations to mechanical dysfunction 
and cardiac remodeling. We have previously shown that 
HCM associated mutations in both thick- and thin-filament 
proteins (ie, MYH7:p.R403Q and TNNT3:p.K280N),2–4 
primarily increase cross-bridge cycling kinetics leading 
to increased energy consumption during tension genera-
tion (tension cost). Inefficient or excessive ATP utilization 
for tension development may play a central role in the 
pathogenesis of HCM.5 The energy depletion hypothesis 

is supported by several studies in HCM patients, human 
heart samples, and animal models.2,3,6–8

Mutations in MYBPC3, the gene coding for cMyBP-C 
(cardiac myosin-binding protein-C), represents the most 
common molecular etiology of HCM.9 cMyBP-C is a thick-
filament-associated protein that localizes in the cross-
bridge bearing C-zone of the A band within the cardiac 
sarcomere, where it plays important structural and func-
tional roles.10,11 About 70% of known cMyBP-C mutations 
are either frameshift or nonsense variations, for which a 
haploinsufficiency mechanism has been postulated.12,13

Though less common than truncation mutations, a 
growing number of pathogenic missense mutations in 
MYBPC3 have been identified in HCM.14,15 The c.772G>A 
has been repeatedly reported among MYBPC3 vari-
ants, but its true nature is still debated.16,17 Although the 
c.772G>A transcript change is predicted to result in a 
missense substitution at position 258 (a lysine residue 
in place of glutamic acid, p.E258K), several lines of evi-
dence indicate that this nucleotide change results in 
an exon skipping event—ultimately leading to a frame 

Novelty and Significance

What Is Known?
•	 Mutations in the gene coding for the cMyBP-C (cardiac 

myosin-binding protein C) of the sarcomere (MYPBC3 
gene) are the most common variants associated with 
hypertrophic cardiomyopathy (HCM).

•	 Haploinsufficiency, that is, the reduction of the total 
amount of functional cMyBP-C protein within the sar-
comeres, is generally regarded as the main mechanism 
determining primary myocardial dysfunction in patients 
carrying MYBPC3 gene mutations.

•	 Adaptive/maladaptive changes of cardiomyocyte function 
(action potentials, ion channels, and intracellular calcium 
handling) have been reported in human HCM myocar-
dium, albeit their relationship with the primary effects of 
different sarcomeric mutations remain largely unknown.

What New Information Does This Article  
Contribute?
•	 The c.772G>A mutation of MYBPC3 is highly preva-

lent in the Tuscany region due to a founder effect.
•	 In the myofibrils of patients with the MYBPC3:c772G>A 

variant, cMyBP-C haploinsufficiency causes an accel-
eration of cross bridge kinetics in the sarcomeres and 
increased energetic cost of contraction, also supported 
by novel optical microscopy techniques.

•	 Electrophysiological changes (slower action potentials 
and prolonged calcium transients) appear to coun-
terbalance the faster cross-bridge cycling, ultimately 
preserving the amplitude and duration of cardiac con-
traction, at the expense of cardiac electrical stability 
and diastolic function.

The presence of a large and well-characterized 
founder population of HCM patients carrying the 
MYBPC3:c772G>A variant offers the unique oppor-
tunity of studying the pathogenesis of HCM in mul-
tiple human samples where the disease is caused 
by the same mutation. The c.772G>A variant was 
studied here for the first time by comparing the 
functional properties of ventricular cardiomyocytes 
and trabeculae from human samples of surgical ori-
gin (myectomy operation) with myocytes and engi-
neered muscles differentiated from human induced 
pluripotent stem cells (hiPSC) obtained from the 
same patients (hiPSC). Our results support the idea 
that, while the accelerated sarcomere kinetics would 
impair myocardial contraction, compensatory slowing 
of calcium handling preserves contraction parame-
ters. Indeed, secondary changes of ion channels and 
calcium homeostasis were present in cardiomyo-
cytes from myectomy samples and hiPSC, highlight-
ing an early adaptive response to primary sarcomeric 
changes due to haploinsufficiency. As haploinsuffi-
cency is the primary mechanism of disease in nearly 
all HCM-linked MYBPC3 mutations, our results could 
be extended to the whole population of MYBPC3-
mutant subjects (20%–30% of all HCM patients). 
An early treatment of MYBPC3:c772G>A carriers 
with drugs that normalize cross-bridge kinetics and 
sarcomere energetics (eg, mavacamten) may pre-
vent or reduce HCM-related pathology.

Nonstandard Abbreviations and Acronyms

AP	 action potential
cMyBP-C	 cardiac myosin-binding protein-C
EHT	 engineered heart tissue
HCM	 hypertrophic cardiomyopathy
hiPSC	 human-induced pluripotent stem cell
LV	 left ventricle
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shift—by altering the last nucleotide of exon 6 and inter-
fering with splicing.18,19 Further understanding of these 
chain of events may prove instrumental to understand-
ing HCM pathogenesis and identifying novel therapeutic 
targets.

To date, the molecular mechanisms of the MYPBC3-
c.772G>A pathogenicity remain controversial. By using 
different experimental models and approaches, we 
report that the MYPBC3-c.772G>A is a Tuscany founder 
mutation causing HCM. Our extensive set of analyses in 
HCM patient samples and human-induced pluripotent 
stem cell-derived cardiomyocytes (hiPSC-CMs) show 
that this founder mutation, most likely at early disease 
stages, causes (1) cMyBP-C deficiency, (2) impaired 
sarcomere energetics due to changes in cross-bridge 
cycling, and remodeling of excitation-contraction (E-C) 
coupling.

METHODS
Data Availability
Data are available upon request.

An expanded Methods section is available in the 
Supplemental Material.

