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Abstract

Hypertrophic cardiomyopathy (HCM), the most common inherited cardiomyopathy, repre-
sents a paradigmatic condition for precision cardiovascular medicine. Once regarded as
a monogenic autosomal dominant disorder driven by rare sarcomeric variants, HCM is
now recognized as a genetically complex disease characterized by incomplete penetrance,
variable expressivity, and heterogeneous clinical trajectories. This review summarizes
current evidence on the evolving genetic architecture of HCM, emphasizing the predom-
inant role of definitively validated sarcomeric genes, particularly MYBPC3 and MYH7,
and the clinical value of gene panel expansion. Phenotypic variability reflects interactions
among variant classes, gene-specific mechanisms, and modifying factors. Differences be-
tween missense and truncating variants, haploinsufficiency and poison-peptide effects,
allelic imbalance, and age-dependent penetrance contribute to diverse disease expression.
Emerging data further support oligogenic inheritance and polygenic modulation, with
genome-wide association studies and polygenic risk scores elucidating their contribution to
disease susceptibility and variability, especially in genotype-negative patients and carriers
of rare variants. We also address genes with emerging evidence and underrecognized
pathogenic mechanisms, including deep intronic and splice-altering variants that may
explain part of the missing heritability. The importance of distinguishing phenocopies is
highlighted, advocating for phenotype-anchored diagnostic pathways integrating clinical
assessment, multimodality imaging, and targeted genetic testing. Overall, contemporary
data support a targeted, gene-validity-driven approach to genetic testing, where molecular
findings primarily inform diagnosis and cascade screening, while risk stratification remains
phenotype-led and longitudinal. Future progress will depend on integrative models com-
bining rare variants, polygenic background, imaging, and biomarkers to translate genetic
complexity into actionable precision care.
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1. Introduction
Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiomyopathy,

with an estimated prevalence ranging from 1:200 to 1:500 in the general population [1–3].
It is characterized predominantly by unexplained left ventricular hypertrophy, myocyte
disarray, and interstitial fibrosis and represents a major cause of heart failure, atrial fib-
rillation (AF), and sudden cardiac death (SCD), particularly in young individuals and
athletes [4–6]. Since the first identification of pathogenic variants in sarcomeric genes more
than three decades ago [7–9], HCM has become a prototype disease for the application of
genetics in cardiovascular medicine.

Historically, HCM has been considered a classic autosomal dominant monogenic
disorder caused mainly by pathogenic variants in genes encoding sarcomeric proteins,
such as MYH7 and MYBPC3. However, clinical experience and large cohort studies have
consistently demonstrated marked inter- and intrafamilial variability, incomplete and
age-dependent penetrance, and heterogeneous clinical outcomes, even among carriers of
the same genetic variant [10–12]. These observations have challenged the traditional one-
gene–one-disease paradigm and prompted a more nuanced view of HCM as a condition
influenced by multiple genetic and non-genetic factors [13–15] (Figure 1).

Figure 1. From monogenic disease to near-Mendelian and polygenic hypertrophic cardiomyopathy.
Panel (A) illustrates the traditional monogenic model of HCM, in which a single pathogenic variant
in a sarcomeric gene (most commonly MYH7 or MYBPC3) is considered sufficient to cause disease
(“one gene–one disease”). Panel (B) depicts the contemporary, more complex model, whereby a
rare sarcomeric pathogenic variant represents the primary genetic substrate but disease penetrance
and expressivity are modulated by additional factors, including other rare variants, the polygenic
background, and environmental or clinical modifiers, resulting in a continuum of HCM risk. Panel
(C) summarizes the resulting phenotypic spectrum, ranging from genotype-positive/phenotype-
negative individuals, through classic sarcomeric HCM, to HCM-like phenotypes and phenocopies
driven by distinct molecular mechanisms. This framework highlights that genotype alone is insuffi-
cient to fully explain disease expression and supports an integrated, phenotype-anchored approach
to clinical interpretation.
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Recent position papers from international societies and the European Society of
Cardiology (ESC) have highlighted several paradigm shifts in cardiovascular genetics
that are particularly relevant to HCM [16]. These include: (i) the critical importance of
gene–disease validity when designing and interpreting genetic tests; (ii) the recognition
that expanding gene panels indiscriminately increases the burden of variants of uncertain
significance (VUS) without substantially improving diagnostic yield; and (iii) the growing
appreciation of oligogenic inheritance and polygenic background as modulators of disease
expression. In parallel, there is increasing emphasis on the active role of the clinical car-
diologist in coordinating the entire genetic pathway—from phenotypic characterization
and test selection to result disclosure, cascade screening, and longitudinal management of
patients and relatives [17–19].

Over the last 20 years, the rapid evolution of molecular diagnostic techniques—most
notably next-generation sequencing (NGS)—has profoundly reshaped the clinical approach
to HCM and other inherited cardiovascular conditions [17,20,21]. Genetic testing is no
longer confined to research settings or highly specialized centers but has progressively en-
tered routine clinical practice, as emphasized by recent international consensus documents
and guidelines [16,18]. These documents underscore that cardiologists should be familiar
not only with the indications for genetic testing, but also with its limitations, interpretation,
and downstream clinical consequences. We seek to clarify what clinicians should test, how
results should be interpreted, and how genetic findings can meaningfully inform patient
care and family management in the era of precision cardiology.

Methods

This article was conceived as a narrative review aimed at summarizing the evolving
genetic architecture of hypertrophic cardiomyopathy and its implications for clinical prac-
tice. A literature search was primarily conducted using the PubMed/MEDLINE database
to identify relevant publications on HCM genetics, sarcomeric and non-sarcomeric genes,
genetic modifiers, polygenic risk, and phenocopies, focusing primarily on articles published
within the last ten years. Searches included combinations of keywords such as “hyper-
trophic cardiomyopathy”, “cardiogenetics”, “sarcomeric genes”, “MYBPC3”, “MYH7”,
“polygenic risk score”, “genetic modifiers”, and “deep intronic variants”.

Articles published in English were considered, with particular emphasis on recent
studies, large cohort analyses, genome-wide association studies, systematic reviews, and
international guideline or consensus documents relevant to cardiomyopathy genetics.
Reference lists of key publications were also screened to identify additional relevant sources.

2. Sarcomeric Genes as the Cornerstone of Hypertrophic
Cardiomyopathy Genetics

HCM displays substantial genetic heterogeneity, but its inherited architecture is dom-
inated by rare variation in a limited set of sarcomeric genes, a finding that has been
consistently supported by large case–control analyses and registry data [22,23]. In contem-
porary clinical practice, a pathogenic/likely pathogenic (P/LP) variant is identifiable in
~30% of unselected “all-comers” with HCM, whereas the diagnostic yield rises to >60% in
patients with a family history, underscoring how pre-test probability (familial disease, early
onset) strongly modulates the likelihood of a molecular diagnosis [18,24]. At the gene level,
sarcomeric HCM is largely attributable to thick filament genes (MYBPC3, MYH7, MYL2,
and MYL3), with MYBPC3 accounting for ~40–50% of genotype-positive cases and MYH7
for ~33%, while thin filament variants (TNNT2, TNNI3, TPM1, ACTC1) are comparatively
rarer (Figure 2); for instance, TNNT2 variants are reported in roughly ~2–5% of cases in
clinical series, highlighting the skewed distribution of genetic causality across sarcomeric
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pathways. Importantly, although many genes have been historically “implicated” in HCM,
multiple lines of evidence indicate that variants outside the sarcomere are much less fre-
quent and often less securely established as disease-causal, reinforcing the need to prioritize
robust gene–disease validity when designing and interpreting genetic panels [25].

 

Figure 2. Sarcomeric HCM in a genetically characterized patient. Comprehensive molecular analysis
of an 80-gene cardiomyopathy panel identified a pathogenic heterozygous variant in TNNI3 and
a heterozygous VUS in CAV3. Apical four-chamber echocardiographic views obtained in diastole
(Panel (A)) and systole (Panel (B)) demonstrate moderate asymmetric septal and apical hypertrophy
(interventricular septum 15 mm, apical thickness 13 mm, posterior wall 10 mm), with preserved
global systolic function (LVEF 56%). Panel (C) shows a dynamic left ventricular outflow tract (LVOT)
gradient, increasing from 15 mmHg at rest to 47 mmHg during Valsalva maneuver, with the charac-
teristic dagger-shaped Doppler profile. Panel (D) displays a 12-lead ECG revealing an atrial paced
rhythm from a pacemaker programmed in AAI mode at 60 bpm, along with electrocardiographic
signs of left ventricular hypertrophy with strain pattern.

From a clinical standpoint, it is also critical to distinguish gene validity (is the gene
truly associated with HCM?) from variant pathogenicity (is this specific variant disease-
causing?) and from clinical meaning (what does this imply for penetrance, prognosis, and
family management). The ClinGen reappraisal emphasizes that gene-level evidence is dy-
namic: in the 2024 update, multiple genes changed classification, with several downgraded
to disputed (discouraging diagnostic reporting), while some were upgraded based on new
data—illustrating why indiscriminate panel expansion can inflate uncertainty rather than
improve actionable yield [26].
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The SHaRe registry provides particularly strong evidence that sarcomeric status is not
a purely “descriptive” label but carries prognostic signal: patients with P/LP sarcomere
variants (SARC+) had an approximately >2-fold higher risk of adverse outcomes com-
pared with SARC− patients, with the strongest relative hazard observed for ventricular
arrhythmias (reported HR ~2.8 in multivariable models), whereas carriers of sarcomeric
VUS showed an intermediate risk profile—supporting the concept of a graded genetic
contribution to lifetime disease burden [27]. SHaRe also highlights that the temporal pat-
tern of morbidity is genotype-influenced: ventricular arrhythmias cluster more in those
diagnosed at younger ages (with much higher event proportions < 40 years) while HF and
AF emerge as dominant components of lifetime burden later on, reinforcing the need for
lifelong surveillance even in patients diagnosed young and initially stable [28].

Collectively, these findings support a contemporary definition of sarcomeric HCM as
a condition in which rare pathogenic variants in sarcomeric genes represent the principal
monogenic substrate and are associated with a higher-risk disease course while being
insufficient to fully account for incomplete penetrance, variable expressivity, and inter-
individual heterogeneity in clinical trajectories. This framework provides the rationale for
addressing phenocopies and diagnostic pitfalls, as well as additional genetic modifiers
and complex inheritance models that refine risk beyond the binary presence of a single
rare variant.

Beyond the Sarcomere: Gene–Disease Validity and Diagnostic Pitfalls in
Hypertrophic Cardiomyopathy

The progressive expansion of NGS has profoundly increased the accessibility of genetic
testing in HCM [20,29]; however, it has also exposed a critical distinction between technical
feasibility and clinical interpretability [30]. Although more than 50 genes have been his-
torically reported in association with HCM, converging evidence from large case–control
studies and systematic curation initiatives indicates that a restricted subset of genes ac-
counts for the vast majority of genetically confirmed cases [22,31]. Within this restricted
subset, genes encoding sarcomeric proteins represent the strongest and most consistently
validated contributors to HCM. According to contemporary gene–disease validity frame-
works, MYBPC3 and MYH7 have definitive evidence for causality, together accounting
for the largest proportion of genotype-positive cases [22,26]. Additional sarcomeric genes
with strong or definitive evidence include TNNT2, TNNI3, TPM1, MYL2, MYL3, and
ACTC1, whereas other genes historically labelled as “HCM-associated” show only lim-
ited or disputed evidence when evaluated using rigorous statistical and experimental
criteria [32].

Importantly, large-scale reappraisal has demonstrated that many non-sarcomeric genes
initially implicated in HCM—often through candidate gene approaches, small pedigrees,
or biological plausibility—do not show significant enrichment of rare pathogenic variants
in HCM cohorts compared with population controls [22,31]. The landmark case–control
analysis by Walsh and colleagues showed that inclusion of such genes in diagnostic panels
does not meaningfully increase diagnostic yield, but instead results in a disproportionate
rise in VUS, thereby increasing interpretative ambiguity without clear clinical benefit. This
issue has become increasingly relevant with the expansion of NGS panels, which allow the
simultaneous interrogation of a large number of genes but inevitably increase the likeli-
hood of detecting VUS. The interpretation of VUS represents a major challenge in clinical
practice, as these variants cannot be used to guide diagnosis, cascade screening, or clinical
management without additional evidence. Consequently, careful variant interpretation
following established classification frameworks, together with segregation analysis, func-
tional studies, and periodic re-evaluation of variant pathogenicity, is essential to minimize
misinterpretation and ensure appropriate use of genetic information in the clinical setting.
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Failure to account for gene–disease validity represents a major diagnostic pitfall. Re-
porting variants in genes with limited or disputed evidence may lead to inappropriate
attribution of causality, unnecessary surveillance of relatives, or false reassurance when
variants are misclassified as explanatory [33] (Figure 3). Conversely, restricting genetic
testing to genes with strong or definitive evidence improves the signal-to-noise ratio, en-
hances the proportion of actionable results, and facilitates more reliable cascade screening
and counselling. Crucially, gene–disease validity must be distinguished from variant-level
pathogenicity and from clinical expressivity. Even within the restricted subset of definitively
associated genes, individual variants display incomplete penetrance and variable expres-
sivity, reinforcing the need for integrated interpretation that combines genetic findings with
clinical phenotype, imaging, and longitudinal follow-up.

Figure 3. Non-obstructive HCM in a genetically negative patient. The patient underwent serial ge-
netic testing over time using progressively expanded panels. A comprehensive molecular analysis of
174 cardiomyopathy-associated genes identified a heterozygous VUS in LAMA4. Expansion of the ge-
netic panel did not result in any change in diagnosis or clinical management. Panel (A). Transthoracic
echocardiography shows a normal-sized left ventricle with severe asymmetric septal hypertro-
phy (anterior IVS 20 mm; posterior IVS 18 mm), preserved global systolic function (biplane Simp-
son LVEF 63%), and no regional wall motion abnormalities. Apical hypertrabeculation is noted.
Panel (B). Twelve-lead ECG demonstrates sinus rhythm at 62 bpm, first-degree atrioventricular block
(PR interval 220 ms), left anterior fascicular block, and electrocardiographic signs of left ventricular
hypertrophy. Poor R-wave progression from V1 to V4 is observed.

3. Incomplete Penetrance and Variable Expressivity: Why Genotype Is
Not Destiny in HCM

Incomplete penetrance and variable expressivity are defining properties of HCM and
represent a central reason why a P/LP variant often has limited standalone prognostic
utility. Even within families sharing the same causal variant, clinical expression may range
from a completely normal phenotype to severe hypertrophy, HF, AF, or malignant ventricu-
lar arrhythmias, underscoring that “Mendelian” does not necessarily mean deterministic at
the individual level [16,18,31].

The most rigorous quantification of penetrance in genetic HCM has recently been pro-
vided by a recent meta-analysis, which makes explicit that penetrance is context-dependent
and strongly influenced by how variant carriers are ascertained [34]. In family stud-
ies (cascade screening of relatives carrying the known familial P/LP variant), pooled
cross-sectional penetrance across sarcomere or sarcomere-related genes was ~57%, with
substantial heterogeneity by gene (e.g., ~55% for MYBPC3, ~64–65% for MYH7, ~60–62%
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for TNNT2/TNNI3, and lower estimates for some genes such as MYL3). By contrast, in
genotype-first population studies where P/LP variants are found incidentally in the general
population, penetrance of “conventional” HCM was markedly lower (~11% overall), illus-
trating that many carriers may not reach the classical diagnostic threshold even by midlife.
Longitudinal data further refine this picture by separating prevalent penetrance from phe-
notypic conversion. In longitudinal family-based cohorts of genotype-positive/phenotype-
negative relatives, phenotypic conversion to overt left ventricle hypertrophy (LVH) oc-
curred in roughly ~15% over ~8 years of follow-up (starting from a mean baseline age in
adolescence), again with gene-dependent variability (e.g., higher short-term conversion for
MYH7 than MYBPC3). These estimates highlight why a negative phenotype at one time
point does not equal “non-penetrant forever,” and why the appropriate clinical construct is
age-dependent risk rather than a binary penetrant/non-penetrant label.

Beyond the presence or absence of LVH, increasing evidence indicates that sarcomere
variant carriers may exhibit a spectrum of subclinical traits—diastolic dysfunction, energetic
abnormalities, fibrosis by cardiac magnetic resonance (CMR), myocardial crypts, mitral
valve and microstructural abnormalities, and microvascular dysfunction—sometimes pre-
ceding overt hypertrophy and potentially contributing to symptoms or risk [31,35,36]. This
broader phenotypic continuum challenges the classical “threshold-based” definition of
penetrance and supports the notion that penetrance should be conceptualized not only as
LVH expression but also as the emergence of measurable intermediate phenotypes that
may carry clinical relevance [1,37].

Finally, to link variant class to clinical variability, it is useful to distinguish missense
mutations, typically observed in MYH7, TNNT2, TNNI3, and TPM1, from truncating
mutations, which are classically associated with MYBPC3 [38,39].

Missense variants often generate a relatively stable mutant protein that can be incorpo-
rated into the sarcomere (the so-called “poison peptide” mechanism or dominant-negative
mechanism). In this context, the mutant protein co-assembles with the wild-type protein
within the contractile apparatus and directly interferes with normal sarcomere function,
thereby altering cross-bridge kinetics, increasing myofilament Ca2+ sensitivity, and raising
the energetic cost of contraction [40–42]. Because these mutant proteins actively per-
turb sarcomeric function, the functional impact of these variants depends critically on
the affected domain and protein, thereby accounting for marked intra-gene and intra-
familial heterogeneity.

In contrast, many MYBPC3 truncating variants act predominantly through haploin-
sufficiency, a mechanism in which one allele fails to produce a functional protein and the
remaining wild-type allele is insufficient to maintain normal protein levels. As a result,
reduced availability of cardiac myosin-binding protein C (cMyBP-C) impairs sarcomere
stability and contractile regulation rather than producing a toxic truncated protein.

In this dose-threshold model, contractile dysfunction emerges when cMyBP-C levels
fall below a critical threshold (reported at approximately ~73% in experimental mod-
els), consistent with a pattern of often delayed yet substantial lifetime penetrance [43,44].
This framework integrates with the concept of a “toxic dose”, whereby in heterozygous
carriers the relative proportion of mutant versus wild-type protein may vary among car-
diomyocytes due to allelic imbalance and age-dependent decline in protein quality control
systems, thereby contributing to incomplete penetrance and non-uniform phenotypic con-
version over time [44–46]. Consistent with these mechanisms, disease penetrance and age
of clinical expression may differ across sarcomeric genes: variants in MYH7 are frequently
associated with earlier phenotypic manifestation and relatively higher penetrance, whereas
MYBPC3 truncating variants often display age-dependent penetrance and later clinical
onset [34,39,40]. From a clinical perspective, these variant-specific mechanisms help ex-
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plain part of the variability in disease expression observed among patients and families
with HCM.

The biological basis of variable expressivity is multifactorial and includes (i) allelic
heterogeneity (many variants are “private” to single families), (ii) variant class effects
(e.g., differences between truncating and missense variants, gene-specific mechanisms),
and (iii) the contribution of additional genetic and non-genetic modifiers [31,47]. Founder
effects (particularly for some MYBPC3 variants) illustrate how identical variants can show
divergent clinical trajectories across populations and families, consistent with modulatory
influences beyond the primary variant [48,49].

A key concept in contemporary cardiogenetics is that the penetrance and expres-
sivity of Mendelian variants are shaped by additional genetic modifiers—including rare
intermediate-effect variants and common variants captured by polygenic risk scores—as
well as environmental and clinical exposures [16–18,50,51]. This “near-Mendelian” frame-
work helps explain why carriers of the same P/LP sarcomeric variant may follow markedly
different clinical trajectories.

Clinically, these observations argue against an overly simplistic genotype-based prog-
nostic approach and instead support an integrated framework in which genetic findings
primarily inform diagnosis and cascade screening, while individual risk stratification re-
mains largely phenotype-driven and longitudinal. At the same time, appreciating the
context-dependent penetrance of P variants has practical implications for clinical man-
agement: relatives identified through cascade screening who carry P/LP variants require
structured surveillance, with timing and intensity tailored to age, family history, and emerg-
ing phenotype. Importantly, large cohort studies have shown that sarcomeric genotype is
nevertheless associated with a higher lifetime burden of disease, with carriers of pathogenic
variants demonstrating earlier disease onset and an increased risk of adverse outcomes,
including ventricular arrhythmias and heart failure, compared with genotype-negative
patients [27,34,51]. Looking forward, emerging genetic insights may progressively refine
risk assessment strategies in HCM. Beyond the presence of a single rare variant, factors
such as variant class, gene-specific mechanisms, oligogenic inheritance, and polygenic
background are increasingly recognized as contributors to interindividual variability in
disease expression and clinical outcomes. The integration of rare pathogenic variants
with polygenic risk scores and other genetic modifiers, together with clinical phenotype,
imaging parameters, and circulating biomarkers, may enable the development of multidi-
mensional predictive models. Such integrative approaches have the potential to support
more personalized risk stratification and therapeutic decision-making in HCM, potentially
informing the timing and intensity of clinical surveillance, the selection of candidates
for implantable cardioverter-defibrillator implantation for primary prevention, and the
initiation of emerging disease-modifying therapies, including targeted pharmacological
treatments such as cardiac myosin inhibitors and gene therapies, in patients most likely
to benefit from early intervention. According to current clinical guidelines, only a limited
number of genes—including LMNA, TMEM43, and PLN, as well as truncating variants of
FLNC, DSP, and RBM20—are currently considered to have direct implications for thera-
peutic decision-making in patients with dilated cardiomyopathy (DCM) or non-dilated left
ventricular cardiomyopathy, but not in patients with HCM.

4. Genetic Modifiers and Polygenic Background
A growing body of evidence supports the concept that HCM, even when initiated

by a rare pathogenic sarcomeric variant, frequently follows a “near-Mendelian” model
in which penetrance and expressivity are shaped by additional genetic layers, including
intermediate-effect variants and a polygenic background, together with non-genetic expo-
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sures [2,13,51,52] (Figure 4). This framework explicitly distinguishes large-effect Mendelian
variants from common variants of small effect that can collectively modulate disease sever-
ity, and it provides a mechanistic explanation for the striking within-family heterogeneity
observed in sarcomeric HCM [34,53,54].

Figure 4. Multilayered genetic architecture of hypertrophic cardiomyopathy. Sarcomeric genes with
definitive or strong gene–disease validity (MYBPC3, MYH7, TNNT2, TNNI3, TPM1, MYL2, MYL3,
ACTC1) represent the core monogenic substrate of HCM. Surrounding this central axis, multiple addi-
tional layers modulate disease penetrance and expressivity. These include emerging HCM-associated
genes (e.g., ALPK3, FHOD3, JPH2), rare and intermediate-effect genetic modifiers, and the polygenic
background captured by genetic risk scores, which collectively influence disease susceptibility and
phenotypic severity. Non-genetic factors, including lifestyle, environmental exposures, and epigenetic
mechanisms, further contribute to interindividual variability. The interaction among these compo-
nents results in age-dependent penetrance and a broad spectrum of clinical expressivity, supporting a
near-Mendelian and oligogenic model of HCM rather than a strictly deterministic monogenic disease.

Genome-wide association studies (GWAS) and genetic risk scores show that common
DNA variation contributes measurably to HCM susceptibility, particularly among genotype-
negative cases [55,56]. In previous GWAS, heritability estimates derived from common
variants were substantially higher in sarcomere-negative HCM than in sarcomere-positive
disease (reported ~34% vs. ~16%), indicating a stronger polygenic contribution when
a monogenic driver is not identified [57]. In the same line, a genetic risk score built
from HCM-associated single nucleotide polymorphisms (SNPs) stratified risk across the
population, with individuals in the highest risk quintile exhibiting more than a twofold
higher odds of HCM compared to the reference distribution. This evidence supports the
idea that common variants can be collectively relevant for disease liability [10,58].

The polygenic background is not only relevant to disease “susceptibility” but also to
phenotypic expressivity among carriers of rare variants. Polygenic risk scores (PRS) can
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explain a portion of phenotypic variability in individuals who already carry rare pathogenic
variants, implying that the polygenic load can act as a quantitative modifier, shifting an
individual toward earlier onset, greater hypertrophy, or a more symptomatic course, rather
than behaving as an on/off determinant [13,16,54]. This helps reconcile why a clearly
pathogenic variant may have high diagnostic value but limited standalone prognostic
precision. Indeed, an additional and clinically intriguing dimension is that the common-
variant genetic architecture appears to overlap across cardiomyopathy phenotypes, often
with opposite directions of effect for HCM versus DCM [59–61]. Recent summaries of
the GWAS literature have identified shared loci and pathways influencing left ventricular
structure and function in the general population, whereby alleles predisposing to greater
wall thickness and enhanced contractility tend to align with HCM susceptibility while being
protective against DCM, and conversely, variants favouring ventricular dilation and systolic
impairment increase DCM risk while mitigating hypertrophic remodelling. Within this
framework, loci such as HSPB7, BAG3, and LMNA-related mechanotransduction pathways
exemplify a bidirectional genetic architecture, acting not as primary disease drivers but
as phenotypic modifiers that bias myocardial adaptation toward hypertrophy or dilation
depending on the host genetic and biological context [13,57,58,62]. This bidirectional genetic
correlation suggests that part of the phenotypic spectrum across cardiomyopathies may
reflect a shared biological substrate modulated by variant directionality and background
genetic context.

Despite these advances, the current clinical applicability of PRS in HCM remains
limited. Most PRS have been derived from research cohorts and require further valida-
tion across diverse populations before routine clinical implementation. In addition, the
thresholds for clinical decision-making and their integration with established risk markers,
such as imaging findings, family history, and clinical phenotype, remain uncertain. At
present, therefore, polygenic scores should be considered primarily a research tool that
may contribute to future integrative risk prediction models rather than a component of
routine clinical risk stratification.

5. Emerging Genes in Hypertrophic Cardiomyopathy
In recent years, the genetic architecture of HCM has expanded beyond the core sarcom-

eric genes, with the emergence of non-sarcomeric (or sarcomere-associated) genes showing
reproducible associations with HCM-like phenotypes [20,29] (Table 1).

Table 1. Gene–disease validity classification for selected genes associated with hypertrophic cardiomyopathy.

Gene Functional Category Level of Evidence
According to ClinGen

MYBPC3 Sarcomeric thick filament Definitive
MYH7 Sarcomeric thick filament Definitive
TNNT2 Sarcomeric thin filament Definitive
TNNI3 Sarcomeric thin filament Definitive
TPM1 Sarcomeric thin filament Definitive
MYL2 Sarcomeric thick filament Definitive
MYL3 Sarcomeric thick filament Definitive

ACTC1 Sarcomeric thin filament Definitive
ALPK3 Kinase/sarcomere regulation Definitive/Strong
FHOD3 Cytoskeletal/actin regulation Definitive

JPH2 Excitation–contraction coupling Moderate

Among these, JPH2 (junctophilin-2) is involved in excitation–contraction coupling
homeostasis at the T-tubule–sarcoplasmic reticulum junction and is currently classified
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among genes with at least moderate evidence for HCM, with reports of heart-failure-prone
presentations in selected families [63–66].

FHOD3 (formin-related) has been proposed as a genetic substrate for HCM in cohort-
and family-based studies, consistent with its role in cytoskeletal regulation, actin dynam-
ics, and myofibrillar architecture [31,67,68]. ALPK3 represents a particularly instructive
example, as it was historically associated with recessive disease, but more recent data
support autosomal dominant inheritance in the presence of truncating variants, suggesting
dose-related mechanisms and a phenotype that may vary in age at onset and severity [69].

An emerging topic in the genetics of HCM concerns so-called “elusive” variants that
escape conventional genetic testing focused on coding regions and canonical exon–intron
junctions. Despite the inclusion of well-validated sarcomeric genes in diagnostic panels,
up to ~50% of patients with a clear clinical HCM phenotype remain genotype-negative,
suggesting a genetic component not captured by traditional sequencing approaches [70,71].
A previously “hidden” proportion of patients classified as genotype-negative can be ex-
plained by variants not captured by conventional testing strategies [10,31,61].

Whole-gene locus sequencing studies and whole genome sequencing (WGS) have
shown that deep intronic variants, located even hundreds of bases away from canonical
splice sites, can activate non-canonical splice sites, lead to the inclusion of pseudoexons
in the mature transcript, or alter regulatory elements of splicing and transcription [72,73].
Such variants are not captured by targeted panels or standard exome sequencing, but have
been identified in loci such as MYBPC3, VCL, PRKAG2, and TTN in cohorts of initially
“genotype-negative” HCM patients [74–76]. In the best-characterized cases, for example, the
MYBPC3 c.1224-52G>A variant causes the inclusion of 50 intronic nucleotides in the mRNA,
resulting in a frameshift and a premature stop codon, and has been observed in a significant
proportion of HCM probands who were previously genotype-negative [71,77–79].

The use of WGS has further highlighted that up to approximately 9% of gene-elusive
HCM cases can be resolved through the identification of non-coding variants that dis-
rupt splicing or other regulatory functions not detected by targeted analyses [70]. These
observations underscore not only the limitations of targeted and exome sequencing in
establishing a comprehensive molecular diagnosis, but also the importance of complemen-
tary approaches such as RNA-seq or functional splicing studies to confirm the pathogenic
effect of deep intronic variants [71,80–82]. RNA sequencing can directly reveal aberrant
transcripts, including exon skipping or the inclusion of cryptic exons generated by in-
tronic variants, thereby providing functional evidence of their pathogenicity. In parallel,
emerging long-read sequencing technologies allow a more comprehensive characterization
of complex genomic regions, structural variants, and full-length transcripts that may be
missed by short-read approaches. In addition, growing evidence suggests that non-coding
regulatory elements, variants affecting microRNAs, and promoter regions may contribute
to the “missing heritability” of HCM, substantially expanding the portion of the genome
that should be interrogated in patients with negative genetic testing but a typical clinical
phenotype [83,84]. Taken together, these advances suggest that future diagnostic strategies
for HCM may increasingly rely on integrated genomic and transcriptomic approaches,
combining WGS with transcript-level analyses to improve the diagnostic yield in currently
genotype-negative patients.

6. Phenocopies and Diagnostic Red Flags: Why “Genotype-First” Can
Mislead Without Phenotype Anchoring

A clinically meaningful approach to HCM requires recognizing that increased left
ventricular wall thickness may represent the final common pathway of multiple disorders
(“phenocopies” or mimics) with distinct prognosis and disease-specific therapies; in adults,
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phenocopies account for a minority of cases (reported < 5% in some series), but their
prevalence rises substantially in paediatric populations (up to ~25%), making etiological
discrimination particularly critical across the life course [85].

Experts emphasize that only a limited number of inherited and acquired conditions
represent true “HCM phenocopies”, characterized by increased left ventricular wall thick-
ness mimicking sarcomeric HCM while arising from distinct molecular mechanisms and
carrying specific therapeutic implications (Figure 5). These include Anderson–Fabry dis-
ease (GLA gene, X-linked), Danon disease (LAMP2 gene, X-linked), PRKAG2-related
cardiomyopathy (PRKAG2 gene, autosomal dominant), and transthyretin amyloid car-
diomyopathy (hereditary or wild-type ATTR) [86,87]. Additional conditions, such as
RAS–MAPK pathway disorders, mitochondrial diseases, and selected glycogen storage
disorders, may present with hypertrophic or HCM-like phenotypes predominantly in
paediatric or syndromic contexts and should be considered in age- and phenotype-specific
scenarios rather than as routine alternatives in adult HCM evaluation [85,88,89]. Age at
presentation provides an important contextual discriminator, with infancy or childhood
onset strongly suggesting metabolic or syndromic disease, whereas late-onset hypertrophy,
particularly beyond the sixth decade, should prompt evaluation for ATTR amyloidosis.

Figure 5. Reclassification from genotype-negative HCM to wild-type transthyretin cardiac amyloi-
dosis (ATTRwt). The patient was initially diagnosed with genotype-negative HCM. Subsequent
multimodality evaluation led to the diagnosis of wild-type transthyretin cardiac amyloidosis
(ATTRwt). Panel (A): Apical four-chamber echocardiographic view showing a left ventricle
with preserved internal dimensions and severe, diffuse, uniform wall thickening, including
papillary muscle hypertrophy, with a characteristic “ground-glass” myocardial appearance. Mod-
erate global systolic dysfunction is present (biplane Simpson LVEF 46%), mainly due to marked
hypokinesia of basal segments. The left atrium is severely dilated. The interatrial septum appears
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thickened and hyper-reflective. The mitral valve leaflets are thickened and stiff, with chordal calcifi-
cations. Panel (B): Twelve-lead ECG demonstrating a ventricular paced rhythm from a pacemaker
programmed in DDD mode at 50 bpm. Panel (C): Echocardiographic assessment of the right ventricle
revealing right ventricular systolic dysfunction (TAPSE 13 mm). Panel (D): Myocardial deformation
analysis showing a moderately reduced global longitudinal strain (GLS −10.9%), with more pro-
nounced reduction in basal longitudinal strain values and relative apical sparing, consistent with
cardiac amyloidosis.

The diagnostic challenge is that phenocopies may present with an “HCM-like” mor-
phology while diverging in multisystem involvement, electrocardiographic signatures,
and tissue phenotype; a multiparametric, phenotype-anchored diagnostic workflow (“car-
diomyopathic mindset”) is required, integrating family history, extracardiac clues, electro-
cardiography, echocardiographic assessment including strain analysis, and cardiovascular
magnetic resonance with tissue characterization, in order to guide targeted biochemical
and genetic testing and to avoid misattribution of causality to incidental variants [33,90,91]
(Table 2).

Table 2. Major phenocopies of hypertrophic cardiomyopathy and key clinical features useful for
differential diagnosis.

Condition Gene Involved Key Clinical Clues Imaging Features Extracardiac Features

Fabry disease GLA Adult-onset LVH, short
PR interval

Concentric LVH, low
native T1 on CMR

Neuropathic pain,
angiokeratomas,

renal dysfunction

Danon disease LAMP2 Early severe
hypertrophy, arrhythmias

Massive LVH,
systolic dysfunction

Skeletal myopathy,
cognitive impairment

PRKAG2 syndrome PRKAG2 LVH with
pre-excitation (WPW)

Hypertrophy often with
conduction disease

Glycogen
storage phenotype

ATTR amyloidosis Wild type or TTR HFpEF in elderly patients
Increased wall

thickness with apical
sparing on strain

Neuropathy, carpal
tunnel syndrome

Mitochondrial
cardiomyopathy mtDNA mutations LVH with

multisystem disease Variable hypertrophy Diabetes, hearing loss,
neuromuscular disease

Practical red flags begin with inheritance and systemic features: absence of male-to-
male transmission should prompt consideration of X-linked aetiologies (e.g., Fabry/Danon),
whereas matrilineal patterns and neuromuscular signs suggest mitochondrial disease;
extracardiac manifestations may be subtle unless actively sought (e.g., angiokeratoma,
neuropathic pain, ocular/auditory involvement in Fabry; skeletal muscle weakness in
PRKAG2 and mitochondrial disease; dysmorphism, lentigines, pulmonary stenosis in
RASopathies) [87,92–94].

ECG and imaging can provide high-yield discriminators: pre-excitation and conduc-
tion disease in the setting of marked LVH should raise suspicion for Danon and PRKAG2
cardiomyopathy (while also occurring in selected storage/mitochondrial conditions); con-
versely, a discrepancy between the magnitude of LVH and low QRS voltages supports
cardiac amyloidosis [86,95–98]. On echocardiography, amyloidosis is classically associ-
ated with relative apical sparing, whereas Fabry disease may show concentric (sometimes
biventricular) hypertrophy, disproportionate papillary muscle hypertrophy and early strain
abnormalities [99–102] (Figure 6).
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Figure 6. Echocardiographic findings in a young patient with Fabry disease. Panel (A). Parasternal
long-axis view showing a left ventricle with normal internal dimensions and mildly increased wall
thickness, predominantly involving the mid and apical inferior, inferolateral, and lateral segments
(maximum wall thickness 14 mm; interventricular septum 9 mm; posterior wall 9 mm). Global systolic
function is at the lower limit of normal (biplane Simpson LVEF 52%). No regional wall motion abnor-
malities are observed. Panel (B). Apical four-chamber view with apical zoom confirming preserved
LV cavity size and mild segmental hypertrophy, particularly the apex. Panel (C). Myocardial defor-
mation analysis demonstrating impaired longitudinal function with a reduced global longitudinal
strain (GLS −16.9%).

CMR tissue characterization is increasingly central for phenocopy discrimination
(Figure 7): mapping techniques add pathophysiological specificity beyond late gadolin-
ium enhancement (LGE) distribution, with low native T1 values supporting sphingolipid
storage in Fabry (including very early myocardial involvement that may precede overt
hypertrophy), and high native T1 values supporting amyloid infiltration; these signatures
can be “pseudo-normalized” in Fabry in regions with established fibrosis, reinforcing the
importance of interpreting mapping and LGE together rather than in isolation [103–108].

Correct etiological diagnosis has immediate therapeutic consequences and has become
more urgent in the contemporary era: Fabry disease has disease-modifying options (enzyme
replacement and chaperone therapies); TTR amyloidosis has targeted pharmacological
and RNA-based therapies; and, critically, the advent of myosin inhibitors increases the
risk that treating an unrecognized phenocopy as “sarcomeric HCM” may be ineffective
or potentially harmful—thereby making phenocopy exclusion a prerequisite for precision
therapy selection [91,109–112].
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Figure 7. Findings in a patient with biventricular HCM. Panels (A,B) (cine CMR views): Severe
asymmetric left ventricular hypertrophy with a mid-apical distribution, associated with preserved
ventricular volumes and systolic function. Concomitant mid-apical right ventricular hypertrophy is
observed, with preserved right ventricular volumes and systolic performance. Panels (C,D): Increased
native T1 values, consistent with diffuse myocardial tissue abnormalities. Panels (E,F): Myocardial
signal hyperintensity on T2-weighted images involving the mid IVS. T2 mapping demonstrates
elevated T2 values at the level of the anterior wall and the interventricular septum, predominantly
in the basal segments, as well as in the mid and apical inferior septum, suggestive of myocardial
edema/inflammatory involvement.

7. Conclusions
HCM is no longer adequately described as a purely monogenic sarcomeric disorder

but rather as a genetically complex condition in which rare pathogenic variants, modifier
genes, polygenic background, and non-genetic factors jointly determine disease expression.
While a restricted set of sarcomeric genes—most notably MYBPC3 and MYH7—constitutes
the core monogenic substrate of HCM and provides high diagnostic value, expanding
genetic panels beyond well-validated genes increases interpretative uncertainty without
proportional clinical benefit.

Incomplete and age-dependent penetrance, variable expressivity, and heterogeneous
clinical trajectories—even among carriers of the same variant—limit the prognostic value
of genotype alone. Differences between missense and truncating variants, dose-dependent
mechanisms, and variability in protein quality control offer a biological explanation for
this heterogeneity. Emerging genes and previously unrecognized variant classes, including
deep intronic variants in MYBPC3, further expand the diagnostic landscape but require
rigorous gene–disease validity assessment and phenotype integration.

Clinically, these data support a targeted and integrative approach to genetic testing,
in which results inform diagnosis and family screening, while risk stratification remains
primarily phenotype-driven and longitudinal. Future advances will depend on the de-
velopment of integrated models combining rare variants, polygenic risk, imaging, and
biomarkers to translate genetic complexity into meaningful precision care in HCM.
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Abbreviations
The following abbreviations are used in this manuscript:

AF Atrial fibrillation
ACTC1 Actin, Alpha, Cardiac Muscle 1
ALPK3 Alpha Kinase 3
ATTR Transthyretin
ATTRwt Transthyretin wild-type
BAG3 BCL2-Associated Athanogene 3
CMR cardiac magnetic resonance
DCM Dilated cardiomyopathy
DSP desmoplakin
ESC European Society of Cardiology
FHOD3 Formin Homology 2 Domain Containing 3
FLNC Filamin C
GLA Galactosidase Alpha
GLS Global longitudinal strain
GWAS Genome-wide association studies
HCM Hypertrophic cardiomyopathy
HSPB7 Heat Shock Protein Family B (Small) Member 7
IVS Interventricular septum
JPH2 Junctophilin 2
LAMP2 Lysosome-Associated Membrane Protein 2
LGE Late gadolinium enhancement
LMNA Lamin A/C
LP Likely pathogenetic
LVEF Left ventricular ejection fraction
LVH Left ventricular hypertrophy
LVOT Left ventricular outflow tract
MYBPC3 Myosin-Binding Protein C 3
MYH7 Myosin Heavy Chain 7
MYL2 Myosin Light Chain 2
MYL3 Myosin Light Chain 3
NGS Next-generation sequencing
P Pathogenetic
PLN phosholamban
PRKAG2 Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 2
PRS Polygenic risk scores
RBM20 RNA binding motif protein
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SCD Sudden cardiac death
SNPs single nucleotide polymorphisms
TMEM43 Transmembrane Protein 43
TNNI3 Troponin I3
TNNT2 Troponin T2
TPM1 Tropomyosin 1
TTN Titin
VCL Vinculina
VUS Variants of uncertain significance
WGS whole genome sequencing

References
1. