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BACKGROUND: Classically, hypertrophic cardiomyopathy (HCM) has been viewed as a single-gene (monogenic) disease
caused by pathogenic variants in sarcomere genes. Pathogenic sarcomere variants are individually rare and convey high
risk for developing HCM (highly penetrant). Recently, important polygenic contributions have also been characterized.
Low penetrance sarcomere variants (LowSVs) at intermediate frequencies and effect sizes have not been systematically
investigated. We hypothesize that LowSVs may be common in HCM with substantial influence on disease risk and
severity.

METHODS: Among all sarcomere variants observed in the Sarcomeric Human Cardiomyopathy Registry (SHaRe), we identified
putative LowSVs defined by (1) population frequency greater than expected for highly penetrant (monogenic) HCM (allele
frequency >5x107® in the Genome Aggregation Database, gnomAD) and (2) moderate enrichment (>2x) in patients with
HCM compared with gnomAD. LowSVs were examined for their association with disease severity and clinical outcomes.
Functional effects of selected LowSVs were assessed using induced pluripotent stem cell-derived cardiomyocytes.
Association of LowSVs with HCM-adjacent traits in the general population was tested using UK Biobank cardiac magnetic
resonance imaging data.

RESULTS: Among 6045 patients and 1159 unique variants in sarcomere genes, 12 LowSVs were identified. LowSVs
were collectively common in the general population (1:350) and moderately enriched in HCM (aggregate odds ratio,
14.9 [95% Cl, 12.5-17.9]). Isolated LowSVs were associated with an older age of HCM diagnosis and fewer adverse
events. However, LowSVs in combination with a pathogenic sarcomere variant conferred higher morbidity (eg, composite
adverse event hazard ratio, 5.4 [95% Cl, 3.0-9.8] versus single pathogenic sarcomere variant, 2.0 [95% CI, 1.8-2.2];
P<0.001). An intermediate functional impact was validated for 2 specific LowSVs—MYBPC3 c.442G>A (partial splice
gain) and TNNT2 c¢.832C>T (intermediate effect on contractile mechanics). Cardiac magnetic resonance imaging
analysis of the general population revealed 5 of 12 LowSVs were significantly associated with HCM-adjacent traits
without overt HCM.

CONCLUSIONS: This study establishes a new class of low penetrance sarcomere variants that are relatively common in the
population. When penetrant, isolated LowSVs cause mild HCM. In combination with pathogenic sarcomere variants, LowSVs
markedly increase disease severity, supporting a clinically significant additive effect. Last, LowSVs also contribute to age-
related remodeling even in the absence of overt HCM.
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Low Penetrance Sarcomere Variants in HCM

Clinical Perspective

What Is New?

* We identified a new class of low penetrance sarco-
mere gene variants.

* Low penetrance sarcomere gene variants are col-
lectively common in the population (1:350) but
carry only a 2% to 129% risk of causing hypertrophic
cardiomyopathy (HCM) in a given individual, in con-
trast with the high risk associated with pathogenic
HCM-causing sarcomere variants.

* Low penetrance sarcomere gene variants typically
cause mild HCM when present alone but significantly
worsen disease when combined with additional vari-
ants, supporting additive genetic risk models in HCM.

What Are the Clinical Implications?
* Incorporating low penetrance sarcomere gene vari-
ants into genetic testing interpretation may improve

risk assessment and individual patient management
in HCM.

1:500 in the population, has been considered

an autosomal dominant inherited condition since
the first genetic causes were described in the 1990s.'®
Individually rare, pathogenic variants in sarcomere genes
are, collectively, the most common genetic cause of
HCM, and they account for ~50% of patients with HCM
in the multicenter Sarcomeric Human Cardiomyopa-
thy Registry (SHaRe).” Pathogenic sarcomere variants
(PathSVs) have been defined primarily based on rarity
in the general population and presence of the variant
within affected family members®® Patients with HCM
caused by PathSVs, on average, have worse outcomes.”
Yet marked clinical variability exists across individuals,
even when they carry identical PathSVs, as we showed
in our analysis of MYBPCS3-associated HCM.'® Thus,
knowledge of PathSVs alone does not allow refined risk
prediction, likely because of additional genetic and non-
genetic factors that affect disease risk.

On the other end of the spectrum from disease caused
by single PathSVs, HCM has been recently shown to have
substantial polygenic contributions."""® The polygenic
variants contributing to HCM are defined as “risk alleles”
with small effect size (eg, relative risk <2) and are individu-
ally insufficient to cause HCM.'” Through recent genome-
wide association studies and polygenic risk scores in HCM,
risk alleles have been shown to both (1) have an additive
effect in causing HCM in patients without PathSVs and
(2) contribute to disease severity risk in the presence of
PathSVs.''7181518 The contribution of multiple risk alleles
partially explains the nonfamilial form of HCM for whom
prospective family screening is often negative.’®'® How-
ever, these genome-wide association studies to date do
not fully account for the residual risk in HCM.

I Iypertrophic cardiomyopathy (HCM), affecting
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Nonstandard Abbreviations and Acronyms

CMB cardiac muscle bundle

CMR cardiac magnetic resonance imaging

gnomAD Genome Aggregation Database

HCM hypertrophic cardiomyopathy

HCM HCM with a single low penetrance
sarcomere variant

HCM,, ir.. HCM with >1 pathogenic or likely
pathogenic sarcomere variant

HCM,_,,. HCM with a single pathogenic or
likely pathogenic sarcomere variant

HCM.,....... HCM with both a low penetrance
variant and a pathogenic sarcomere
variant

HCM,, o HCM with negative genetic testing
for sarcomere gene variants

iPSC induced pluripotent stem cell

iPSC-CM induced pluripotent stem
cell-derived cardiomyocyte

IQR interquartile range

LowSV low penetrance sarcomere variant

MAF minor allele frequency

MyBP-C myosin binding protein C

MYBPC3tv  truncating MYBPCS3 variant

OR odds ratio

PathSV pathogenic or likely pathogenic
sarcomere variant

SHaRe Sarcomeric Human Cardiomyopathy
Registry

Vvus variant of uncertain significance

In between pathogenic variants (ie, large effect) and risk
alleles (ie, small effect), the presence of “‘low penetrance”
variants has recently been proposed to further refine genetic
risk models in autosomal dominant disorders.'” By definition,
low penetrance variants have an intermediate effect size
compared with pathogenic variants and risk alleles.'” Low
penetrance variants in sarcomere genes have been sug-
gested®22 but have not been systematically assessed and
correlated with clinical outcomes. Establishing the wider
presence and clinical impact of this class of variant would
further improve genetic risk stratification in HCM.

Here, we leverage the scale, longitudinal follow-up, and
genetic curation of SHaRe to define a new class of low pen-
etrance sarcomere variants (LowSVs) (Figure 1). For 2 of
these variants (MYBPC3 c.442G>A and TNNT2c.832C>T),
we validated functional effects using human induced plurip-
otent stem cell—-derived cardiomyocytes (iPSC-CMs).

METHODS

A detailed methods section is available in the Supplemental
Material. SHaRe is a multicenter registry of high-volume HCM
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Variant Effect Size (Clinical Severity)

Small Intermediate Large

Risk Low Penetrance High Penetrance

Alleles Sarcomere Variants Sarcomere Variants
Odds Ratio Odds Ratio Odds Ratio
1.1-2.0 2-20 >20

(2-12% penetrance)

Very Large

Sarcomere Variants

Figure 1. Hypertrophic
cardiomyopathy (HCM) disease
severity and penetrance are driven by
the differing effect size in sarcomere
gene variants.

The spectrum of variant effect size spans
highly penetrant, pathogenic sarcomere
variants (PathSVs) to risk alleles that
alone do not cause HCM but contribute to
additive risk. Odds ratio ranges for HCM
cases vs controls are shown for each

Multiple

NA

Non-penetrant

Age-related
adverse
remodeling

Hypertrophic cardiomyopathy
> Reduced clinical severity
> Less familial risk

> Additive effects with other sarcomere variants

variant class. Low penetrance sarcomere
variants (LowSVs) cause milder HCM when
penetrant (in 2%-12% of individuals), but
markedly increase HCM severity when

present in combination with PathSVs.

centers of phenotypic, genetic, and clinical outcomes data on
patients with HCM with retrospective and prospective elements.
The structure of the registry, methods of data collection, and
data curation have previously been described.” Participation in
SHaRe was independently approved by the institutional review
board at each center, and de-identified data were used to con-
struct the central registry. Classification of variant pathogenic-
ity was determined based on accepted standards, as previously
described."'® If conflicting classifications were present between
sites, SHaRe investigators with expertise in variant curation
assigned a SHaRe-adjudicated classification. Data for this study
were exported February 2023. We defined LowSVs agnosti-
cally based on a combination of population prevalence from the
Genome Aggregation Database (gnomAD) v4.0 and enrichment
in SHaRe relative to population frequency data. We used the
following criteria: (1) minor allele frequency (MAF) >6x107% in
gnomAD v4.0 and (2) odds ratio (OR) for enrichment in SHaRe
relative to gnomAD v4.0 >2.0 and with a 95% CI lower bound
exceeding 1.0 and P value <0.05 by Fisher exact test®?324
Outcomes were assessed as class aggregates without adjust-
ments in P values for individual variants. Level of evidence was
defined by replication in a separate dataset and functional stud-
ies per ClinGen recommendations.'” Counts per specific variants
for odd ratios and significance excluded additional family mem-
bers as identified in SHaRe. The MAF threshold was selected as
the established maximally credible allele frequency for a caus-
ative variant and has been used previously in variant classifica-
tion within SHaRe."?324 MYBPC3 variant ¢.1504C>T (p.R602W)
is an archetypal pathogenic variant with relatively high popula-
tion frequency, and, similar to previous methods, this variant was
separated as a reference compared to identified LowSVs.?42
Otherwise, variants defined as “pathogenic” or “likely pathogenic”
were considered in a single category (PathSV) distinct from vari-
ants of uncertain significance (VUSs) or likely benign variants.
After reclassification of LowSVs, patients with both a PathSV and
1 or more VUSs or with multiple VUSs were excluded from out-
comes analyses. Composite outcomes were defined as outlined
in the detailed methods (Supplemental Material).

Functional validation studies were performed using human
iPSC-CMs. Patient induced pluripotent stem cells (iPSCs)
were generated as part of a protocol approved by the University
of Michigan Institutional Review Board and the University of
Michigan Human Pluripotent Stem Cell Research Oversight
Committee. iPSC-CM differentiation and functional quan-
tification were performed using our previously published
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techniques.?’~?° Briefly, iPSCs were differentiated into iPSC-
CMs using modulation of the WNT pathway, followed by meta-
bolic purification.?”-2° Validation experiments on the functional
effect of the MYBPC3 c.442G>A variant on splicing and
protein level were performed on purified iPSC-CM monolay-
ers from a patient-derived iPSC line containing this variant in
trans with a truncating variant. Specifically, splice variant quan-
tification of the MYBPC3 c.442G>A variant was performed
using RNA sequencing (GSE274124). Additive effect of the
MYBPC3 c.442G>A variant on MyBP-C (myosin binding pro-
tein C) protein content was quantified by mass spectroscopy
compared with 2 control, 2 patient, and gene-edited heterozy-
gous truncating variant lines. Functional effects of the TNNTZ
¢.832C>T variant on contractility were determined using
lentiviral expression in iPSC-CMs to enable control for both
line and batch variability. We generated lentiviral constructs to
express wild-type (control) TNNT2, TNNT2R278C, and TNNT2
R286C in iPSC-CMs, and positively transduced iPSC-CMs
were selected by puromycin resistance. All lentiviral constructs
included a C-terminal FLAG epitope tag to verify transduction
and protein expression. These iPSC-CMs were then used to
generate cardiac tissues using our previously published car-
diac muscle bundle (CMB) technique.®® Briefly, transduced
and selected iPSC-CMs were assembled into CMB tissues on
micropatterned elastomer substrates that mimic the elasticity
of the heart (~8 kPa stiffness). Rectangular micropatterning
on these substrates induces long-axis alignment of myofibrils
and a uniaxial contractile direction, both of which enhance con-
tractile function and increase resolution of contractile assays.?®
Further details are described in the Supplemental Methods.
The UK Biobank, a population-based prospective cohort
with extensive genetic and phenotypic data collected on approx-
imately 500000 individuals aged 40 to 69 years recruited from
across the United Kingdom between 2006 and 2010, was
used as a separate orthogonal dataset to assess replication
of the previously identified LowSVs in SHaRe with HCM and
association with a priori selected quantitative cardiac magnetic
resonance imaging (CMR) traits. HCM in the UK Biobank cases
was identified from self-report clinical data (hospital admis-
sions and death registry) and CMR (left ventricular maximum
wall thickness >15 mm). Cases with HCM were excluded from
single LowSV association testing with quantitative CMR traits.
Replication of LowSVs identified in SHaRe with HCM and asso-
ciated with quantitative CMR traits was performed using the
genome-wide regression test implemented by Regenie.®
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Statistical Analysis

SHaRe clinical data through February 2023 were analyzed.
Continuous variables are presented as meantSD if normally
distributed or as median (interquartile range [IQR]) if deviat-
ing from the normal distribution unless otherwise noted.
Categorical variables are presented as counts and percent-
ages. Between-group comparisons were evaluated statistically
using t test or y? tests as appropriate with Bonferroni cor-
rection for multiple comparisons. Time-to-event analysis was
performed using the Kaplan-Meier method and cumulative inci-
dence function of events with statistical significance assessed
by pairwise Breslow analysis. Survival analyses were limited to
age 60 years, similar to previous analyses.” Multivariable Cox
proportional hazards modeling was performed to evaluate the
association of baseline variables on the rate and timing of the
events of interest and reported as hazard ratios. A P value
<0.05 was considered significant. Statistical analyses were
conducted using IBM SPSS Statistics (version 29) with data
presentation through GraphPad Prism (version 9).