Patient Population
The study included 93 HCM patients carrying the 
MYBPC3:c772G>A (p.Glu258Lys; E258K) mutation (Table 1). 
Clinical details for the 4 unrelated MYBPC3:c772G>A index 
patients (ID1, ID2, ID3 and ID4) who underwent surgical myec-
tomy (providing cardiac samples for in vitro studies) are given 
in Table S1. The control cohorts for in vitro experiments were LV 
specimens from 11 nontransplanted donor hearts, 8 nonfailing 
nonhypertrophic surgical patients,20 and 2 healthy hiPSC lines. 
Clinical details for the 8 nonfailing nonhypertrophic surgical 
patients are given in Table S2. Written informed consent from 
each patient was obtained before surgery and the study was 
approved by the local Ethics Committee.

Genetic Testing, Microsatellite, and Haplotype 
Analysis
Genetic analysis was performed by Sanger and Next Generation 
Sequencing (NGS). Segregation analysis was subsequently 
used to infer the individual haplotypes. Primers used for ampli-
fication and genotyping techniques are available in Table S3.

Tissue Processing
After collection of surgical cardiac samples, trabeculae were 
cut for mechanical experiments, single cardiomyocytes isolated 
as previously described21 and the remaining tissue used for 
skinned strips, myofibril, and proteomic analysis.

Tension Cost Measurements and 3-D Structure 
of Permeabilized Ventricular Strips
Sarcomere energetics was assessed in Triton permeabilized 
strips of mutant and donor ventricular samples.6 To exclude 

myocardial disarray as an artificial contributor to mechani-
cal and energetic data, we employed a novel method able to 
quantify myocyte alignment, disarray, and contractile tissue 
content in tissue strips.22 The local cardiomyocyte’s orienta-
tion was detected with cellular resolution and represented 
as 3D vectors. Global Alignment quantifies the average 
alignment degree of the cells along the longitudinal axis of 
the preparation (Y), while local disarray quantifies the mis-
alignment degree of nearby orientation vectors with respect 
to the mean local direction of the cells. The percentage of 
contractile tissue in the preparation is quantified as the ratio 
between the effective volume of labeled tissue (ie, total vol-
ume of cardiomyocytes thanks to the high-specificity of 
anti-α-actinin antibody staining) and the total volume of the 
preparation.

Table 1.   Clinical Features of MYBCP3-c.772G>A-HCM 
Patients

Baseline clinical and instrumental features c.772G>A (n=93) 

Clinical/demographic features

 � Female 31 (33%)

 � Age at enrollment, years 50±15

 � NYHA functional class

  �  I 61 (65%)

  �  II 29 (31%)

  �  III/IV 3 (3%)

 � Angina pectoris 5 (5%)

 � Syncope 4 (4%)

Echocardiography

 � Left atrial diameter, mm 40±2

 � Maximum LV wall thickness, mm 20±7

  �  With LV wall thickness >30 mm 8 (9%)

 � Maximal thickness site: septum 88 (95%)

 � LV end-diastolic diameter, mm 45±1.5

 � LV end-systolic diameter, mm 27±1.5

 � LV ejection fraction, % 65±2

 � With progression to EF <50% 1 (1%)

Management and clinical outcomes c.772G>A (n =93)

Follow-up, y 6±4

Clinical outcomes

 � HCM-related death 13 (14%)

  �  Heart failure-related 10 (11%)

  �  Sudden-unexpected 3 (3%)

 � Nonfatal stroke 8 (9%)

 � NYHA functional class at final evaluation

  �  I/II 76 (82%)

  �  III/IV 17 (18%)

 � Final echocardiographic evaluation

  �  LV Ejection fraction, % 60.9±2.9

  �  With progression to EF <50% 19 (21%)

Values are n (%) or mean±SD. HCM indicates hypertrophic cardiomyopathy; 
LV, left ventricle; LVOT, left ventricular outflow tract; and NYHA, New York Heart 
Association.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321956
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Isolated Myofibrils
Single myofibrils were isolated from skinned mutant 
and donor ventricular samples and used for mechanical 
measurements.2,3

Intact Cardiomyocytes and Trabeculae
On single cardiomyocytes isolated from mutant and control 
ventricular samples, perforated patch whole-cell current clamp 
was used to simultaneously monitor membrane potential and, 
[Ca2+]i with the fluorescent calcium indicator Fluoforte. Intact 
ventricular trabeculae from the same ventricular samples were 
mounted on a force-recording apparatus to measure twitch 
contractions.20

In Silico Simulations
Electromechanical simulations of human cardiomyocyte func-
tion in control and in the presence of the mutation were con-
ducted in MATLAB using a previously validated computational 
framework.23

Protein Analysis
Fast-frozen ventricular samples were processed to obtain total 
proteins, which were used for Western blot studies to assess 
expression as previously described.13 Septal specimens from 
5 nontransplanted donor hearts were included as controls for 
Western blot. Uncropped blots are in Figure S7.

Reverse Transcription–Polymerase Chain 
Reaction
mRNA isolated from septal specimens underwent reverse 
transcription, and the resulting cDNA was used for quantita-
tive real-time polymerase chain reaction using predesigned 
assays for the following genes: KCNQ1, KCNH2, KCNQ1, 
KNIP2, and KCNE.

Patient hiPSC Lines With Isogenic Corrected 
Cell Lines
Reprogrammed hiPSCs from ID3 (clone 1) was gene edited 
by CRISPR-Cas9 correction of c.772G>A confirming res-
toration of the normal genotype (corrected ID3; Figure S4). 
Single hiPSC-CMs were evaluated on micro-grooved sub-
strates for cell shortening and simultaneous recording of 
calcium transients and action potential (AP) by fluorescent 
indicators (day 60 post differentiation). Engineered heart 
tissues (EHTs) were generated and mounted on a force-
recording apparatus to measure twitch contractions. Whole 
cell protein analysis was performed at days 14-, 30-, 45-, and 
60 post-differentiation to verify the expression of cMyBP-C 
during the maturation time.

Statistical Analysis
In the figures, representative traces were selected based on 
the best possible approximation of the mean values calculated 
from each dataset; displayed images were chosen in order to 
closely reflect the average behavior or aspect of the repre-
sented group.

All group data are expressed as mean±SEM and the num-
ber of patients or number of hiPSC-CM differentiations (N) and 
the number of preparations (n) are indicated in the respective 
legends. Statistical analysis, taking into account non-Gaussian 
distribution, inequality of variances and within-subject cor-
relation, was performed as detailed in the Online Expanded 
Methods. Differences between groups were considered signifi-
cant when *P≤0.05 and **P≤0.01. For human sample data, the 
P values were calculated using linear-mixed models. For hiPSC 
data, we used 1-way ANOVA with a Tukey pot-hoc test.

Study Approval
The study conforms to the principles of World Medical 
Association’s Declaration of Helsinki for medical research 
involving human subjects. Surgical cardiac and blood samples 
from patients were collected at the University of Florence with 
informed consent (protocol 2006/0024713, renewed May 2009 
and protocol SILICO-FCM 777204 [04-15-2019]), approved by 
the Ethical Committee of Careggi Hospital. Written informed 
consent was received from all patients prior to participation.

RESULTS
Characterization of the c.772G>A HCM Cohort: 
Demonstration of a Founder Effect in Tuscany
Clinical diagnostic sequencing for HCM revealed the 
presence of the MYBPC3:c772G>A variant in 70 (5.8%) 
of the 1198 patients tested until November 2016.24 A 
further 23 carrier patients (comprising probands evalu-
ated after November 2016 and/or family members) 
were included in our analysis. Allele-specific screening 
confirmed its absence in 129 healthy controls from the 
same geographical area. All 93 c.772G>A HCM patients 
originated from the North-Eastern part of Tuscany (Fig-
ure 1A). They represented 17% of genotype-positive 
individuals in the HCM Florence cohort (approximately 
one-third of all patients with MYBPC3 mutations; Fig-
ure  1B). Haplotype analysis in 4 selected families 
revealed the presence of a unique haplotype spanning 
approximately 2 Megabases shared by all the c.772G>A 
individuals, confirming that the high prevalence of this 
otherwise rare variant is indeed due to a founder effect 
(Figure 1C and 1D).

At diagnosis, mean age of the 93 c.772G>A-
HCM patients was 50±15 years (Table 1); 33% were 
women. Over 90% reported no or mild limiting symp-
toms (NYHA class I/II). Only 9% of patients were 
symptomatic due to angina (5%) or syncope (4%). 
The vast majority had classic localization of LV hyper-
trophy preferentially to the interventricular septum 
and anterior wall (94%); maximal LV wall thickness 
was 20±7 mm and LV ejection fraction (LVEF) at 
baseline was normal or supernormal except in one 
patient (Table 1).

During a mean follow-up of 6±4 years, 13 of the 
93 patients (14%) died of cardiac causes and 8 (9%) 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321956
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experienced nonfatal cardioembolic strokes (Table 1); 
the rate of sudden cardiac death was 0.5%/year and 
heart failure-related death was 1.8%/year. Importantly, 
over one-fifth of the c.772G>A patients (n=19, 21%) 
showed advanced LV dysfunction at final evaluation 
(defined as LVEF <50% and/or restrictive diastolic 
pattern)—a proportion almost 3-fold that of the over-
all Florence cohort (P<0.01, unpublished observation) 
suggesting a considerable propensity to disease pro-
gression after age 45. As shown in Figure 2A and 2B, 
LVEF tended to decrease with age and the number 
of patients with LVEF<50% increased progressively 
after the fifth decade.

The 4 surgical patients who provided samples for in 
vitro studies were in the fourth (ID4: 33 years) and fifth 
decade (ID1, ID2, and ID3: 45, 47, and 44 years, respec-
tively) and all had preserved ejection fraction (≥60%; 
Figure 2C; Table S1).

The Energy Cost of Isometric Tension Is 
Increased in c.772G>A Sarcomeres
To investigate the impact of the MYBPC3:c772G>A muta-
tion on sarcomere energetics Triton-permeabilized ventric-
ular strips from 3 patients and 2 control donors were used 
to simultaneously measure steady-state Ca2+-activated 
tension and ATPase activity under isometric conditions 
at 25 °C. Representative recordings of maximal isometric 
tension and ATPase activity at saturating Ca2+ concentra-
tion are shown in Figure 3A for both donor and mutant 
multicellular preparations. The comparison of mechanical 
and energetic measurements between donor and mutant 
ventricular strips may suffer from artifacts related to differ-
ences in the structural features of the 2 groups of prepa-
rations. Using a combination of advanced tissue clearing, 
labeling and optical imaging, we employed a method 
capable of reconstructing the whole ventricular strip with 

Figure 1. Prevalence of the c.772G>A mutation in the Forence hypertrophic cardiomyopathy (HCM) cohort and demonstration 
of a founder effect.
A, Geographical origin of HCM patients carrying the c.772G>A variant. B, Prevalence of genotype-positive (obtained considering sarcomeric 
variants in MYBPC3, MYH7, TNNT2, TNNI3, MYL2, MYL3, TPM1, or ACTC1 classified as pathogenic/likely pathogenic/of uncertain significance 
as per guidelines available at the time of testing) and genotype-negative patients among the overall HCM Florence cohort (top). Prevalence and 
distribution of sarcomeric myofilament protein gene mutations among the 46.7% genotype-positive HCM patients. C and D, PCR assays for 5 
intragenic microsatellite markers (CA/GT dinucleotide repeats were designed, and their products sequenced to obtain genotypes for segregation 
analysis). Numbers were assigned randomly to repeat alleles, and haplotypes were reconstructed with Merlin. The haplotype marked in gray is 
shown to segregate consistently with HCM in one illustrative large pedigree (D).

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321956
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sufficient contrast and resolution to discriminate sarco-
meric Z-lines across the whole length and thickness of the 
preparations (Figure 3B).22 A 3D Fast Fourier Transform-
based cytoarchitecture analysis was applied to assess 
myofilament organization across the whole tissue volume. 
This imaging analysis allowed us to select strips with an 
adequate degree (near 100%) of cardiomyocyte alignment 
and density and a minimal degree (close to zero) of dis-
array (Figure 3C). By comparing structural and functional 
measurements one-to-one in a direct correlative manner, 
we found that HCM strips that had the same longitudinal 
cardiomyocyte alignment as the donor strips showed a sig-
nificantly increased tension cost measured from the ratio 
between maximal ATP consumption and isometric tension 
at saturating [Ca2+] (Figure 3D; Figure S1).

Impaired energetics of the c.772G>A strips was con-
firmed when energy cost of isometric tension generation 
was calculated from the slope of the average relation 
between isometric steady-state tension and rate of 
ATP consumption measured at different levels of Ca2+-
activation (Figure 3E). The slope of the tension-ATPase 
relation was significantly higher in the c.772G>A strips 
compared to the donor preparations.

The c.772G>A Variant Accelerates the Kinetics 
of Myofibril Force Generation and Relaxation
To understand the mechanism responsible for the 
increased energy cost of tension generation in the 
c.772G>A myocardium, ventricular myofibrils from 3 

Figure 2. Effect of age on left ventricular (LV) function in the c.772G>A population and cardiac magnetic resonance (CMR) 
imaging of the 4 patients selected for biophysical phenotyping.
A, Changes with age in the LV ejection fraction (LVEF; %) of the c.772G>A population. B, Percentage of c.772G>A patients with LVEF<50% 
in relation to age. C, CMR images from the 4 subjects who underwent myectomy from whom surgical samples were used for in vitro studies 
(sex, age, and LVEF on top of each image). Four chamber (Top) and short axis (bottom) views. Arrows show nonhomogeneous signal in the 
hypertrophic interventricular septum (IVS). LVEF is ≥60% in all 4 patients. Data collected at the last visit before myectomy. LA indicates left 
atrium; RA, right atrium; and RV, right ventricle.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321956
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Figure 3. Impact of the c.772G>A mutation on tension cost.
A, Representative isometric tension (top) and ATPase activity (bottom) recordings in skinned ventricular strips from donors and c.772G>A 
samples at saturating [Ca2+]. B, Three-dimensional reconstruction of a donor human muscle strip labeled with an anti-α-actinin antibody and 
imaged with a 2-photon fluorescence microscope. A magnification showing the Z-lines of the sarcomere at subcellular resolution is shown in the 
red square (pixel size: 0.44 μm). The local orientation of the contractile units is estimated by virtually dissecting the 3D (Continued )



Pioner et al

Original Research

Circulation Research. 2023;132:628–644. DOI: 10.1161/CIRCRESAHA.122.321956� March 3, 2023    635

The MYBPC3:c.772G>A Founder Mutation Causing HCM

c.772G>A patients and 5 donors were maximally Ca2+-
activated (pCa4.5) and fully relaxed (pCa9) by rapid solu-
tion switching at 15 °C, as previously described.3

Figure 4A shows representative contraction-relax-
ation traces of both groups of myofibrils. Maximal Ca2+-
activated tension was the same in c.772G>A myofibrils 
compared with donors while resting tension showed a 
trend to be higher in the mutant group though the differ-
ence was not significant (Figure 4D; Table S4). The rate 
of force activation, kACT, and the rate of force redevelop-
ment, kTR, were faster in c.772G>A myofibrils (Figure 4B 
through 4D; Table S4), indicating an accelerated appar-
ent cross-bridge turnover in the mutant. Upon sudden 
Ca2+ removal, the time-course of myofibril force relax-
ation was biphasic, as previously described.26,27 The rate 
of the slow phase of relaxation (slow kREL) was mark-
edly faster in the c.772G>A than in the donor myofi-
brils (Figure 4C and 4D; Table S4), indicating a faster 
apparent cross-bridge detachment rate under isometric 
conditions.26,28–30 The rate of fast relaxation (fast kREL) 
was also greater in the c.772G>A myofibrils (Figure 4C 
and 4D; Table S4). The duration of the slow force relax-
ation phase, Dslow, is shorter in the mutant myofibrils (Fig-
ure 4D; Table S4).

The results (changes in kinetics with no changes in 
active tension) suggest that the apparent rates of cross-
bridge attachment and detachment are both increased in 
the c.772G>A myofibrils by 1.5 to 2 times and that the 
change in the isometric detachment rate is responsible 
for the increased tension cost (1.5 to 2 times) measured 
in the skinned multicellular preparations.30

Action Potentials and Ca2+ Transients 
are Prolonged in c.772G>A while Twitch 
Contraction and Response to Inotropic Stimuli 
are Preserved
In isolated ventricular cardiomyocytes, the duration of 
action potentials (APs) and Ca2+ transients were mark-
edly prolonged in the c.772G>A patients compared to 
controls (Figure  5A, 5B, 5D, 5E), with no changes in 
their amplitude (Figure 5F). Selective downregulation of 

the K+ channels at the transcriptional control level was 
indicated by the decreased expression of their main and 
regulatory subunits in HCM specimens (Figure 5C), sug-
gesting a possible mechanism for the prolongation of 
action potentials, as previously reported.20

The contractile function of the c.772G>A ventricular 
myocardium was investigated using intact trabeculae 
dissected from the endocardial layer of myectomy speci-
mens.20 As shown in Figure 5G, twitch amplitude was pre-
served in the c.772G>A trabeculae and its time-course 
was similar to that of controls (Figure 5H). Contractile 
reserve was also preserved in the HCM patient myocar-
dium, as indicated by the positive inotropic response to 
high stimulation frequency (Figure 5I), stimulation pauses 
(Figure S3A), and beta-adrenergic stimulation (Figure 
S3B), similar to that measured in control myocardium. 
In addition, the c.772G>A ventricular muscle displayed 
a preserved adaptation of twitch duration to stimulation 
rate (Figure 5H and 5I), as observed previously in surgi-
cal samples of intact trabeculae from patients harboring 
different HCM causing mutations.20

The mechanism responsible for a preserved twitch 
duration with the underlying prolonged AP and calcium 
transients likely arises from the acceleration of cross-
bridge cycling described above. To test this hypothesis, 
we employed a previously described model of HCM 
human cardiomyocytes23,31 (Table S5).

We report above that the c.772G>A mutation accel-
erates cross-bridge kinetics, as shown by the enhanced 
kACT and slow kREL. According to a simple 2-state cross-
bridge model,32 under the present experimental condi-
tions (nominally zero [Pi]), kACT reports the sum of the 
apparent rate constants fapp and gapp that limits tran-
sition of cross-bridges from nonforce-generating to 
force-generating states and from force generating to 
nonforce-generating states, respectively. In terms of 
cross-bridge turnover kinetics, slow kREL is a measure 
of gapp, which in the model is also equal to the tension 
cost (isometric ATPase per unit force). Force is propor-
tional to the apparent duty ratio [fapp/(fapp+gapp)], 
and an increase in gapp should lead to a decline in the 
force generating capacity of the sarcomere unless the 

Figure 3 Continued. reconstruction into 16 × 16 × 16 μm chunks. The entire cytoarchitecture is rearranged and represented in a vector space, 
where the color represents the degree of alignment with the principal axis of force production (Y). Two representative results for donor (gray box) 
and c.772G>A (blue box) muscle strips are shown. C, On the left, global alignment of contractile units (ie, the average component of the cellular 
orientations along the main traction axis (Y) of the preparation); the central graph shows disarray, expressed as the measure of the local angular 
dispersion of nearby cells; on the right, cardiomyocytes density, expressed as the ratio of the volume of contractile tissue vs total muscle volume. 
Donor N=3, n=7; c.772G>A N=3, n=7; donor and mutant values were compared using linear-mixed models; no significant differences were 
noted. D, One-to-one correlation between tension cost (in black and grey) and alignment (in red and light red) measured on donor and c.772G>A 
samples (donor N=3, n=7; c.772G>A N=3, n=7). Tension cost is measured as the ratio between maximal ATPase activity and maximal isometric 
force at saturating [Ca2+]. While a significant difference in tension cost was found between donor and hypertrophic cardiomyopathy (HCM) strips, 
no difference was found in cell alignment. P values calculated with linear mixed models; **P<0.01. E, Average pooled relations between active 
tension and rate of ATP consumption (tension cost is the slope of the relation) in c.772G>A (blue) and donor (gray) muscle strips (c.772G>A 
N=3, n=7; donor N=3, n=7). Data, expressed as mean±SEM, were obtained at different activating [Ca2+], pooled in 10%-wide steady-state 
tension bins and were fit by linear regression as indicated by the solid lines (slope values are shown in the panel). *The slopes of the 2 regression 
curves were compared using Student t test and found to be significantly different (P<0.05). C–E, N=number of patients, n=number of individual 
muscle strips. FFT indicates fast fourier transform.
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Figure 4. Impact of MYBPC3:c772G>A mutation on myofibril mechanics and kinetics.
A, Representative tension responses (top traces) of donor (gray) and c.772G>A (blue) myofibrils maximally activated (pCa 4.5) and fully relaxed 
(pCa 9) by fast solution switching; the bottom traces are the lengths of the myofibrils that are subjected to release-restretch protocols at rest 
to measure resting tension and at steady-state contraction to measure kTR. B and C, The normalized tension curves from the c.772G>A and the 
donor myofibrils shown in A are superimposed to better compare the kinetics of force activation (B) and relaxation (C). D, Mechanical and kinetic 
parameters measured in donor (gray, N=5, n=100) and c.772G>A (blue, N=3, n=50) ventricular myofibrils. Po, maximal Ca2+-activated tension, RT, 
resting tension, kACT, rate of tension activation, kTR, rate of tension redevelopment, slow kREL, rate of the initial slow isometric phase of relaxation, 
Dslow, duration of the slow phase of relaxation, fast kREL, rate of the fast-exponential phase of relaxation. Lines and bars indicate mean±SEM. 
*P<0.05; **P<0.01. P values were calculated using linear mixed models. N=number of patients, n=number of myofibrils.
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Figure 5. Functional data from isolated cardiomyocytes and intact trabeculae.
A, Representative recording of action potential and (B) action potential duration at 90% repolarization (APD90%) from control cardiomyocytes 
(N=7, n=21) and c.772G>A cardiomyocytes (N=3, n=11), during stimulation at 0.5 and 1 Hz. C, RNA expression of potassium current genes in 3 
hypertrophic cardiomyopathy (HCM) samples (relative to the 18S ribosomal RNA), expressed as a fraction of control values (N=1, indicated with 
a grey line with confidence intervals in dotted lines),: secondary IKr subunit (KCNE2 or MIRP-1), IKs main channel gene (Continued )
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increase in gapp is compensated for by an increase in fapp. 
The myofibril data support the idea that the c.772G>A 
mutation increases fapp and gapp to a similar extent, that 
is 1.5 to 2 folds. A similar increase in gapp was estimated 
from the change in tension cost.

Figure  6A shows what happens if a 1.5- to 2-fold 
change of cross-bridges attachment and detachment 
rates is imposed in a control cardiomyocyte in the math-
ematical model (ie, with preserved AP and calcium tran-
sient). The resultant twitch contraction is accelerated 
(both peak and relaxation times) and slightly increased in 
amplitude. In Figure 6B, we mimic the prolongation of AP 
and calcium transient observed in c.772G>A and dem-
onstrate that a 1.5- to 2-fold increase of cross-bridge 
attachment and detachment rates would in this case pre-
serve the twitch duration. This provides proof of concept 
that the impact of increased cross-bridge cycling can be 
offset by slowing of the calcium transient.

Analyses of cMyBP-C Protein Levels Unveil 
Haploinsufficiency in c.772G>A Myocardium 
and hiPSC-Derived Cardiomyocytes
The molecular pathomechanism underlying HCM asso-
ciated with MYBPC3 mutations has often been identi-
fied in cMyBP-C protein deficiency. To test if the same 
mechanism is associated with the MYBPC3:c772G>A 
mutation, we analyzed cMyBP-C protein expression in 
the myectomy samples used for in vitro experiments. 
The levels of full-length cMyBP-C (relative to α-actinin) 
were ~30% lower in each of the 3 c.772G>A samples 
compared with donor myocardium (Figure 7A; Figure 
S7). Further analyses of cMyBP-C protein level and 
phosphorylation at specific phospho-sites are reported 
in Figures S2 and S7.

The levels of full-length cMyBP-C protein were 
also analyzed in cardiomyocytes derived from the iso-
genic pair of patient hiPSC cell lines (ID3 and cor-
rected ID3) and from the healthy WTC11 cell line 
between day 14 and 60 after initiation of differen-
tiation. The Western immunoblot normalized to sarco-
meric α-actinin confirmed that the relative expression 
of cMyBP-C was reduced in the mutant compared to 
the healthy cardiomyocytes and restored in the iso-
genic corrected controls from the patient (Figure 7B; 
Figure S5). This result supports the haploinsufficiency 
hypothesis prediction predicated on the results from 
myectomy samples.

hiPSC-Derived Cardiomyocytes and EHTs 
Recapitulate the Biophysical Phenotype 
Observed in Patients’ Samples
In individual hiPSC-CMs we used an optical method 
for the simultaneous measurement of AP and calcium 
transients with fluorescent indicators at day 60 post-
differentiation.33 As shown in Figure  7C and 7D, the 
duration of the AP and calcium transients were slower 
in the ID3 patient hiPSC-CMs compared with con-
trols. These findings are consistent with the AP and 
calcium transients that were observed from cardiomyo-
cytes that had been freshly isolated from the patient 
surgical samples. Compared to controls, ID3 patient 
hiPSC-CMs had similar fractional shortening, indicat-
ing preserved cell contractility (Figure  7E). Moreover, 
the time course of the twitch was comparable to that 
of the healthy cell line (Figure 7E).

Finally, to more closely recapitulate tissue level condi-
tions, EHTs were fabricated and followed until day 50 
while measuring auxotonic spontaneous contraction 
and frequency (Figure S6). ID3-EHTs were assessed 
for steady-state isometric twitch tension and kinetics 
at day 50 after differentiation, under imposed pacing 
rates. Compared to the CRISPR-Cas9 corrected ID3- 
and WTC11-EHTs, ID3-EHTs showed preserved twitch 
amplitude together with similar contraction time-course 
(both force rise and relaxation) and rate adaptation to 
twitch duration (Figure 7F). Engineered heart tissue con-
tractile reserve was also preserved, as indicated by the 
positive inotropic response to stimulation pauses (Figure 
S3C and S3D) and high extracellular calcium ([Ca2+]out 
up to 4 mM; Figure S3E and S3F).

DISCUSSION
Since the 1990s, the genetic heterogeneity of HCM has 
been well established,34 and a correspondingly large clinical 
variability has limited the interpretation and clinical action-
ability of genotype-phenotype correlation studies. The het-
erozygous variant c.772G>A in the MYBPC3 gene was a 
substantial subset of 93 individuals (or 7.8%) of the Flor-
ence HCM patient cohort, all of them originating from the 
north-eastern part of Tuscany, allowing detailed insight into 
the pathophysiology of this mutation. Notably, c.772G>A is 
characterized by peculiar clinical features including marked 
propensity to systolic dysfunction and disease progres-
sion (occurring in 1 patient out of 5).35,36 The c.772G>A 

Figure 5 Continued. (KCNQ1 or KvLQT1) and IKs secondary subunit (KCNE1 or minQ), potassium voltage-gated channel subfamily H 
member 2 (KCNH2 or hERG1), Kv channel-interacting protein 2 (KCNIP2, KChIP2). D, Representative superimposed calcium transients 
from control and c.772G>A cardiomyocytes during stimulation at 1Hz. E and F, Ca2+ transient decay duration (time from peak to 50% decay) 
and amplitude from control cardiomyocytes (N=6, n=14) and c.772G>A cardiomyocytes (N=2, n=8), during stimulation at 0.5 and 1 Hz. G, 
Representative superimposed force twitches from control and c.772G>A intact trabeculae during stimulation at 0.5 and 1 Hz (inset: twitch 
amplitude at 0.5 Hz) and (H and I) twitch duration from stimulus to 50% of relaxation by increasing of stimulation frequency (0.2, 0.5, 1, 2, 
and 2.5 Hz). Controls: N=9; n=1320; c.772G>A: n=7, N=3. E–H, *P<0.05 and **P<0.01, calculated using linear mixed models. N=number of 
patients; and n=number of cells/trabeculae.
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mutation is considered a rare variant worldwide, with an 
allele frequency <1% in the Exome Aggregation Consor-
tium (ExAC) dataset (http://exac.broadinstitute.org/). Hap-
lotype analysis confirmed that the locally high prevalence 
of this variant is indeed due to a founder effect.

We sought to address the molecular mechanism 
through which the c.772G>A variant is pathogenic. 
Western blot analysis showed a reduction in full-length 
cMyBP-C levels (~30%) in all 3 c.772G>A myectomy 
samples, compared to donor tissue (Figure  7A). In 
hiPSC-CMs from the ID3 patient, the protein expres-
sion of cMyBP-C (relative to α-actinin) was decreased 
in later stages (60 days after initiation of differentiation), 
but protein levels were preserved in a CRISPR-Cas9-cor-
rected isogenic cell line (Figure 7B). This suggests that 
the mutation may be the cause of the reduced expres-
sion of cMyBP-C in mutant hearts, further supporting 
the hypothesis of protein haploinsufficiency as the main 
pathophysiological mechanism. Several studies sug-
gested that truncating mutations in cMyBP-C diminish 
total protein level and cause HCM through haploinsuf-
ficiency.12,13,25,37 The c.772G>A variant affects the splice 
site consensus sequence at the last nucleotide of exon 
6 in the MYBPC3 coding sequence, leading to an out-
of-frame skipping of exon 6 in the MYBPC3 gene.25,38 
In contrast to functional studies on murine engineered 
cardiac tissue carrying the same mutation, where a mis-
sense-mutated (p.Glu258Lys, E258K) or a truncated 

cMyBP-C was observed to be incorporated into cardiac 
sarcomeres and directly impaired contractile function,16 
the expression of a truncated protein was never detected 
in affected heart tissue from HCM patients carrying the 
c.772G>A variant.12,37 The c.772G>A is the last base of 
exon 6 which results in splicing out of exon 6, causing a 
frameshift and then downstream termination codon. The 
mRNA is not truncated, but contains a premature termi-
nation codon, which makes it susceptible to nonsense-
mediated decay. Previous studies indicated the E258K as 
a splice site mutation and the missense protein has never 
been shown.38 Another possible mechanism associated 
with haploinsufficiency is supported by other findings 
using heterozygous MYBPC3-mutant hiPSC-CMs, which 
reported reduced cMyBP-C synthesis rates, partially 
counteracted by a slower rate of cMyBP-C degradation.39

We analyzed the functional consequences of the muta-
tion at the myofilament level and its impact on sarcomere 
energetics. Isolated myofibrils had markedly enhanced 
kinetics of force development and relaxation (kACT and 
slow kREL, respectively), but no change of myofibril maxi-
mal force. Given that slow kREL≈gapp,

30 the observed 
increase in cross-bridge detachment in c.772G>A myo-
fibrils predicts an increase in the amount of ATP spent to 
generate a given amount of isometric force (ie, tension 
cost). Indeed, we identified higher tension cost in demem-
branated cardiac muscle strips isolated from c.772G>A 
myectomy samples compared to donor patients. Faster 

Figure 6. Mechanistic simulations of human ventricular myocyte electromechanical function explain the impact of altered cross-
bridge cycling on force generation, in the context of hypertrophic cardiomyopathy (HCM) ionic remodeling.
A, From left to right, comparison of action potential, calcium transient, and active tension waveforms in control (gray) and under faster cross-
bridge cycling (blue). B, (from left to right) Comparison of action potential, calcium transient, and active tension waveforms in control (gray) and 
under faster cross-bridge cycling and HCM ionic remodeling (blue).
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Figure 7. Reduced cMyBP-C (cardiac myosin-binding protein-C) expression in myectomy samples and human-induced 
pluripotent stem cell-cardiomyocytes (hiPSC-CMs) from MYBPC3:c772G>A patients and impact of the mutation on the function 
of hiPSC-CMs and engineered heart tissues (EHTs).
A, The levels of full-length cMyBP-C were analyzed by Western Immunoblot with the use of the C2-14 antibody and normalized to α-actinin 
in each of the 4 c.772G>A myectomy samples (N=4; n=18) compared with donor myocardium (N=5; n=30). Loading of samples, staining, 
and phosphorylation analysis are reported in Figure S2 and uncropped blots in Figure S7. Statistical analysis was performed using linear mixed 
models; **P<0.01. B, Protein content was isolated from pellets of mutant (ID3) hiPSC-CMs and compared with its isogenic CRISPR-Cas9 
corrected control (c.ID3) and the healthy control cell line (WTC11) at different maturation time points (day 14, 30, 45, and 60 postinitiation of 
differentiation). WTC11 N=7, n=1–5; ID3 N=8, n=1–4; c.ID3 N=7, n1–4; *P<0.05, 1-way ANOVA with Tukey test. C, Simultaneous recording 
of action potential and calcium transients by fluorescent indicators (Cal630 and FluoVolt, respectively). Single mutant hiPSC-CMs (ID3 N=4, 
n=178) were compared with a healthy control cell line (UC3-4, N=3, n=131) for action potential at 50% and 90% of duration (APD50, ms) and 
the duration from calcium transient peak to 50% and 90% of calcium transient decay (RT50, ms). (Continued )
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cross-bridge detachment under isometric conditions and 
higher energy cost of tension generation are common 
features of several HCM-associated mutations.2,3,8,28 
Notably, the possibility that less efficient force gen-
eration was caused by fiber misalignment/disarray was 
excluded, thanks to a newly developed structural correla-
tive approach featuring reconstruction of the whole 3D 
structure of each ventricular strip.22 Thus, we speculate 
that the increased tension cost is a direct consequence of 
the c.772G>A mutation. While a marked impact of many 
MYH7 or TNNT2 HCM variants on cross-bridge kinetics 
and sarcomere energetics is expected,2–4 the effects of 
MYBPC3 mutations are less straightforward. Our results 
support the idea that haploinsufficiency is primarily 
responsible for sarcomere functional abnormalities due 
to this particular MYBPC3 mutation. Normally, the N-ter-
minal C1C2 region of cMyBP-C interacts with myosin 
heads in the S2 region, inhibiting its binding to actin and 
thus, reducing cross-bridge formation and cycling.40,41 
Reduced cMyBP-C levels likely diminish this inhibitory 
interaction,42,43 consistent with the observed acceleration 
of cross-bridge cycling rates and the increased ATP con-
sumption for tension development.

In line with previous observations in cardiomyocytes 
isolated from HCM patients with different genetic back-
grounds, c.772G>A-cardiomyocytes showed prolonged 
APs and slower Ca2+ transients.20 A reduction of the 
expression of K+ repolarizing channels, as observed by 
reduced mRNA levels can at least partially account for 
AP prolongation. These acquired electrophysiological 
changes may represent universal maladaptive mecha-
nisms that are common to all forms of HCM remod-
eling, regardless of genotype.6,20 In the case of the 
c.772G>A mutation, we verified by in silico simulations 
that the prolonged duration of APs is sufficient to pro-
long calcium transients and counterbalance the faster 
rate of cross-bridge turnover. Changes of the expres-
sion and phosphorylation levels of other E-C coupling 
proteins in HCM cardiomyocytes (decreased SERCA 
expression, increased Ca-calmodulin protein kinase II 
-CaMKII- activity) may also have contributed to the pro-
longation of Ca2+ transients, as previously observed in 
human HCM samples carrying different mutations.20,44 
In the absence of AP and Ca2+ transient prolongation, 
twitch duration would be shortened. Thus, the simula-
tions support the idea that the presence of concurrent 
prolongation of APs and Ca2+ transients is the reason 
why the time course and amplitude of contraction in 
c.772G>A myocardium are similar to those of controls, 

despite the faster cross-bridge turnover. This interpreta-
tion suggests that electrophysiological changes are an 
essential adaptation of c.772G>A myocardium aimed at 
counteracting the effects of the faster cross-bridge turn-
over, at the expense of cellular electrical stability. Indeed, 
prolongation of APs and Ca2+ transients is associated 
with the development of early and delayed afterdepolar-
izations.6,20 In this regard, electrophysiological changes 
are likely to appear early during disease development,45 
in the prehypertrophic stages of the disease. The results 
obtained from hiPSC lines are in support of this hypoth-
esis. It is generally accepted that hiPSC-derived cardio-
myocytes mimic cells in their developmental stage46 and 
are therefore representative of the early, prehypertrophic 
stage of HCM typical of young mutation carriers. Electro-
physiological and E-C coupling remodeling was present 
in hiPSC-CMs from c.772G>A patients, suggesting that 
this may be an initial adaptative mechanism that starts 
even before the onset of overt hypertrophy. Nonetheless, 
electrophysiological changes at the cardiomyocyte level 
might expose patients to an increased arrhythmogenic 
risk even at this early stage of disease. It is important 
to note that the molecular mechanisms linking impaired 
sarcomere function to E-C coupling remodeling are still 
unknown and need to be addressed. This, however, is 
far beyond the scopes of the present work and would 
require dedicated molecular approaches.

These results also support the idea that an early 
treatment of MYBPC3:c772G>A carrier may prevent or 
reduce HCM-related pathology, for instance, using the 
novel myosin inhibitors currently employed in clinical tri-
als on obstructive and nonobstructive HCM patients. 
cMyBP-C has been suggested to regulate cardiac func-
tion by modulating and maintaining the “super-relaxed” 
state of myosin.47,48 The decreased super-relaxed frac-
tion results in an increased number of myosin heads 
capable of interacting with actin, leading to higher sar-
comeric energetic requirements, both at rest and during 
force development. Specifically, mavacamten49 may act by 
stabilizing the super-relaxed state in cardiac muscle,50,51 
countering myocardial hyper-contractility, thus normal-
izing myocardial energetics.52 In addition, our study is 
consistent with the hypothesis that targeting early elec-
trophysiological and E-C coupling changes may exert 
disease modifying effects, as well as reducing the risk 
of arrhythmias. Indeed, late Na+ current blockers such 
as ranolazine or disopyramide acutely reduced cellular 
arrhythmias in human myocardium and prevented disease 
progression during long-term treatment in HCM mouse 

Figure 7 Continued. D, Analysis of single cardiomyocyte contractility by video-edge detection; percentage of unloaded cell fractional shortening 
and twitch duration to 50% of relaxation were recorded at 1 Hz at 37 °C in Tyrode solution with 1.8 mM of extracellular calcium. N=3, n=8 for 
controls; N=3, n=13 for ID3. F, EHTs were measured in isometric conditions at 37 °C in the Krebs-Henselheit solution with 1.8 mM of [Ca2+] 
under imposed pacing. Scale bar=2 mm. Active tension and twitch duration to 50% of relaxation of patient EHTs (ID3 N=7, n=12) and compared 
to thecorrected isogenic control (c.ID3 N=5, n=7) and the healthy control (WTC11 N=3, n=8). C–F, N=number of differentiations, n=number 
of replicates. One-way ANOVA with a Tukey post-hoc test was used to assess differences between the groups; *P<0.05 and **P<0.01 versus 
controls (WTC11 or UC3-4).
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models.20,45,53,54 Similarly, treatment of young prehypertro-
phic mutation-carrier patients with the calcium channel 
blocker diltiazem slowed the development of HCM.55 As 
cardiomyocyte calcium overload and the increased activ-
ity of CaMKII (calmodulin kinase) are hallmarks of sarco-
meric HCM and drive disease progression,20,44,56 halting 
the early E-C-coupling changes with targeted therapies 
may be as effective as directly addressing the dysfunc-
tional sarcomeres, with the added benefit of protecting 
against cellular arrhythmias.
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