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Roman Jandarov', David M. Harris', Jack Rubinstein’, Richard C. Becker’,
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" Division of Cardiovascular Health and Disease, Department of Internal Medicine, Heart, Lung and Vascular Institute, College
of Mediicine, University of Cincinnati, Cincinnati, OH, United States, 2 Center for Genetic Medicine, Feinberg School of
Medicine, Northwestern University, Chicago, IL, United States

Background: A 25-base pair (25bp) intronic deletion in the MYBPC3 gene enriched
in South Asians (SAs) is a risk allele for late-onset left ventricular (LV) dysfunction,
hypertrophy, and heart failure (HF) with several forms of cardiomyopathy. However, the
effect of this variant on exercise parameters has not been evaluated.

Methods: As a pilot study, 10 asymptomatic SA carriers of the MYBPC324255P variant
(62.9 £+ 2.14 years) and 10 age- and gender-matched non-carriers (NCs) (50.1 £ 2.7
years) were evaluated at baseline and under exercise stress conditions using bicycle
exercise echocardiography and continuous cardiac monitoring.

Results: Baseline echocardiography parameters were not different between the two
groups. However, in response to exercise stress, the carriers of A25bp had significantly
higher LV gjection fraction (%) (Cl: 4.57 £ 1.93; p < 0.0001), LV outflow tract peak velocity
(m/s) (Cl: 0.19 + 0.07; p < 0.0001), and higher aortic valve (AV) peak velocity (m/s) (Cl:
0.103 £ 0.08; p = 0.01) in comparison to NCs, and E/A ratio, a marker of diastolic
compliance, was significantly lower in A25bp carriers (Cl: 0.107 4+ 0.102; p = 0.038).
Interestingly, LV end-diastolic diameter (LVIDgiq) was augmented in NCs in response to
stress, while it did not increase in A25bp carriers (Cl: 0.239 4+ 0.125; p = 0.0002).
Further, stress-induced right ventricular systolic excursion velocity s’ (m/s), as a marker
of right ventricle function, increased similarly in both groups, but tricuspid annular plane
systolic excursion increased more in carriers (slope: 0.008; p = 0.0001), suggesting right
ventricle functional differences between the two groups.

Conclusions: These data support that MYBPC32250P s associated with LV
hypercontraction under stress conditions with evidence of diastolic impairment.

Keywords: MYBPC3, South Asians, hypertrophic cardiomyopathy, ventricular diastolic dysfunction, stress
echocardiography, 25bp deletion, DOSA study, myosin binding protein-C
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INTRODUCTION

Mutations in sarcomere genes are a common cause of
familial hypertrophic cardiomyopathy (HCM), a prevalent
cardiovascular genetic disorder that affects ~1 in 200-500
asymptomatic young adults in the United States (1-11).
Mutations in MYBPC3, which encodes cardiac myosin-binding
protein-C (cMyBP-C), a thick-filament cardiac muscle protein
that regulates cardiac contractility (6, 7, 12-14), are associated
with ~40% of all HCM cases (9, 15), many of which present late in
life (16-22). HCM is characterized by asymmetric left ventricular
(LV) thickening, diastolic dysfunction, heart failure (HF), and
sudden cardiac death (SCD) (4, 23, 24). Affected individuals
can remain asymptomatic or present with symptoms, such as
dyspnea, angina, or palpitation (9), in early or late adulthood
(11, 22). Heterogeneity in the phenotypic expression of disease
from MYBPC3 genetic variation requires an understanding of
early features, optimal care, and longitudinal follow-up.

The prevalence of HCM may be affected by ancestry (4,
25), but the contribution of ancestry-based genetic variants
in the pathogenesis of the disease is not yet well-established.
Of the South Asian (SA)-specific variants, a polymorphic 25-
base pair (bp) deletion in intron 32 (A25bp) of MYBPC3
is present in 4-6% (26-28) of SA individuals and a risk
allele for late-onset LV dysfunction, hypertrophy, and HF with
multiple forms of cardiomyopathy, such as HCM with an odds
ratio of ~7 (26, 29) (Figures 1A,B). Data have shown that
asymptomatic MYBPC3%2°®P carriers are at risk of late-onset
disease progression (16, 22, 26). This variant was defined as
a risk allele based on a large case-control study from 6,273
individuals belonging to 107 ethnic populations across 35 Indian
states and 2,085 individuals of 63 ethnic/racial groups from 26
countries, including all five continents (26, 30). Nonetheless,
in recent studies, MYBPC3%2°"P was reported with incomplete
penetrance, and the presence of additional genetic or non-
genetic risk factors may predispose carriers to cardiomyopathies
(26, 27, 31). Our recent investigation has revealed no significant
difference in cardiac features between the carrier and non-
carrier (NC) cohorts at baseline (27). However, several individual
MYBPC3%%% carriers showed increased fractional shortening
at baseline, and this hyperdynamic state is often seen as
an early pathological finding in HCM (27). Harper et al
identified an enriched haplotype in SAs with HCM with both
MYBPC32%*P and an associated variant, MYBPC3 c.1224-
52G>A (31). However, in Harper’s study, only 134 subjects
out of 5,394 HCM cases were defined as SAs, and only 17
carried the MYBPC3%2°"P variant. We also recently identified
a co-segregating novel variant, D389V (MYBPC3P3%V). It was
observed in ~10% of MYBPC3%%*"P carriers and associated with
hyperdynamic cardiac features on baseline echocardiography
(27). These data have led to the hypothesis that the risk of
HCM is not caused by the MYBPC3%%°*P allele alone, but
rather conferred by additional rare, pathogenic variants present
on the MYBPC3%%°" haplotype. This possible coinheritance of
additional risk alleles changes the interpretation of the role of
the MYBPC322%P in the development of LV dysfunction and
HCM. It also means that the pathogenicity of the MYBPC3425%P

variant alone and in the presence of additional modifying risk
factors needs further investigation and correlation, considering
the growing number of SA carriers with the MYBPC3%2%%P
variant, predisposing them to severe adverse events, such as SCD,
even with the occult clinical phenotype (23).