RESULTS

Identification of LowSVs in SHaRe

From all patients in SHaRe with a diagnosis of HCM who
underwent genetic testing (n=6045), we identified 1159
unique variants in sarcomere encoding genes (ACTCT,
MYBPC3, MYH7, MYL2, MYL3, TNNI3, TNNT2, TPM1,
Table S1). Of these 1159 variants, 145 unique variants
were found to have a population frequency exceed-
ing expected for the established maximally credible al-
lele frequency for autosomal dominant cardiomyopathy
(MAF >bx107%) (Table S1).72324 Of these 145 variants,
12 variants met criteria for designation as LowSVs (see
Methods), including relative enrichment in SHaRe and
insufficient evidence to be considered PathSVs using ac-
cepted criteria®® The relative enrichment across all vari-
ants in SHaRe and the 12 identified LowSVs is shown
in Figure 2A and 2B, and details of each LowSV are
shown in Table 1 (further details in Table S1). A subset
of 4 of 12 LowSVs were replicated in the UK Biobank
HCM dataset, despite the smaller cohort size (=637
HCM cases; Table S6) and 9 of 12 were replicated from
a large 10400-patient dataset described in McGurk et
al?® Overall strength of evidence for each LowSV was
assessed using criteria from the ClinGen Working Group
for low penetrance and risk alleles' with 12 individual
variants having strong or very strong evidence of being a
true LowSV (level of evidence definitions in Supplemen-
tal Methods). Cumulatively, these 12 LowSVs are present
in 126 patients (2.1%) with HCM in SHaRe. The iden-
tified LowSVs have a general population prevalence of
0.14% (1 of 350 individuals in gnomAD). As expected
for variants with lower disease penetrance, the puta-
tive LowSVs had relatively low levels of enrichment (OR,
3.2-16.1) with an aggregate OR for all 12 LowSVs of
14.9 (95% Cl, 12.5—17.9) for HCM cases in SHaRe ver-
sus gnomAD. In contrast, archetypal pathogenic variants
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exhibited a greater degree of enrichment in HCM. For
example, the pathogenic MYBPC3 variant ¢.1504C>T
(p.RBO2W) had an HCM enrichment OR of 42.3 (95%
Cl, 392.5-55.1; 0.0001 versus LowSV enrichment).
Because MYBPC3 truncating variants (MYBPC3tv) are,
together, the most common genetic cause of HCM and
are pathogenically similar,’® we also calculated the rela-
tive enrichment for all MYBPC3tv in SHaRe, resulting in
an OR of 79.1 (95% ClI, 71.7-87.3; ”<0.0001 versus
LowSV enrichment). Although penetrance cannot be di-
rectly determined from SHaRe, we can approximately es-
timate penetrance of LowSVs in first-degree relatives of
affected individuals using the relative ORs of LowSVs to
MYBPC3tv's given that the penetrance of MYBPC3tv's
in HCM relatives is known to be ~55%23" The relative
OR for LowSVs is 0.19 (ie, 14.9/79.1 from above). Mul-
tiplying this relative ratio by 55% yields an approximate
average penetrance estimate of 10% (range, 2%-12%).
Using the approach described by McGurk et al® the
aggregate penetrance of incidentally found LowSVs is
estimated at 1.3% (95% Cl, 1.0%—1.8%; range for in-
dividual LowSVs, 0.6%-3.2%). The identified LowSVs
predominantly include variants previously classified in
ClinVar and SHaRe as VUS, likely benign, or conflicting
evidence (Table 1).

AlphaMissense® and SpliceAl tools** were used
to identify potential effects of the identified LowSVs
on protein structure or splicing, respectively (Table 1).
AlphaMissense® classified 8 of the 12 LowSVs with high
pathogenicity scores consistent with predicted disrup-
tion of protein structure or function. SpliceAl*® predicted
the MYBPC3 c.442G>A, MYBPCS c.1224-52G>A, and
MYBPC3 c¢.3065G>C variants to result in a gain of an
alternative splice acceptor or donor site, which is consis-
tent with previous splice assays for MYBPC3 c.442G>A
and MYBPC3 c.1224-52G>A343%

Patients With LowSVs in Isolation Exhibit Milder
HCM

Characteristics of patients in SHaRe stratified by variant
type are shown in Table 2. A total of 86 patients (1.5%)
carried a LowSV (HCM__ ) in isolation (without an ad-
ditional PathSV). We previously showed that earlier age
of diagnosis is associated with greater disease sever-
ity in the SHaRe cohort.”®*® Here, we found that patients
with HCM _ were diagnosed with HCM at an older age
compared with patients with a single PathSV (HCM_ )
(4810R [32, 56] versus 38 IOR [24, 51] years; A<0.001;
Figure 2C). The age of diagnosis was modestly younger
in HCM__, compared with genetic test negative (HC-
Mgaeneg Figure 2C; adjusted A=0.03). Consistent with
lower penetrance, a family history of HCM and sud-
den cardiac death were both less frequent in HCM |
than HCM__, (family history of HCM 33% versus 64%;
F<0.001; family history of sudden cardiac death 4%

Circulation. 2025;151:783-798. DOI: 10.1161/CIRCULATIONAHA.124.069398
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Figure 2. Isolated lower penetrant sarcomere variants (LowSVs) are associated with mild, lower penetrance hypertrophic
cardiomyopathy (HCM).

A, Depicts the enrichment OR of all unique variants found in patients with HCM in the SHaRe registry with a MAF of 1x10?to 10® in the
general population (gnomAD) (error bars represent 95% CI). Those with MAF >5x 10 and enrichment with lower bound >1 were classified as
LowSVs (red) with reference high frequency known pathogenic variant MYBPC3 p.R502W (purple). B, Isolated depiction of LowSVs and MYBPC3
p.RBO2W demonstrate that LowSVs have a more moderate enrichment within patients with HCM compared with reference pathogenic variant
MYBPC3 p.RB02W, consistent with lower disease penetrance. C, Depicts age of onset of HCM, a marker of disease severity.” Patients with HCM
with an isolated LowSV (HCM,  blue) demonstrate an intermediate, mild increase in disease severity with age of onset between patients with
HCM that are genotype negative (HCMSarcNeg green) and those that carry a variant of uncertain significance (HCM, , orange) with significantly
later age of onset compared with patients with HCM with a pathogenic or likely pathogenic sarcomere variant (HCM__, red) (P value by 1-way
ANOVA with Bonferroni correction). D, Kaplan-Meier curves of overall composite outcome (defined as sudden cardiac death, resuscitated
cardiac arrest, appropriate implantable cardioverter-defibrillator therapy, cardiac transplant, left ventricular assist device implantation, New York
Heart Association [NYHA] class |1l or IV heart failure, atrial fibrillation, stroke, or all-cause mortality). Similar to age of onset, Kaplan-Meier curves
demonstrate patients with HCM, have an intermediate effect on time to the composite outcome compared with HCM_ . and HCM,
(A0.001 HCMg, ,, vs HCM, g or HCM , P<0.04 HCM,  vs HCM,,, P=0.08 HCM_ vs HCM

path? by Breslow, univariate Cox regression
noted in Table S4). Shaded area denotes 95% Cl.

SarcNeg

versus 17%; P=0.02; Table 2). A male bias was high- tion of follow-up was similar for patients with HCM _ and
estin HCM _, and HCM, . groups (both 65%) versus ~ HCM__, (Table 2). We compared composite major adverse
HCM,,.. (57%; both A<0.001; Table 2). events (death, transplant, cardiac arrest, ventricular arrhyth-

Patients were followed for a median duration of 5.4 mia, or New York Heart Association class l11/1V heart failure;
[IOR 2.0, 10.2] years across the complete cohort. The dura-  Table S4) with HCM a group we previously reported

SarcNeg’
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Table 1. Low Penetrance Sacromere Variants (LowSVs) with Enrichment in SHaRe >2.0 and Minor Allele Frequency >5x10-5 in
— gnomAD v4.0
()
E Genomic Protein Previous Variant counts Enrichment
% variant variant classification (individuals/total) MAF (95% CI) P value AlphaMissense SpliceAl Level of evidence
[}
E Type, score
g ClinVar SHaRe | SHaRe gnomAD Score Classification >0.05
=] MYBPC3 p.Arg810His Conflicting LP 14/6045 | 116/1613846 | 16.1 <0.00001 0.65 LP Strong - REPt
g c.2429G>A 2.32E-08 | 7.19E-05 (9.3-28.1)
MYH7 p.Asn1327Lys | LB LB 7/6045 82/1606190 11.4 <0.00001 0.96 LP Strong - REPt
c.3981C>A 1.16E-03 | 5.11E-05 (56.2-24.6)
MYBPC3 p.Gly148Arg Conflicting VUS 13/6045 | 172/1561288 | 9.8 <0.00001 0.44 Ambiguous Acceptor Strong - FS, REPt
c.442G>A 2.15E-08 | 1.10E-04 (5.6-17.2) gain 0.94
MYBPC3 P/LP VUS 5/6045 79/1522824 8.0 0.00056 Acceptor Strong - REP*
c.1224- 8.27E-04 | 5.19E-05 (3.2-19.7) gain 0.99
52G>A
MYH7 p.Ala326Pro | Conflicting VUS 10/6045 | 173/1613828 | 7.7 <0.00001 0.26 LB Strong - REPt
c.976G>C 1.65E-03 | 1.07E-04 (4.1-14.6)
TNNT2 p-Arg278Cys | Conflicting LB 40/6045 | 827/1611210 | 6.5 <0.00001 1.00 LP Very strong - FS,
c.832C>T 6.62E-03 | 5.13E-04 (4.7-8.9) REP*t
MYBPC3 p-Asp610His | Conflicting vus 5/6045 103/1598984 | 6.4 0.0014 0.98 LP Very strong - REP*+
c.1828G>C 8.27E-04 | 6.44E-05 (2.6-15.8)
MYL3 p.Ala57Asp Conflicting VUs 9/6045 190/1614056 | 6.3 <0.00001 0.65 LP Strong - REPt
c.170C>A 1.49E-03 | 1.18E-04 (8.2-12.4)
MYBPC3 p.Arg1022Pro | Conflicting LP 3/6045 84/1611220 4.8 0.028 0.96 LP Donor gain | Very strong - REP*+
c.3065G>C 4.96E-04 | 5.21E-05 (1.5-15.1) 0.15
MYBPC3 p.Pro873His VUS LB 3/6045 90/1528202 4.2 0.0066 0.87 LP Limited
c.2618C>A 4.96E-04 | 5.89E-05 (1.3-13.3)
MYBPC3 p.Glu441lys Conflicting LB 6/6045 197/1613118 | 4.1 0.0044 0.78 LP Strong - REPt
c.1321G>A 9.93E-04 | 1.22E-04 (1.8-9.2)
MYBPC3 p.Asp605Asn | Conflicting LB 4/6045 164/1593218 | 3.2 0.039 0.16 LB Limited
c.1813G>A 6.62E-04 | 1.03E-04 (1.2-8.7)
Total 1.97E-02 | 1.42E-03

gnomAD v4.0 reference GRCh38 reference genome. Pvalue calculated by Fisher exact test, OR and 95% CI by Woolf Logit method. Variant allele counts limited to
1 per family ID. LB indicates likely benign; LP, likely pathogenic; and VUS, variant of uncertain significance.

Level of evidence support qualifiers denoted as FS, supporting functional studies, and RERP, replication in independent dataset.

“Replication based on UK Biobank.

tReplication based on McGurk et al.®®

to have fewer adverse events, as the reference.’®"?® Com-
pared with patients who were HCMg_ ., overall compos-
ite adverse events occurred in patients with HCM _ at a
comparable rate (mean event-free survival age, HCM

patients with HCM__, . “and patients with HCM with 2
or more PathSVs (HCMMumPath; 271 versus 285 years;
adjusted P=0.20; Figure 3A). We also observed differ-
ences in clinical characteristics in the HCM,_, ., . group.

SarcNeg’
62 years [95% Cl, 61-62] versus HCM,_, 60 years [95% For example, there was a trend toward no male bias in
Cl, 57-63]; P=0.08; Figure 2D). In contrast, individuals HCM_,...,, (48% male versus 65% in HCM_ - un-
with HCM_,, exhibited a significantly higher rate of overall  adjusted ~=0.09 versus HCMg_ . Table 2). Additive

composite adverse events (mean event-free survival age, exposures contributing to HCM (ie, male sex, diabetes,

920z ‘TT Afenige4 uo Aq Bio'sfeuuno feye//:dny wouy papeojumoq

HCM,,,, b6 years [95% Cl, 55-57] versus HCM,_, 60  and hypertension, equally weighted)*® were also fewer
years [95% Cl, 57-63]; P=0.04; Figure 2D). in HCM_,,. . (Table 2; adjusted A<0.0001 versus
HCMSmNeg). These data could suggest a lesser relative

influence of nonsarcomere risk factors for HCM devel-
opment in the presence of additive effects from sarco-
mere variants. At first echocardiogram, individuals with
HCM,,, ..., had a lower mean left ventricular ejection

LowSVs Exhibit Additive Effects in Combination
With PathSVs

We next assessed whether LowSV in the presence of an

fraction (59%-+15%: £<0.05 for HCM

versus HC-

additional PathSV is associated with more severe HCM,
consistent with an additive effect. Patients with a combi-
nation of an LowSV and a PathSV variant (HCM__, ., )
were diagnosed with HCM at an earlier age than HC-
Mg, (median, 27 [13, 34] versus 38 [23, 51] years [IOR];
adjusted P=0.04). Age of diagnosis was more similar in

788  March 18,2025

Path+Low

SarcNeg’ HCM,; Table S3).
A left ventricular ejection fraction 50% to 60% in
patients with HCM is predictive of future progression to

overt systolic dysfunction as a late-stage complication of
HCM.38
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Low Penetrance Sarcomere Variants in HCM

Table 2. Demographics of Patients With HCM Within SHaRe Delineated by Variant Classification

Variant classification
Variable HCM, o HCM HCM, ;s HCM,_.,. HCM, ..o HCM,, . ipath Total
Column vs group
adjusted P<0.05* (n=2694) (n=86) (n=515) (n=2509) (n=21) (n=75) (n=5900)
Age of HCM 53.6 [42.0, 63.2] 47.8 [34.9,59.0] | 45.1 [31.6, 56.3] 38.2 [23.5, 271 [13.3, 28.5 [13.7, 46.6 [31.0,
diagnosis (years) *VUS, Path, *Path, Low+Path, | *Path, 51.0] 34.4] 47.8] 58.5]
Low+Path, MultiPath | MultiPath Low+Path,MultiPath | *Low+Path
Family history of HCM | 632 (23.5%) 28 (32.6%) 198 (38.4%) 15983 (63.5%) | 7 (33.3%) 46 (61.3%) 2504 (42.4%)
*SarcNeg *SarcNeg, *SarcNeg,
Low, VUS Low, VUS
Family history of 183 (6.8%) 4 (3.7%) 55 (10.9%) 421 (16.8%) 6 (19.4%) 15 (20.0%) 684 (11.6%)
sudden cardiac death *SarcNeg *SarcNeg, *SarcNeg *SarcNeg,
Low, VUS Low
Follow-up duration 4.6[1.5,8.8] 4.5 1.3, 71] 4.9 [1.7,9.2] 6.4[2.5,11.9] | 6.9[0.9,15.3] | 6.2[2.0,10.9] | 5.4[2.0,10.2]
(years) *SarcNeg,
Low, VUS
Sex
Female 933 (34.6%) 30 (34.9%) 188 (36.5%) 1069 (42.6%) | 11 (52.4%) 33 (44.0%) 2264 (38.4%)
Male 1761 (65.4%) 56 (65.1%) 327 (63.5%) 1440 (57.4%) 10 (47.6%) 42 (56.0%) 3636 (61.6%)
*SarcNeg
Proband 2584 (97.6%) 83 (96.5%) 471 (92.9%) 1967 (78.9%) | 18 (85.7%) 63 (84.0%) 5186 (88.9%)
*VUS *Path *Path
Diabetes 310 (11.5%) 10 (11.6%) 38 (7.4%) 151 (6.0%) 0 (0.0%) 4 (5.3%) 513 (8.7%)
*Path
Hypertension 1449 (53.8%) 31 (36.0%) 207 (40.2%) 750 (29.9%) 1 (4.8%) 19 (25.3%) 2457 (41.6%)
*Low, VUS, Path, *Path, Low+Path
Low+Path, MultiPath
Aggregate risk factors
Male + diabetes+ 1.3+0.8 1.1+£0.8 1.1+£0.8 0.9+0.7 0.5+0.6 0.9%+0.7 1.1+£0.8
hypertension *VUS, Path, *Low+Path *Path, Low+Path
Low+Path, MultiPath
Race
Asian 104 (3.9%) 1 (1.2%) 24 (4.7%) 73 (2.9%) 0 (0.0%) 1 (1.3%) 203 (3.4%)
Black 135 (5.0%) 0 (0.0%) 27 (5.2%) 68 (2.7%) 0 (0.0%) 2 (2.7%) 232 (3.9%)
*Path *Path
White 2180 (80.9%) 77 (89.5%) 403 (78.3%) 2175 (86.7%) | 19 (90.5%) 66 (88.0%) 4920 (83.4%)

*SarcNeg, VUS

Other or not
reported

275 (10.2%)
*Path

8 (9.3%)

61 (11.8%)
*Path

193 (7.7%)

2 (9.5%)

6 (8.0%)

545 (9.2%)

Data presented as count (% of variant population), median [interquartile range], mean£SD.
“t Tests (for continuous variables) and chi-square tests (for proportions) were performed for comparison between classifications with Bonferroni multiple test cor-
rection. Adjusted P value <0.05 for two-way comparison with each listed group (note: for brevity, each significant two-way comparison is listed only once in the table).

Patients with HCM__, ., also exhibited a significantly
higher adverse event rate compared with patients with
HCM,,, (Figure 3B; Kaplan-Meier adjusted A<0.001
between HCM_, and HCM__, .+ hazard ratio [95% Cl];
Table S5; HCM,,,, ., 5.4 [95% Cl, 3.0-9.8] compared
with HCM__,, 2.0 [95% ClI, 1.8 to 2.2] relative to HCM
Neg). Multivariate analysis demonstrated that HCMPath+Low
status remained an independent predictor of composite
adverse events (other independent predictors included
age of diagnosis and proband status; Table 3). Corre-
spondingly, individuals with HCM developed signifi-

Sarc-

Path+Low

Circulation. 2025;151:783-798. DOI: 10.1161/CIRCULATIONAHA.124.069398

cantly more heart failure events (Figure S1B; Table Sb).
Composite arrhythmia adverse events were fewer in total
number, and statistically significant differences were not
proven among groups (Figure STA; Table Sb).

Assessment of MYBPC3 c.442G>A as a LowSV
Through Partial Splice Gain of Function

We next determined the effects of the LowSV MYBPC3
¢.442G>A on RNA splicing and encoded MyBP-C pro-
tein level. This variant has had conflicting interpretations
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Figure 3. LowSV in combination with PathSV demonstrates markedly increased disease severity.
A, When compared with HCM cases with a single PathSV (HCM,__, red), HCM cases with LowSV combined with a PathSV (HCM_ ..., purple)
demonstrate significantly early onset of HCM similar to that of patients with 2 or more PathSVs (HCM,, ... gray) (P value by 1-way ANOVA,

Bonferroni correction for multiple comparison). B, Similar to increased HCM severity as demonstrated by age of onset, patients with HCM__ .
with combined LowSV and PathSV (purple) genotype have significantly worse outcomes than a single PathSV genotype by Kaplan-Meier time to
event of overall composite outcome (F<0.001 by Breslow testing, HR by univariate Cox regression noted in Table S4). Patients with HCM

do statistically differ in outcomes compared with patients with HCM, ... Shaded area denotes 95% CI.

Path+Low

in the ClinVar database and was previously designated as variant (c.606-1G>A)'° on the other allele. We differ-
a VUS after adjudication by SHaRe investigators.® We  entiated these iPSCs into cardiomyocytes (iPSC-CMs)
found MYBPC3 c.442G>A to be enriched in SHaRe with  and quantified splicing of MYBPC3 transcripts relative
an OR of 9.8 (95% Cl, 5.6-24.6; Table 1). This exonic  to control cardiomyocytes using RNA sequencing. We
variant was predicted to cause a splice gain based on a  observed a partial alternative splice acceptor gain at the
spliceAl score of 0.94 (Table 1). Although c.442G>A is predicted location downstream of the c.442G>A variant
also a coding sequence variant, the amino acid change (Figure 3A and 3B). The identified alternatively spliced
(p.G148R) was not strongly predicted to affect protein  transcript is frameshifted relative to the reference tran-
structure by AlphaMissense (0.44; Table 1). Among the  script by 37 nucleotides resulting in a premature stop
SHaRe cohort, this variant occurred as an isolated sar-  codon. Premature stop codons render transcripts sus-
comere variant in n=12 (14% of single LowSV cases) ceptible to nonsense mediated RNA decay, which is the
and in combination with a pathogenic MYBPC3variantin ~ predominant cause of haploinsufficiency in HCM caused
2 patients (Table S2). In both biallelic cases, the patients by truncating MYBPC3 variants (MYBPC3tv).2™? We
presented at young age (22 and 30 years) and devel-  calculated the percent of abnormally spliced MYBPC3
oped heart failure over short-term follow-up (by age 25

and 35 years, respectively). One of the patients devel-
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oped left ventricular wall thinning and systolic dysfunc- ~ Table 3. Risk of Development of Overall Composite

tion over 5 years of follow-up (ejection fraction decline ~ Qutcome to Age 60 Years

from normal to 35%), indicating progression to advanced Factor Hazard ratio (95% CI) P value

disease,’® but not as severe as patients presenting with Sex Female Ref

homozygous PathSV variants in MYBPCS, which typically Male 0.97 (0.85-1.08) 0.62

result in fatal infantile dilated cardiomyopathy.’ There- : :

fore, we hypothesized that the c.442G>A variant exerts Age at diagnosis per 5 years 072 (0.71-0.75) <0001

an incomplete splice gain effect, thus behaving as a hy- Proband No Ref

pomorphic allele (ie, partial loss of function) that exerts Yes 1.27 (1.07-1.51) 0.006

an additive effect in combination with other sarcomere Variant class | Negative Ref

variants. LowSV 1.22 (0.84-1.78) 0.30
We generated fan |ilF’SC Iineh fror:n 1 r:31‘ the hbiallekl]ic vUS 113 (0.95-1.35) 018

atients to specifically test the hypothesis that the

E.44QG>A varlijant results in a partialpsplice gain effect Pansy 1171057181 0.008

with a consequent additive effect on encoded protein Low+PethSV | 262 (1.44-4.77) 0002

level. This patient harbored the MYBPC3 c.442G>A MultiPathSV 192 (1.32-2.79) <0.001

LowSV with a definitively pathogenic MYBPC3 Sp“CG Cox regression analysis of overall composite event.
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transcripts from the c.442G>A allele by normalizing to
adjacent, unaffected splice junctions and found that
41£13% of transcripts from this allele were alterna-
tively spliced (Figure 4C). The pathogenic ¢.606-1G>A
MYBPC3 variant in this patient resulted in primarily in-
frame alternatively spliced transcripts (Figure S2). Next,
we performed mass spectroscopy to determine the
cumulative impact of the compound heterozygous vari-

Low Penetrance Sarcomere Variants in HCM

ants (c.442G>A combined with ¢.606-1G>A) on MYB-
PC3s encoded protein (MyBP-C). We found that the
patient-derived biallelic MYBPC3 iPSC-CMs exhibited
haploinsufficiency of MyBP-C compared with 2 control
iPSC-CM lines (62+3% of control; £A<0.001; Figure 4D)
and also compared with our previously published hetero-
zygous MYBPC3tv iPSC-CM lines (F<0.001), which we
had shown to exhibit posttranslational compensation that

A
442G>A
Intron 3 Exon 4
- |
cctttgctcacagggtcaagctcagcagctctcaatggtecctaccecctAg
/ . .
canonical splice competing alternative
acceptor splice acceptor
B “deleted 37 nt sequence in alternative spliced franscript
Control c.442G>A
P — 284 —
g
1640
Exon 3 3453 Exon 4 Exon 3 Exon 4
C D 0154 e
%) *kk
o] N
<« T p=0.007 = s X7 2
b o & 0.10 &
556 = ‘
X5 1.0 ]
w 2 — e
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Figure 4. Functional testing of MYBPC3 c.442G>A on splicing and protein stoichiometry.

A, The MYBPC3 c.442G>A variant creates a novel splice acceptor site 27 nucleotides 3’ of the canonical exon 4 splice acceptor site. B, iPSC-
CMs were generated from a patient with the MYBPC3 c.442G>A variant in trans with the pathogenic MYBPC3 splice variant c.606-1G>A.

The effect of each variant was quantified using RNA sequencing (n=3 separate differentiation batches for the biallelic MYBPC3 line and for a
control iPSC line). Reads aligning to splice junctions were quantified using the Integrative Genomics Viewer (IGV), shown here as Sashimi plots
(1 example shown for control and biallelic MYBPC3 lines). Lines connecting exons indicate the number of reads aligning with each junction. In
the control iPSC-CMs (left), reads aligned only with the canonical splice junction. In the line containing the c.442G>A variant (right), reads

also aligned to the predicted splice gain acceptor site. Exon 4-5 splice junction disruption by the ¢.606-1G>A variant is shown in Figure S2. C,
Disruption of exon 3-4 splicing for the c.442G>A allele was calculated by normalizing normally spliced exon 3-4 junction reads to reads aligned
to adjacent unaffected exons. This calculation could be performed because the c.606-1G>A variant results in primarily in-frame splice disruption
not affecting transcript stability (Figure S2). D, The encoded protein (MyBP-C) was quantified relative to total myosin using mass spectroscopy
for biallelic c.442G>A/c.506-1G>A iPSC-CMs compared with 2 controls and multiple previous MYBPC3 model iPSC-CM lines. The control
and other MYBPC3 variant lines’ data were previously published but were obtained in the same mass spectroscopy experiments as the data

for the c.442G>A/c.506-1G>A iPSC-CMs and are presented for comparison. The previous MYBPC3 variant lines include HetPR (gene-edited
heterozygous MYBPC3 promoter deletion), HetFS (gene-edited heterozygous MYBPC3 frameshift/truncating variant), HetFS-P1 (patient-derived
heterozygous MYBPC3 frameshift/truncating variant), HetFS-P2 (patient-derived heterozygous MYBPC3 frameshift/truncating variant), and
HomFS (gene-edited homozygous MYBPC3 frameshift/truncating variant). Bars and error bars indicate mean and SD. **~<0.001.
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prevents haploinsufficiency.?” Taken together, these anal-
yses demonstrate that the MYBPC3 c.442G>A LowSV
yields an intermediate size effect on MYBPCS3 transcript
level through a partial splice acceptor gain, and further-
more, this partial splicing effect results in an additive loss
of total MyBP-C protein level when present together
with a MYBPCS3 PathSV.

Assessment of TNNT2 ¢.832C>T (p.R278C) as a
LowSV Through Contractile Dysregulation

We next assessed the functional effects of the TNNTZ
¢.832C>T (R278C) variant, which has been an unre-
solved variant with conflicting interpretations in the Clin-
Var database. This variant was previously designated as
“likely benign” in the SHaRe cohort because of its high
population prevalence (5x10*). However, in the present
analysis, we found that this variant is clearly enriched in
SHaRe with an OR of 6.5 (95% ClI, 4.7-8.9; Table 1). In
total, we observe that this variant is present in 43 pa-
tients in SHaRe, making it one of the single most com-
mon variants in SHaRe. This variant was predicted by
AlphaMissense to affect protein structure/function
(0.997; Table 1).

We hypothesized that the R278C variant has an inter-
mediate effect on contractility between wild-type TNNTZ2
and established missense variants in TNNTZ2 that have
been determined to be causative of HCM (ie, PathSV).
To test for subtle functional effects between variants,
we used the CMB approach,?® which enables contractile
studies of purified iPSC-CMs in highly aligned tissues
with uniaxial contractions at a physiologic workload (~8
kPa). Moreover, because we previously have observed
significant iPSC-CM batch variation in high-resolution
contractile assays, even across experiments in the same
iPSC-CM line,22° we selected an approach that would
control for both line and batch (ie, isogenic and iso-
batch) by using lentiviral expression of TNNTZ2 in CMBs.
The TNNT2 R286C variant was used as a positive con-
trol because it is strongly enriched in SHaRe (OR, 55.6
[95% ClI, 26.6—116.3]) and affects the same C-terminal
TNNT2 tail domain as the R278C variant. We first opti-
mized transduction conditions to attain near complete
displacement with lentiviral-expressed TNNTZ2 at the
mRNA transcript level (Figure S4). We then showed that
protein levels of total TNNT2 were unchanged between
transduced and nontransduced iPSC-CMs using quan-
titative immunofluorescence (Figure BA and 5B). This
finding is consistent with the known precise stoichiomet-
ric regulation of TNNT2 in the sarcomere.*® In addition,
we verified that equivalent levels of transduced TNNT2
were expressed for each of the 3 constructs (Figure 5C).
Having shown that this overexpression approach resulted
in similar protein levels for each variant, we next per-
formed contractility analyses in CMBs. Contractility was
measured in CMBs, which individually contract at physi-
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ologic workload and allow for high precision of contrac-
tile mechanics, as previously described.?® We found that
both R278C and R286C CMBs exhibited increased
maximal fractional shortening compared with wild type
(control) at low media calcium concentration (7.3+2.6%
and 7.6%£2.3% versus 6.1£2.3%; P=0.005 and ~=0.001,
respectively; Figure 5D). However, these differences were
not apparent at higher media calcium concentration (Fig-
ure BE), consistent with an effect of the TNNT2 variants
on myofilament calcium sensitivity. Relaxation velocity at
low calcium concentration was reduced in R286C CMBs
compared with both R278C CMBs (3.8+0.8 ym/s versus
4.4+1.0 pm/s; P=0.001) and wild type CMBs (3.8+0.8
pm/s versus 4.4£0.8 um/s; P=0.002; Figure 5F). At high
calcium concentration, both R278C and R286C CMBs
exhibited reduced relaxation velocity compared with wild
type (4.6£1.0 pm/s and 4.6+1.2 ym/s versus 5.1+1.1
pum/s; P=0.01 and FP=0.04, respectively Figure 5G).
Taken together, these data demonstrate that the TNNT2
R278C variant dysregulates both contractile and relax-
ation function in cardiomyocytes, with a lesser effect on
relaxation velocity compared with the R286C variant at
lower calcium level.

LowSVs Are Associated With HCM-Adjacent
Traits in the UK Biobank

We next hypothesized that HCM-associated LowSVs, be-
ing more common in the general population, may also
be associated with cardiac morphologic traits along the
HCM spectrum, even in the absence of a clinical diagno-
sis of HCM. To test this hypothesis, we analyzed whether
LowSVs identified in SHaRe are associated with HCM-
adjacent traits in the CMR subcohort of the UK Biobank
without HCM (n=36 104). Specifically, we analyzed the
association of individual LowSVs on left ventricular end
diastolic volume, left ventricular end systolic volume, left
ventricular ejection fraction, left ventricular mass, and
maximum wall thickness. Five of the 12 LowSVs were as-
sociated with significant differences in these metrics (Ta-
ble 4). All significant differences exhibited a direction of
effect expected for HCM (ie, reduced left ventricular end
diastolic volume or left ventricular end systolic volume;
increased left ventricular ejection fraction and maximum
wall thickness). For example, the MYL3 c.170C>A vari-
ant was associated with decreased left ventricular end
diastolic volume and left ventricular end systolic volume,
metrics that have been associated with diastolic dysfunc-
tion.**=*" MYBPCS3 variants ¢.3065G>C, 1828G>C, and
1224-52G>A demonstrated a significant association
with a modestly increased average maximum wall thick-
ness, as expected for a low penetrance variant. TNNT2
variant ¢.832C>T was significant across multiple vari-
ables (left ventricular ejection fraction and left ventricu-
lar end systolic volume). The associations for all LowSVs
are shown in Table S7 with similar concordant direction
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Figure 5. Functional testing of TNNT2 c.832C>T (R278C) in cardiac muscle bundles.

A, iPSC-CMs were transduced with lentiviral expression vectors for wild-type (control) TNNT2, R278C TNNT2, or R286C TNNT2. All constructs
were C-terminal epitope tagged with FLAG to enable immunofluorescence-based validation of transduction efficiency. A representative example
of WT-TNNT2-FLAG is shown. Immunofluorescence imaging with an anti-FLAG antibody demonstrates high transduction efficiency as evidenced
by colocalization with an anti-TNNT2 antibody (marking both endogenous and exogenous TNNT2). Examples for both R278C and R286C

are shown in Figure S3. B and C, Total TNNT2 protein (B) and FLAG-tagged TNNT2 (C) were quantified by immunofluorescence relative to
actin. Total TNNT2 protein was equivalent between individual iPSC-CMs that were transduced compared nontransduced CMs (B). Quantitative
FLAG-tagged TNNT2 levels were equivalent across (control) TNNT2, R278C TNNT2, or R286C TNNT2 cardiac muscle bundles (C). D and E,
Contractile function was measured in cardiac muscle bundles (CMBs) generated from transduced iPSC-CMs. CMBs were imaged under both
low (0.756 mM) and high (1.5 mM) media calcium concentrations. Maximal fractional shortening was increased in both R278C and R286C CMBs
at low calcium concentration (D) but was not significantly different at high calcium concentration (E). F and G, Relaxation velocity of CMBs was
measured as a cell-based metric of diastolic function. Relaxation velocity was reduced in R286C CMBs at low calcium concentration (F) and was
reduced in both R278C and R286C CMBs at high calcium concentration (G). Bars and error bars indicate mean and SD.

of effect, even in those not reaching statistical signifi-  we have characterized a new class of LowSVs. LowSVs
cance. Taken together, these data demonstrate that the  are relatively common in the general population with
common HCM-associated LowSVs are associated with  an overall prevalence of 1 of 350 individuals. When re-
cardiac morphologic changes consistent with adverse re-  sulting in HCM (ie, penetrant), LowSVs typically cause
modeling without meeting criteria for typical HCM. milder HCM, based on later age of presentation and
fewer adverse events. Further, our analyses support an
additive effect model for understanding HCM disease
DISCUSSION severity. Although their effect size is moderate when iso-
Using the scope of genotypic and phenotypic data in lated, LowSVs profoundly influence HCM severity when
SHaRe, population-level genetic data from gnomAD,  present along with PathSVs. In addition, establishing
functional validation in patient-derived iPSC lines, and  this set of LowSVs results in resolution of variant clas-
the large-scale imaging and genetics in the UK Biobank,  sification affecting 2.1% of patients in SHaRe, because
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Table 4. Cardiac MRI Metrics of Carriers of LowSVs in UK Biobank

Cardiac MRI metric

Variant

Effect (95% CI) P value

Left ventricular end diastolic volume (mL)

MYL3 c.170C>A

-28.7 (-51.6,-5.9) | 0.01

Left ventricular ejection fraction (%) TNNT2 ¢.832C>T 2.2 (0.6, 3.8) 0.01
Left ventricular end systolic volume (mL) TNNT2 ¢.832C>T -4.3 (-8.5, 0.0) 0.05
MYL3 c.170C>A -14.9 (-28.8,-1.1) | 0.08
Maximum wall thickness (mm) MYBPCS3 ¢.3065G>C 2.2 (0.3, 4.0) 0.03
MYBPC3 ¢.1828G>C 1.2 (0.1,2.4) 0.04
MYBPCS3 c.1224-52G>A 1.3 (0.2, 2.5) 0.02

MRI indicates magnetic resonance imaging.

the LowSVs we identified all had previously disputed
clinical significance. Last, using the UK Biobank CMR
cohort, we show that LowSVs are associated with ad-
verse cardiac remodeling even in the absence of a clini-
cal diagnosis of HCM.

Clinical Implications of LowSVs

HCM has generally been considered a primarily auto-
somal dominant disease for which a single variant (e,
monogenic) is sufficient to cause HCM.*® However, ge-
netic testing has yielded diagnostic results in only ~40%
of patients with HCM.*® Our groups have previously
shown that patients with negative genetic testing most
often do not exhibit evidence of familial HCM, establish-
ing the concept of more complicated non-Mendelian
inheritance for many patients with HCM.'®'° In contrast
with classic monogenic causes of HCM, recent genome-
wide association studies have clearly demonstrated that
there exist common population variants in nonsarcomere
genes that function as risk alleles for HCM.'"121824 Risk
alleles do not cause HCM in isolation because of their
small effect size but exert additive effects both with and
without the presence of PathSVs with large influences
on disease risk in combination.'” Here, we have charac-
terized an important group of lower penetrance sarco-
mere variants with intermediate effect sizes that function
between PathSVs and risk alleles along a spectrum
(Figure 1). Although the existence of lower penetrance
sarcomere variants has been suggested previously (eg,
TNNI3 p.R79C, TNNT2 p.R286H),2°-22 no previous study
has systematically assessed low penetrance variants or
determined how such variants can influence HCM. Our
results are consistent with the paradigm recently pro-
posed by the ClinGen Workgroup on low penetrance
and risk alleles.'” These analyses support an oligogenic
disease model for HCM, wherein sarcomere variants
contribute to disease severity correlated with their inde-
pendent effect size and function additively when multiple
variants are present.

The concept of lower penetrance variants has implica-
tions for clinicians performing cascade testing and screen-
ing evaluations in family members. The actual penetrance
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of individual sarcomere variants is strongly dependent on
genetic background. As recently reviewed, average pen-
etrance of PathSVs in non-proband family members of
patients with HCM is 57%23" However, the penetrance
is lower when PathSVs are discovered incidentally (eg,
through whole genome sequencing for other indications),
which is estimated at 11%.2°%" We used a ratio of the
ORs to estimate an average penetrance of LowSVs for
non-proband family members of only ~10%. Correspond-
ingly, we estimate incidentally discovered LowSVs likely
have an even lower penetrance on the range of just 1%
to 2%. Nevertheless, although HCM was milder on aver-
age in patients with isolated LowSVs, adverse events
did occur, and family history of both HCM and SCD was
positive in a significant proportion (33% and 4%, respec-
tively). Therefore, clinical screening is still appropriate for
family members of individuals with isolated LowSVs when
a family history of HCM is present. Less frequent serial
monitoring may be appropriate in such individuals.

Identification of LowSVs in patients also influences
clinical assessment of longitudinal risks. Patients with
an isolated LowSV typically develop mild HCM with later
onset and few complications. In contrast, LowSVs pro-
foundly alter disease course when present along with
a single PathSV. These individuals presented, on aver-
age, 11 years earlier than those with a PathSV alone and
experienced more than double the risk of adverse events.
As risk models incorporating genetic variants continue to
evolve, inclusion of low penetrance variants will be critical
to maximize the potential for individualized risk predic-
tion, follow-up, and management.

Adjudication of LowSVs Resolves a Substantial
Proportion of VUSs

The majority of LowSVs adjudicated in this study were
previously reported as VUSs or had disputed categoriza-
tions (Table 1). VUS interpretation has remained a major
clinical challenge of genetic testing. In HCM, patients car-
rying sarcomere VUSs exhibit, on average, a milder clini-
cal phenotype than patients with PathSVs” However, this
observation could be a result of averaging of large (ie,
PathSV), intermediate (ie, LowSV), and negligible/small
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(ie, likely benign or risk allele) effect sizes of individual
variants, limiting clinical actionability for the VUS category.
Here, we show compelling evidence that some sarcomere
variants previously classified as VUS are definitively in-
termediate effect size variants (ie, LowSVs). The low
penetrance explains why these variants were previously
unresolved with rules developed for PathSVs. For exam-
ple, the low penetrance of the TNNTZ2 ¢.832C>T variant
is consistent with conflicting reports in ClinVar because of
lack of clear variant cosegregation in families.

In contrast with PathSVs, which can be resolved from
a small number of observations of variant-phenotype
cosegregations within families, LowSVs require analyses
of large numbers of individuals with HCM referenced
to large populations. Because of the higher population
frequency of the identified LowSVs, our study resolves
previously disputed variants affecting 2.1% of all genetic
test results for patients with HCM in SHaRe. Thus, our
findings emphasize the need for large clinical-genetics
registries like SHaRe to further improve genetic test
interpretation. This approach may also be able to resolve
substantial percentages of VUSs in other cardiac dis-
eases, as has been done with long QT syndrome.®®

Functional Variant Validation of Sarcomere
LowSVs

A major goal across fields has been the development of
cell-based assays to validate individual variants. In this
work, we functionally validated effects of 2 specific indi-
vidual sarcomere variants in iPSC-CMs using 2 different
approaches. In the case of the MYBPC3 c.442G>A vari-
ant, we used a patient iPSC line with biallelic variants to
demonstrate that the MYBPC3 c.442G>A variant causes
only partial alternative splicing. When paired with a patho-
genic MYBPCS splice variant, the combined result is se-
vere protein level haploinsufficiency. This analysis shows
that multiple variants affecting MYBPC3 can exert additive
effects on MyBP-C protein level, indicating 1 mechanism
by which severe MYBPC3-associated HCM may develop.
Additive dose reduction of MYBPCS3 transcription through
unrecognized lower-penetrance variants or risk alleles that
affect MYBPC3 expression and the consequent additive
effect on MyBP-C protein reduction may explain some of
the clinical variability in patients with “isolated” MYBPC-
3tvs, the most common genetic form of HCM.

For the TNNT2 c.832C>T variant, we used our
recently developed iPSC-CM—derived CMB approach to
analyze the effect of this variant on contractile function.
The CMB approach was chosen to maximize the signal
to noise of contractile function, which is an inherent limi-
tation of standard iPSC-CM culture formats.?82° More-
over, we leveraged lentiviral expression, taking advantage
of the tightly controlled stoichiometry of TNNT2 in the
sarcomere,”® to attain both isogenic and iso-batch
control in these contractile analyses. The lentiviral
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expression approach has been effectively used by Petti-
nato et al®’ to test TNNT2 variants. By removing line and
batch variability,62°52-54 we were able to detect relatively
subtle differences between TNNT2 missense variants.
We found that the TNNTZ2 ¢.832C>T variant results in a
similar contractile effect compared with the pathogenic
TNNT2 c¢.856C>T variant, with an increase in maximal
fractional shortening but reduction in relaxation velocity, a
cellular equivalent of diastolic dysfunction. However, the
TNNTZ2 c.856C>T variant demonstrated a greater effect
on relaxation velocity at low calcium concentration, sug-
gesting greater impairment of diastolic function. Given
the large scope of unique sarcomere variants, a future
challenge will be to increase the scalability of functional
testing of sarcomere gene variants in iPSC-CMs while
retaining a high degree of precision necessary to isolate
moderate effects on contractile phenotypes.

Common Sarcomere Variants May Contribute to
Age-Related Cardiac Remodeling

Given the high background frequency but lower pen-
etrance of LowSVs, we hypothesized that LowSVs may
contribute to adverse cardiac remodeling even in the ab-
sence of overt HCM. We based this hypothesis on the fact
that the key cardiac morphologic contributor to diastolic
heart failure is similar to the clinical phenotype of HCM—
ie, an increased left ventricular mass to volume ratio.*4%
In HCM, reduced left ventricular volume correlates with
heart failure symptom class irrespective of obstruction.®®
Apart from HCM, the left ventricular volume to mass ratio
gradually decreases with age and correlates with heart
failure events.*® Our analysis of the UK Biobank magnet-
ic resonance imaging cohort supports the concept that
LowSVs could accelerate this age-related process. In this
orthogonal dataset, we found compelling evidence for an
association of several LowSVs with reduced ventricular
volume or increased wall thickness. Genetic variants that
influence sarcomere function to more subtle degrees
likely have additive effects with other diastolic heart fail-
ure risk factors, such as hypertension and obesity. This
general concept is also consistent with recent genome-
wide association studies that identified low effect size
variants associated with later age onset nonsarcomere
HCM and additive effects with hypertension.*%® These
results suggest potential utility of subclassification of
diastolic heart failure based on molecular pathogenesis
and warrant further study. If verified in follow-up studies,
an etiologic subclassification could better guide future
treatment development for diastolic heart failure.

Limitations

SHaRe uses curated longitudinal data, and our ob-
servations are subject to the inherent limitations of
registry-based studies. Our approach identified LowSVs
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based on population prevalence. LowSVs that are not com-
mon in the population are not tractable for this approach.
Genetic testing was performed at all sites as clinically indi-
cated with the specific panels used being variable across
over time. Variant identification and reporting have also
varied over time. For example, in the past, deep intronic
variants were not commonly recognized (eg, MYBPC3
¢.1224-52G>A). However, while influencing the precise
OR measurements, underreporting of such variants in the
SHaRe cohort would result in a lower statistical signifi-
cance and not false positives. Similarly, our registry is not
equipped at present to evaluate variants routinely designat-
ed as likely benign through clinical genetic testing. Variants
currently classified as likely benign (eg, the LowSVs MYH7
€.3981C>A) are typically no longer included on genetic
testing reports. However, underreporting of these variants in
the SHaRe cohort would similarly result in a lower statistical
significance and not false positives. Broader inclusion of all
intermediate population frequency variants (eg, MAF <1%)
on genetic testing reports would facilitate future studies of
low penetrance and risk alleles. In addition, our cohort pri-
marily consists of individuals with European ancestry, simi-
lar to the gnomAD population (83% and 77%, respectively;
Table 2). The strong bias toward European ancestry in both
registries resulted in increased statistical power for enrich-
ment testing in this population but diminished statistical
power for populations from non-European ancestries. For
example, analysis of East Asian HCM cohorts identified 2
sarcomere variants that fit a low penetrance variant profile
but were not identified in our study2'?? The TNNI3 R79C
variant had enrichment <2.0, and the TNNT2 R286H vari-
ant was below our set MAF threshold. These variants high-
light that incorporation of additional populations will expand
the category of bona fide LowSVs. In addition, our analyses
were limited to the 8 sarcomere genes most strongly asso-
ciated with HCM (MYBPC3, MYH7, TNNT2, TNNI3, TPM1,
MLY2 MYL3, ACTC1). Application of this approach to ad-
ditional genes, including nonsarcomere genes associated
with hypertrophy (eg, RAF1, PTPN11), would likely iden-
tify additional HCM-associated low penetrance variants.
Last, we used threshold criteria to identify LowSVs based
on established criteria®?*2* while recognizing that variants
exist along a spectrum (Figure 1). We therefore may have
excluded variants with biological impact that exist outside
this predefined range. Thus, the present study serves as a
starting point, with future work expected to iteratively add
to a growing compendium of LowSVs that will increasingly
enhance clinically actionable results from genetic testing
for HCM.

CONCLUSIONS

This study establishes a novel category of low penetrance,
intermediate effect size sarcomere variants that are com-
mon in the general population (1 of 350) and even more
common in patients with HCM (1 of 50). LowSVs cause

796  March 18,2025

Low Penetrance Sarcomere Variants in HCM

milder HCM when present alone but function additively
when present with typical PathSVs. These findings sup-
port an oligogenic disease model with LowSVs explaining
a portion of the marked variation in expressivity and pene-
trance in sarcomere-related HCM. Together, identification
of this new class of LowSVs improves our understanding
of sarcomere-based cardiac disease and will improve fu-
ture efforts toward variant screening and risk stratification.
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