MYBPC3 gene variants, such as the MYBPC3%"P, are
generally associated with late-disease onset (16, 22, 26). Herein,
we continued genetic screening of the United States (US)
SA general population for the presence of MYBPC3%2°% and
additional rare risk alleles using next-generation sequencing
(NGS) technology. To determine the pathogenicity of the
MYBPC3%%% variant, we conducted an exploratory pilot
study and prospectively evaluated 10 asymptomatic male
carriers of the MYBPC3%?® variant and 10 age-matched
NCs for the changes in cardiac function under exercise stress
using submaximal bicycle stress exercise echocardiography
(BSE) and continuous cardiac monitoring. We hypothesized
that asymptomatic MYBPC322%®P SA carriers have detectable
subclinical risk factors under exercise stress conditions that
predispose this group to develop LV hypercontractility and
impaired relaxation. Our results suggest that MYBPC342%P js
consistent with its role as a risk allele for LV dysfunction and
cardiomyopathy in SAs.

METHODS

Enroliment of Study Subjects: Prevalence
and Genotype-Phenotype

This research study was reviewed and approved by the
Institutional Review Board (IRB) of Loyola University Chicago
and University of Cincinnati and was conducted in accordance
with the Declaration of Helsinki. Subjects 18 years of age
and older from US SA descendants from 9 countries, namely,
India, Pakistan, Bangladesh, Sri Lanka, Nepal, Bhutan, Maldives,
Afghanistan, and Myanmar, participated in the prevalence
study (Loyola University Chicago IRB# LU207815 and 207359,
Chicago, Illinois and University of Cincinnati IRB# 2016-
7580, Cincinnati, OH, USA) and provided either blood or
saliva samples through sample collection outreach events for
detection of MYBPC3%%>*" variants. Additionally, carriers of
MYBPC3%25% variants and age- and gender-matched NCs were
recruited in the follow-up genotype-phenotype study (University
of Cincinnati IRB# 2016-4948, Cincinnati, OH, USA) to perform
ECG tracing and baseline transthoracic echocardiography (TTE)
and BSE.

Sample Collection and Genetic Screening
of the Human MYBPC3425b%p yariant

After giving written consent, blood or saliva samples
of the US SA subjects were collected in community
outreach events and initially screened for the detection of
MYBPC3%25% variants. Blood samples (10ml) were collected
in ethylenediaminetetraacetic acid (EDTA) vacutainers (Catalog
No. 367862; BD Bioscience, Woburn, MA, USA), and saliva
samples (1-2ml) were collected in sterile screw-cap transport
5-ml tubes. Saliva samples were transported in ice and stored at
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FIGURE 1 | MYBPC322%°° genotyping and prevalence. (A) Schematic diagram of the MYBPC3 gene that includes the location of MYBPC322%°P variant in Intron 32.
Exon 33 is highlighted in blue as a potential skipped exon and altered splicing exon when the MYBPC342%% variant is pathogenic. (B) cMyBP-C domains are drawn
with interacting partners, proline-alanine (Pro-Ala)-rich region, phosphorylation motif, and potential C10 domain that could be modified if exon 33 is altered (DC10). (C)
Agarose gel electrophoresis of PCR-based genotyping of the MYBPC3425%P variant. (D) MYBPC3225% distribution of 3,432 South Asian participants. Among carriers
of the MYBPC322%% variant, 6.61% of carriers (227, red color sector) were heterozygous (Het), and 0.14% of carriers (5, blue color sector) were homozygous (Homo).
NCs, non-carriers.

—20°C. Blood and saliva samples were used for human genomic
DNA isolation using the QIAmp DNA Blood Mini Kit (Catalog
No. 51106; Qiagen, Germantown, MD, USA). The polymerase
chain reaction was used for genotyping of the MYBPC3425%P
(rs36212066) variant with the forward 5-GTT TCC AGC CTT
GGG CAT AGT C-3' and reverse 5-GAG GAC AAC GGA
GCA AAG CCC-3' primer sequences on 2.5% agarose gel (27).
After initial genotyping, we recruited carriers and NCs of the
MYBPC3%%% variant for the follow-up genotype-phenotype
study (27). After giving written consent, the recruited subjects
provided an additional 10-ml blood sample for genotype
confirmation and NGS analysis (27).

Clinical and Cardiac Function Evaluation at

Baseline and Under Exercise Stress

Carriers of the MYBPC3%%*P variant and age- and gender-
matched NCs 18 years of age and older of US SA descendants
were invited to participate in the follow-up genotype-phenotype
study to undergo ECG and baseline TTE and BSE, as monitored
by a team cardiologist (Figure2). Recruited subjects for the
follow-up study had no uncontrolled comorbidities and no
significant differences in the frequency of hypertension, diabetes
mellitus, dyslipidemia, and obesity between the two groups. The

subjects were instructed to abstain from alcoholic, caffeinated,
tobacco products, and drugs, such as B-blockers (if applicable),
for 24 h prior to stress testing. Echocardiographic images were
captured by two cardiac sonographers of similar level and length
of experience. Both subjects and observers, i.e., sonographers
and team cardiologists, were blinded to MYBPC3%2°®P genotype
results. Medical, medication, social, habit, and family history
information of all participants were collected using a comorbidity
questionnaire after giving written consent on the test day. Two
additional forms, a prerecruitment questionnaire (PRQ) and
a pre-procedural questionnaire (PPQ), were used for subjects
who were scheduled for BSE. Before scheduling subjects for
BSE testing, past medical and medication history was collected
using the PRQ. Completed PRQs were then reviewed by a team
cardiologist for any possible contraindications or medication
modification. On the test day, subjects’ compliance with BSE test
instructions was evaluated using the PPQ.

Cardiac electrical activity was recorded using a standard 12-
lead ECG with rhythm strips, and a Vivid E9 GE Healthcare
instrument was used for TTE and BSE imaging using the 2-
dimensional method in conjunction with color Doppler flow
examination. Exclusion criteria for performing BSE included (1)
acute myocardial infarction in the last 3 months; (2) ongoing
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A Subject recruitment

MYBPC34%5% carriers and noncarriers
> 218 years old and
> of SA ancestry living in the US

> » Pre-recruitment questionnaire > > Schedule for exercise stress test

» Pre-procedure questionnaire
» Co-morbidity questionnaire
» 10 ml blood sample for NGS

B  Procedure day

» Baseline ECG and TTE

- e > Bicycle stress echocardiogram

C Data analyses

Echocardiography data analyses

FIGURE 2 | Flow chart depicting the recruitment process, employed questionnaires, and echocardiography and clinical data analyses for the genotype-phenotype
study. (A) Carriers of MYBPC3225% variant and age- and gender-matched non-carriers 18 years of age and older of US SA ancestry were recruited. Then, past
medical and medication history was collected using a prerecruitment questionnaire, and, if no contraindication, subjects were scheduled to perform an exercise stress
test using a bicycle ergometer. (B) On the test day, informed consent was obtained; then, a comorbidity questionnaire was used to collect comprehensive medical,
medication, social, habit, and family history information from all participants. To look for other genetic modifiers via NGS testing, a 10-ml blood sample was collected.
Compliance with exercise stress test instructions was evaluated via a pre-procedure questionnaire. Cardiac function was evaluated by ECG and TTE at rest and by
bicycle ergometer during exercise stress testing for any detectable underlying risk factor. (C) While blinded, two observers independently measured echocardiography
variables. Statistical significance (p < 0.05) was calculated using two-way ANOVA and simple linear regression, and the results were reported as mean + SEM. SA =

South Asian, NGS = next-generation sequencing. TTE, transthoracic echocardiography.

unstable angina; (3) known obstructive left main coronary
artery stenosis; (4) recent stroke or transient ischemic attack in
the last 3 months; (5) acute pulmonary embolism, pulmonary
infarction, or deep vein thrombosis in the last 3 months; (6)
moderate-to-severe aortic stenosis with velocity over 3 m/s; (7)
hypertrophic obstructive cardiomyopathy with severe resting
gradient of over 3 m/s; (8) uncontrolled cardiac arrhythmia
with hemodynamic compromise; (9) advanced heart block;
(10) decompensated HF; (11) active endocarditis; (12) acute
myocarditis or pericarditis; (13) physical disability that would
preclude safe and adequate testing; (14) pregnancy; (15) mental
impairment with limited ability to cooperate; (16) history of
severe hypertension (resting systolic blood pressures >200 or
diastolic blood pressures 110 mm Hg) or uncontrolled diabetes
mellitus; and (17) uncorrected anemia, electrolyte imbalance or
hyperthyroidism. Subjects were provided with the instructions
for BSE preparation prior to the test that included (1) fasting for
4h, (2) refraining from caffeinated and decaffeinated coffee and
tea, colas, soft drinks, and chocolate for 24 h, and (3) refraining
from smoking and other nicotine-containing products for 12 h.
Moreover, target heart rate (THR) was calculated for BSE as
220 - (0.85 x subjects age). Then, the subjects began cycling
at a resistance of 15 Watts (W), increasing every 3 min by
additional resistance of 15 W until the endpoint. Heart rate
(HR), blood pressure, and oxygen saturation were monitored
and documented at each minute of exercise. Endpoints of
the test were one of the following: (1) achievement of THR;
(2) significant angina; (3) significant shortness of breath; (4)
significant ischemic changes, such as ST-segment elevations in
ECG; (5) hypertension (>240 mmHg systolic blood pressure/ 120

mmHg diastolic blood pressure); (6) hypotension >15 mmHg
decline in systolic blood pressure from baseline; (7) significant
arrhythmia/aortic valve (AV) block; (8) new or worsening wall-
motion abnormalities; (9) drop of oxygen saturation below 90%;
(10) intolerable symptoms; (11) upon subject’s request to stop; or
(12) development of dynamic LV outflow tract (LVOT) gradient
of >4.5 m/s.

Finally, =~ two  observers independently = measured
echocardiography variables under the guidance of team
cardiologists. The measurements of one observer were used for
the analysis in this study, except LV ejection fraction (LVEF) for
which the average value measured by two observers was used.
The Biplane Simpson method was used to measure LVEF and LV
fractional shortening.

Next-Generation Sequencing

A panel of 174 genes related to cardiovascular diseases was DNA
sequenced to identify the presence of any genetic variants using
the TruSight Cardio Kit (Catalog No. FC-141-1011; Illumina,
San Diego, CA, USA) on an Illumina MiSeq with 150-base pair
paired-end reads, as described previously (27). Burrows-Wheeler
alignment (BWA) and Genome Analysis Toolkit haplotype
caller were applied as described in MegaSeq generate variant
call files (VCFs) (32). Variants were excluded if they met
any of the following criteria: biallelic balance >0.75; quality
score <30; depth of coverage >360; strand bias more than
—0.01, and mapping quality zero reads >10. Variant ranking
and prioritization: variants were annotated using SnpEFF.
HIGH and MODERATE variants were scored using Polyphen,
Genomic Evolutionary Rate Profiling, and Sorting Intolerant
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From Tolerant, to predict pathogenicity. All variants were
ranked by minor allele frequency (MAF) based on data from
public databases (ExAc). All variants were crosschecked against
ClinVAR. The American College of Medical Genetics guidelines
(ACMG) were used for determining pathogenicity (33). Sanger
sequencing was applied for validation using individual primers.

Statistical Analyses

The prevalence of genotype results was reported as a percentage.
Descriptive statistics were reported in frequency tables to
compare cardiac phenotype outcomes by genetic variants and
by demographics. The chi-square statistics and unpaired ¢-test
were used for categorical parameters and numerical variables at
baseline, respectively. Regression analysis was used to compare
differences in slopes between the groups, and a two-way
ANOVA was performed to estimate the effect of exercise stress
and genotype on cardiac phenotype continuous outcomes. All
analyses were reported as mean + SEM at a significance level of
0.05, and 95% ClIs and p-values were reported using GraphPad
Prism (version 8.4.3).

RESULTS

Increased Prevalence of MYBPC3A25bp

Variant Among US SAs

We previously reported the frequency of MYBPC3%2%%P variant
carriers to be 6% among the US SA population (27). Cumulative
screening to date, which could be subject to ascertainment
bias, estimated a slightly higher prevalence of MYBPC342°%P
at 6.75%. Of 3,432 participants, 232 (6.75%) were carriers of
the MYBPC3%2°" variant, i.e., 227 (6.61%) heterozygous and 5
(0.14%) homozygous (Figures 1C,D).

Absence of Second Genetic Variants by
NGS

To assess the presence of any additional pathogenic variants,
apart from the MYBPC3%%**P variant, NGS was performed on
a 172 gene cardiovascular panel (TruSight Cardio Sequencing
Kit, Illumina), and no pathogenic, or likely pathogenic, variants
were identified in the present cohort (27). None of the 20
subjects included in the current study was found to carry the
previously reported, potentially pathogenic MYBPC3~52 allele
(c.1224-52G>A) (31) or the novel MYBPC3P3%V variant (27).
We also did not identify any additional modifying loci in
MYBPC3 as no other rare variants were identified in the coding
region that occurred in more than one cohort subject. Lastly,
among the 172 genes of the TruSight Panel, we only identified one
pathogenic variant in one subject who carried an APOA4 variant
in one of the 10 variant carriers.

MYBPC3425bp Was Associated With

Hypercontraction Under Exercise

To test the hypothesis that asymptomatic MYBPC34%%°P US SA
carriers have detectable subclinical risk factors under exercise
stress conditions, we conducted an exploratory pilot study to
evaluate asymptomatic MYBPC3%%°%P US SA carriers compared
to controls for subclinical cardiac changes under exercise stress

conditions (Figure 2). We prospectively studied 20 male subjects
of US SA ancestry, including 10 carriers of the MYBPC3423bP
variant (52.9 & 2.14 years) and 10 age- and gender-matched
NCs (50.1 & 2.7 years), for any changes in cardiac function at
baseline prior to exercise and under exercise stress using bicycle
exercise echocardiography and continuous cardiac monitoring
(Tables 1, 2). The two groups (M YBPC322%5%P carriers and NCs)
showed no significant difference in body surface area, body
mass index, and baseline mean arterial pressure (MAP) and
HR, and no difference in the frequency of comorbidities, such
as hypertension, diabetes mellitus, and dyslipidemia (Table 1).
Similarly, monitored exercise MAP and HR were similar in
both groups (Table 2). All 20 subjects were able to complete at
least 15 min of exercise at 75 W equivalent to 4.9 METs, while
4 subjects completed 30 min of exercise at 150 W equivalent
to 8.5 METs.

While baseline echocardiography parameters were not
different between the two groups (MYBPC3%25%P carriers and
NCs) (Table1), significant differences came to light under
exercise stress condition in the following parameters: LV end-
diastolic diameter (LVIDyg;,), LVEE, LVOT and AV peak velocities
(pv), and the ratio of early to late ventricular filling velocity (E/A
ratio) (Table 2, Figures 3, 4). Stress-induced LVIDy;, augmented
in NCs, while it did not increase in MYBPC3%%**P carriers with
a significant difference between the two groups (CI: 0.239 +
0.125; p = 0.0002), indicative of impaired relaxation and diastolic
impairment. Strikingly, the estimated effect of exercise stress and
genotype showed that MYBPC3%**P carriers had significantly
higher LVEF (%) (CI: 4.57 = 1.93; p < 0.0001), higher LVOT pv
(m/s) (CIL: 0.197 = 0.069; p < 0.0001), and higher AV pv (m/s)
(CI: 0.103 £ 0.081; p = 0.01) in comparison to NCs. This was
consistent with the findings that stress-induced LVIDg;, increase
was significantly muted in carriers during exercise, as compared
to NCs (CI: 0.239 £ 0.125; p = 0.0002). Further, E/A ratio,
a marker of ventricular diastolic compliance, was significantly
lower in carriers as compared to NCs (CI: 0.107 £ 0.102; p =
0.038) and the ratio of early transmitral peak velocity flow to
early diastolic mitral annulus velocity (E/e ratio), which showed a
non-significant difference between the groups (CI: 0.738 % 0.795;
p = 0.068). Although stress-induced right ventricular systolic
excursion velocity (s) was increased similarly in both groups,
tricuspid annular plane systolic excursion (cm) increased more
in carriers (slope: 0.008; p = 0.0001) from the baseline, consistent
with right ventricle functional differences. These findings are
indicative of LV hypercontractility among asymptomatic carriers
of the MYBPC32?°" variant under exercise stress conditions
and evidence of diastolic impaired relaxation at high workloads,
suggesting that MYBPC3%2°% is an independent risk allele with
subclinical pathology prior to late-onset LV dysfunction (16, 22)
in the US SA population.

DISCUSSION

The present study evaluated the exercise response in
asymptomatic MYBPC3%%®P SA carriers to determine the
presence of any subclinical features. Overall, our findings
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TABLE 1 | Demographics, baseline echocardiography parameters, and clinical characteristics of 20 South Asian subjects who participated in a bicycle exercise study.

Variable Total n NC n MYBPC3425p n P-value
n (%), mean = SEM n (%), mean = SEM n (%), mean = SEM
Male (%) 20(100) 20 10(100) 10 10(100) 10 -
Age (years) 51.60 £ 1.71 20 50.1 £2.70 10 52.90 £ 2.14 10 0.427
BMI (kg/m?) 26.15 + 0.611 20 26.23 + 0.58 10 26.06 £+ 1.11 10 0.893
BSA (m?) 1.95 +0.037 20 1.98 £0.04 10 1.91 +£0.06 10 0.301
MAP (mmHg) 101.1 £2.00 20 98.70 £2.78 10 103.5 +£2.82 10 0.244
HR (bpm) 74.65 + 1.96 20 76.90 £+ 2.42 10 72.40 £+ 3.03 10 0.262
Echocardiographic parameters
LVIDgia (cm) 4.06 +0.10 20 3.97 £0.15 10 4.16 +£0.13 10 0.376
LVIDs (cm) 2.78 +£0.08 20 2.69 +0.10 10 2.87 £0.14 10 0.331
LVEF (%) 53.65 + 1.38 20 53.59 + 1.81 10 53.70 + 2.17 10 0.969
LVFS (%) 31.38 +£ 0.99 20 31.55 £ 0.91 10 31.21£1.82 10 0.867
IVS (cm) 0.94 £ 0.04 20 0.96 £+ 0.07 10 0.93 +0.03 10 0.71
LVPW (cm) 0.88 £ 0.03 20 0.93 £+ 0.03 10 0.83 £+ 0.04 10 0.111
IVS/LVPW ratio 1.09 £ 0.05 20 1.04 £0.08 10 1.14 +£0.05 10 0.351
LAV 4C Mod 31.75+2.95 18 30.25 + 4.69 8 32.95 + 3.94 10 0.663
LVOT peak velocity (m/s) 0.79 £ 0.03 19 0.76 £+ 0.05 9 0.82 +0.03 10 0.424
AV peak velocity (m/s) 0.98 £+ 0.03 19 0.96 + 0.06 9 1.01 £ 0.04 10 0.551
E/A ratio 1.15+0.08 20 110+ 0.13 10 120+ 0.11 10 0.596
Average E/e’ ratio 7.18 £0.46 20 7.20 +£0.49 10 7.16 +£0.82 10 0.973
Average e'/a’ ratio 1.01 £0.08 20 0.90 £0.10 10 1.13£0.13 10 0.204
RV s’ (m/s) 0.097 + 0.003 20 0.094 + 0.004 10 0.09 £ 0.004 10 0.458
LV s average (m/s) 0.07 £+ 0.002 20 0.07 4+ 0.003 10 0.07 £+ 0.003 10 0.437
TAPSE (cm) 2.21+012 19 2.40 +£0.23 9 2.04+£0.10 10 0.166
Clinical characteristics
HTN (%) 5(25) 20 2(20) 10 3(30) 10 >0.999
DM (%) 5(25) 20 3(30) 10 2(20) 10 >0.999
DLP (%) 8(40) 20 4(40) 10 4(40) 10 >0.999

Statistical significance (p < 0.05) was calculated using unpaired t-test for numerical variables and Fisher’s exact test for categorical variables.

The results were reported as mean + SEM. NCs, non-carriers; MYBPC3420P | A 25-base pair deletion in cardiac myosin-binding protein C3; SEM, standard error of mean; BMI, body
mass index; BSA, body surface area; MAFR, mean arterial pressure; HR, heart rate; LVIDq4, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole;
LVEF, left ventricular ejection fracture; LVFS, left ventricular fractional shortening; IVS, interventricular septum; LVPW, left ventricular posterior wall; LAV 4C Mod, left atrial volume four-
chamber method of disc; LVOT, left ventricular outflow tract; AV, aortic valve; E/A ratio, ratio of early diastole transmitral peak velocity flow to late diastole peak velocity flow; E/€’ ratio,
ratio of early transmitral peak velocity flow to early diastolic mitral annulus velocity; €'/a’ ratio, ratio of early diastolic mitral annulus velocity to late diastolic mitral annulus velocity; RV,
right ventricle; s', peak systolic annular velocity; LV, left ventricle; TAPSE, tricuspid annular plane systolic excursion; HTIN, hypertension; DM, diabetes mellitus; DLP, dyslipidemia.

determined the presence of hyperdynamic manifestations
under exercise conditions in asymptomatic MYBPC342°%P
variant carriers of US SA ancestry as compared to NCs who
were presented with significantly higher EF, LVOT, and AV
peak velocities, and impaired relaxation presented with a
significant difference in the LVIDg;, and E/A ratio, but the non-
significant difference in the average E/e¢ ratio. Hyperdynamic
features and evidence of cardiac dysfunction were detected by
echocardiography in MYBPC322°"P carriers. These findings are
also in line with the phenotype of genotype-positive individuals
at stage 1 or those with non-hypertrophic HCM. These
individuals can remain asymptomatic or present with subtle
echocardiographic phenotype, such as diastolic dysfunction (34-
36). In stage 2, however, individuals present with hypertrophy
and LV hyperdynamic status (36), whereas MYBPC342%bP
variant carriers in the current study were non-hypertrophic, but
did show hyperdynamic phenotype under exercise conditions.

As shown in the regression lines, NCs and carriers responded
differently to the stress stage, the independent variable, as
resistance increased. Starting at 75W equiv. 4.9 METs, the
regression line showed no increase in EF% in NCs after 15 min
of exercise. This finding can be explained by the Frank-Starling
law, which holds that an increase in workload and venous
returns stretches myocardial muscle fibers and increases preload
(end-diastolic volume), stroke volume, and, ultimately, cardiac
output until maximum capacity is reached. However, the weak
increase in LVIDg;, from the baseline, as indicated in the
regression line for carriers (Figure 4A), could be a contributing
factor in maintaining an upward trend in EF% in carriers after
75w since lower LVIDy;, can contribute to lower LV diastolic
volume (LVEDV) as resistance augments. However, further
studies with an adequate number of subjects are needed to
decisively explain this observed phenotypic feature. Collectively,
then, these data suggest that exercise stress itself, as a secondary
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TABLE 2 | Clinical and bicycle exercise echocardiography parameters of 20 South Asian subjects.

Stress stage (W) 0 15 30 45 60 75 90 105 120

Variables Mean+SEM n Mean+=SEM n Mean+SEM n Mean+SEM n Mean+SEM n Mean+SEM n Mean+ SEM n Mean + SEM n Mean + SEM n P-value

MAP (mmHg) NC 98.70 £ 2.78 10107.93 £2.37 10 110.1 £3.55 10110.03 £3.73 10 109.2 &+ 3.74 10114.43 £2.94 10114.75 £ 3.56 8119.62 +4.96 8117.33 £7.19 6 0.412
MYBPC32250P 103.46 + 2.82 10109.92 £ 3.44 9 108.77 £2.74 9 11253 £3.40 1011166 +4.34 1011276 £ 589 1011314 £ 6.31 912344 +589 612113+ 457 5

HR (bpm)  NC 7690 £242 10 925+£18 10 98£204 10 1052+£24 10 1125+£26 10 118+£202 1012575+£3.39 8137.12+4  8146.83+5.38 6 0.21
MYBPC3425P 7240 £ 3.03 10 9124256 10 967 £292 10 103.5+260 10 111.3+334 10 1195+ 325 1012511 +3.63 9132.83 +4.93 6 143.66 + 4.69 6

LVIDga (cm) NC 397 +015 10 44+008 9 452+011 9 456+011 9 429+012 9 459+015 7 457+01 6 459+012 5 4.44+0.13 4 0.0002
MYBPC3425%P 416 +0.13 10 414 +£0.13 10 417 +009 10 415+008 9 418+012 9 434+015 7 432+007 7 431+016 6 4.01+021 4

LVIDs cm)  NC 269+01 10 281+007 9 277+01 9 265+009 9 247+008 9 267+005 7 253+009 6 245+009 5 2.36+007 4 0.06
MYBPC3425%P 287 + 014 10 268+01 10 263+007 10 248+005 9 237+01 9 254+007 7 239+007 7 239+007 6 224+012 4

LVEF (%) NC 53.50 £ 1.81 10 55.26 = 1.60 10 58.14 £2.09 10 59.99 £ 2.17 10 61.53 £2.12 10 64.03 £2.27 10 62.86 £2.83 7 61.83+£3.05 7 61.37 = 3.39 5 <0.0001
MYBPC322%p 537 4217 10 58264+ 1.62 10 60.76 + 1.69 10 63.07 £ 1.63 10 6591 £1.71 10 6765+ 109 9 6882+ 148 8 7019+075 7 71.43+£058 4

LVFS (%) NC 3155 +£091 10 3575+095 9O 3879+1.13 O 4202+103 9O 4219+£155 O 429+£181 7 4462+129 6 4583+£2.33 5 46.39+£2.66 4 0218
MYBPC3225p 312 4+ 182 10 3598 +1.68 10 3698+ 141 10 4015+139 9 4344+214 9 4124+171 7 4451419 7 4372+203 6 4393+ 153 4

LVOT peak  NC 076+005 9 094+006 9 091+004 9 097+006 10 1.00+£007 10 1.06+£004 8 1.13+£003 6 1.18+£004 5 1.33+0.11 4<0.0001

velocity (M/S) p1ygpc3azte 082 +£0.03 10 1.42+006 10 1.08+006 9 1.17+006 10 1.34+008 10 129+007 10 1.36+008 9 139+007 7 1.49+0.14 4

AV peak NC 096+006 9 115+006 9 1.09+008 10 123+009 9 130+009 9 135+007 8 143+£007 6 141+013 4 1.61+014 3 0012

velocity (M/S) yvgpc3azs 101+ 004 10 12+£006 10 125+008 8 1.31+007 10 1.38+007 10 145+007 10 1.49+008 8 1.6+006 8 1.75+007 4

E/A NC 1.10+£0.13 10 1.16+£006 10 1.15+£008 10 097 +£006 9 1.10+£006 10 096+009 9 1.05+003 6 1.10+£004 6 1.15+0.20 3 0.03
MYBPC3425% 124011 10 094005 9 100+009 9 101+007 10 100+01 9 096+007 7 089+009 5 077+005 3 1.03+027 2

E/e’ average NC 720+049 10 7.01+050 9 7.31+056 10 686+063 8 725+031 10 784+063 7 838+072 5 752+040 6 881+053 2 0.068
MYBPC322%P 7164082 10 7.444+098 9 6274074 7 7324080 9 7584087 7 684+092 6 6194089 4 662+047 3 611+£084 2

RVs' (m/s) NC 0.095 + 0.004 10 0.107 + 0.007 10 0.109 + 0.007 10 0.121 + 0.006 8 0.130+0.01 10 0.139+0.009 9 0.16 +0.0097 0.158 +£0.01 7 0.172+0.0096 0.35
MYBPC342%%P 0.1 4+ 0.00510 0.12+0.004 8 0.117 £ 0.005 8 0.131 +0.005 8 0.132 +0.008 8 0.139 + 0.009 8 0.152 + 0.009 6 0.157 + 0.01 5 0.175 + 0.0143

LV s" average NC 0.07 +0.004 10 0.08 + 0.00310 0.08 4 0.004 10 0.08 +0.003 9  0.09 + 0.003 10 0.101 + 0.004 9 0.101 + 0.006 8 0.114 +0.009 5 0.118 + 0.014 3 0.557

(m/s) MYBPC3425%P 007 +0.003 10 0.08 +£0.002 9 0.08+0003 9 0.09+0004 9 0.09+0.003 8 0.103+0.005 9 0.106 + 0.0057 0.107 + 0.004 6 0.112 =+ 0.006 4

TAPSE (cm) NC 240+023 9 234+019 9 231+013 9 242+014 9 247+016 9 253+022 7 263+013 6 244+015 5 253+0.13 4 0.065
MYBPC3425%P 204 £ 01 10 227 +013 10 238+016 9 255+013 10 268+021 9 281 +01 7 252+018 3 281+023 6 3.71+0.00 1

Statistical significance (p < 0.05) was calculated using two-way ANOVA. The results were reported as mean + SEM. NCs, non-carriers; MYBPC3225° | A 25-base pair deletion in cardiac myosin binding protein C3; SEM, standard error
of mean; MAR, mean arterial pressure; HR, heart rate; LVIDga, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole; LVEF, left ventricular ejection fracture; LVFS, left ventricular fractional shortening;
LVOT, left ventricular outflow tract; AV, aortic valve; E/A ratio, ratio of early diastole transmitral peak velocity flow to late diastole peak velocity flow; E/e’ ratio, ratio of early transmitral peak velocity flow to early diastolic mitral annulus
velocity; RV, right ventricle; s, peak systolic annular velocity; LV, left ventricle; TAPSE, tricuspid annular plane systolic excursion.
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FIGURE 3 | Spectral Doppler data depict LVOT peak velocity. Representative apical five-chamber view at baseline, 45 (W), and 105 (W) in a NC (upper panel) subject
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risk factor, potentially triggered hyperdynamic phenotype in
asymptomatic MYBPC32%%P carriers, as compared to NCs,
considering that the hemodynamic parameters of MAP and HR
did not differ between the two groups (MYBPC3%%**P variant
carriers and NCs).

Previous studies have examined the distribution (26, 27, 37,
38) and clinical correlations (26, 27, 31, 39) of the MYBPC3425p
variant, noting, importantly, that most of these studies were
conducted in individuals of SA ancestry. In the first report (2003),
the MYBPC3%%%"P variant was initially detected in two affected
Indian families. Then, it was reported in 16 of 229 unrelated
healthy SA individuals and present in 3.8% of the general
population, confirming variability in disease penetrance (29).
In the next case-control study with a multi-ethnic population
of 6,273 individuals in the SA Diaspora, the carrier frequency
of the MYBPC32%5% variant was reported to be 4% (26).
Simonson et al. (38) and Bashyam et al. (37) reported 8 and
6%, respectively, in their studies. In 2018, we determined 6%
prevalence in a sample taken from individuals of SA ancestry
living in the United States (27). However, MYBPC3425bp g
largely associated with incomplete penetrance and delayed onset
(26, 27, 29). In the current study, we identified a slightly higher
prevalence at 6.75%, but given the nature of our study, this
result may have been influenced by ascertainment. Collectively,
these data support that MYBPC3%2%%P js a common variant
and that its distribution is associated with ethnicity (4, 25).
Furthermore, our interpolation indicates that a prevalent SA-
specific MYBPC32%**P variant predisposes an estimated ~100

million people of SA ancestry worldwide (26) to such adverse
cardiac events as cardiomyopathies, arrhythmias, HF, and SCD.
Previously, we reported no significant difference in clinical
characteristics, ECG, or echocardiographic parameters between
US SA carriers of the MYBPC34%**P variant and NCs at rest,
except for LV fractional shortening (27), which was slightly
higher in carriers as compared to NCs (p = 0.04), suggesting a
minimal effect of the MYBPC3%2°"P variant on the development
of HCM phenotype. Compared to the current study, prior
analyses included more individuals (n = 47 carriers) who were
younger (47.6 years) and, importantly, included both men and
women (27). Both sex inclusion and age may have reduced
the ability to detect a hyperdynamic state, which we discovered
upon exercise stress. Many affected individuals could also remain
asymptomatic until late adulthood (16, 22). Therefore, early
detection of any subtle clinical phenotype and/or secondary
contributing risk factors triggering symptoms in the carrier
population, as we have suggested in our findings, is potentially
relevant clinically. In the prior study, we also identified a second
co-segregating novel variant (D389V) identified in ~10% of
MYBPC3%%5% carriers associated with hyperdynamic cardiac
features on echocardiogram as a potential secondary modifying
factor for HCM (27). In this current investigation, however, no
MYBPC3%%5% subjects with the D389V variant were included,
meaning that the findings herein cannot be attributed to
D398V. As previously noted, Harper et al. separately identified a
haplotype in SAs with HCM with both the MYBPC3%2°"P variant
and a potentially pathogenic variant, MYBPC3 ¢.1224-52G>A
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FIGURE 4 | Prevalent South Asian-specific MYBPC322%°P variant is associated with hypercontraction and impaired relaxation under exercise stress (10 NCs vs. 10
MYBPC3425% carriers). (A) A significant difference in LVIDgi is observed between carriers of the MYBPC322%%P variant and NCs (Two-way ANOVA, p = 0.0002; Cl:
0.239 + 0.125). In response to stress, LVIDgi, increases significantly from baseline in NCs, whereas it does not significantly change in MYBPC3225%° carriers. (B) The
graph depicts a non-significant difference between MYBPC322%% variant carriers and NCs in LVID; in response to stress (Two-way ANOVA, p = 0.061; Cl: 0.09 +
0.09). In addition, carriers of the MYBPC32255P variant show significantly higher (C) ejection fraction (Cl: 4.57 4 1.93) and (D) LVOT peak velocity (Cl: 0.197 4 0.069)
compared to NCs (Two-way ANOVA, p < 0.0001, both). (E) With exercise, the average E/A ratio shows a significant difference between MYBPC3425%P carriers and
NCs (Two-way ANOVA, p < 0.038; Cl: 0.107 + 0.102). (F) The graph depicts significantly higher aortic valve peak velocity in MYBPC3425%P variant carriers compared
to NCs (Two-way ANOVA, p < 0.012; CI: 0.103 + 0.081). LVIDgja, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole; LVOT,

left ventricular outflow tract; NC, non-carriers.

(31). None of the members of our MYBPC3225%P cohort were,
in fact, found to carry the variant identified by Harper et
al. Altogether, we propose that MYBPC322° is still a valid
risk variant in the etiology of HCM and that it arises from a
secondary risk factor, namely, exercise stress, and manifests as
hypercontraction and impaired relaxation associated with late-
onset LV dysfunction.

Exercise stress echocardiography is a standard clinical
assessment and diagnostic armamentarium of HCM to assess

exercise-induced LVOT obstruction in patients with resting
LVOT gradient <50 mm Hg (40). The only limitation is that
not all patients with HCM and controls are able to perform
stress exercises. Patients with HCM usually present with dynamic
LVOT gradient, arrhythmias, and mitral regurgitation. However,
for asymptomatic carriers with pathogenic sarcomere mutations,
the exercise stress test is potentially an advantageous method for
unmasking subclinical diseases, such as impairment in diastolic
function and dynamic outflow tract obstruction in the absence
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of a pathologically hypertrophied LV. The exercise stress test
results presented here seem to have to accurately detect early
changes in cardiac function, and the testing procedure was
shown to be safe for enhancing and visualizing mid-range
changes in cardiac function in variant carriers (41). Based on the
results, asymptomatic MYBPC3”2°P carriers do have sublevel
phenotype during exercise, which is masked under baseline
conditions. These data further indicate that exercise testing may
assist in risk stratification for the presence of any cardiac events
as previously described (41-43).

Hypertension, diabetes mellitus, coronary artery disease,
and other comorbid conditions were known to confound the
phenotypic effects of cardiomyopathy and cardiac dysfunction.
Initial studies have shown that the MYBPC3%%**P variant is
associated with HCM (29), but then it was also determined to be
associated with dilated and restrictive cardiomyopathies and HF
(26). Later, it was determined that MYBPC3%%°"P is significantly
associated with LV dysfunction secondary to coronary artery
disease (39, 44). After myocardial infarction, results from these
studies have suggested that patients with MYBPC322%%P show
poor cardiac remodeling and recovery from the damage. This
could be explained in several ways. First, cMyBP-C is sensitive
to proteolysis during myocardial infarction and could be a
potential earlier biomarker for heart attack (45-47). Thus,
patients with MYBPC3%2°®P may not have enough wild-type
cMyBP-C turnover, resulting in haploinsufficiency (48). The
failure to compensate for the loss of wild-type during myocardial
infarction finally results in poor cardiac remodeling. Second,
when MYBPC3%2%®P carriers undergo myocardial infarction, it is
possible that initial damage hinders quick recovery by the poison
polypeptide effect (49). In the present study, we provided subjects
with a questionnaire asking for information pertaining to their
demographics, family history, medical history, and current and
past medications. Using this as our guide, we then excluded any
MYBPC3%%%%P carriers who were presented with such secondary
risk factors, thus eliminating them from participation in the stress
echo study. This means that the outcome of the stress echo was
based solely on the presence of MYBPC32° and its effects
on cardiac function. Collectively, results from the present study
suggest LV hypercontractility under exercise stress conditions
with evidence of diastolic stiffening and impairment among
male asymptomatic MYBPC3%2*P carriers. As such, these
results also suggest the presence of some subclinical pathology
in MYBPC3%®P carriers under exercise stress conditions.
Based on the presence of HCM in transgenic mice expressing
MYBPC3%%%P mRNA (49) and subclinical cardiomyopathy
phenotype in carriers (26), MYBPC3%2%% can, therefore, be
considered a potential risk allele for abnormal diastolic function
and cardiomyopathy.

Complementary DNA sequencing of mRNA isolated from
the biopsy of an MYBPC3%**P_positive patient confirmed the
presence of exon 33 skipping in vivo (26, 29). Exon 33 skipping
results in the loss of 62 amino acids, resulting in a modified C10
domain of cMyBP-C (13). Exon 33 skipping also moves the stop
codon to the 3’ untranslated region (UTR), adding a novel 55
amino acids in this newly modified C10 domain at the carboxyl
terminus (cMyBP—CAClO) (49). However, if the C10 domain is

modified, or truncated, then cMyBP-C will not properly localize
in the sarcomere (50-52). The repercussions of this event can
involve pathogenicity with the onset of HCM.

In fact, we have previously demonstrated that the presence
of the MYBPC3%°P variant could lead to exon 33 skipping
during transcription (26, 29). We next determined that the
MYBPC3%%% variant in the presence of exon 33 skipping
is pathogenic, both in vitro (46) and in vivo (49). Using a
transgenic mouse model, we demonstrated that the expression
of ctMyBP-CA¢10 is sufficient to cause HCM. Based on this
observation, we propose that haploinsufficiency increases the
disordered relaxed state (DRX) and decreases the super relaxed
state (SRX) of myosin, leading to hypercontraction and HCM
(53, 54). However, the molecular mechanism underlying these
phenomena is yet to be validated in a humanized knock-in
MYBPC3%25% mouse model that shows normal cardiac function
under baseline conditions (55). Thus, future studies will involve
defining the pathogenicity of MYBPC32?**P in a humanized
knock-in mouse model in the presence of a comorbidity or
acute insult.

Study Limitation

This study is limited by its single-center nature, small cohort
size, and inclusion of only men. Although HCM has equal
distribution in both sexes (4, 56), women are more likely to
remain undiagnosed (4); therefore, including female carriers and
evaluating gender-specific manifestations under exercise stress
conditions are strongly recommended. However, among those
contacted for this study, male subjects were more willing to
perform TTE and/or BSE, accounting for the disparity. We
were also limited by the coronavirus disease-2019 (COVID-19),
which resulted in a delay in recruitment and the need to follow
health and safety protocols, such as wearing a mask during
stress exercise. While the present study is valuable for its novel
outcome, it is, by design, only a pilot study, so further, larger
studies are needed.

AUTHOR’S NOTE

We presented the current data at the American Heart
Association Scientific Sessions on November 12, 2020 (abstract
# 13481) entitled “South Asian-specific MYBPC3%2*P Intronic
Deletion Carriers Demonstrate Hypercontractility and Impaired
Diastolic Function Under Exercise Stress” (Circulation. 2020;
142:A13481; https://doi.org/10.1161/circ.142.suppl_3.13481).
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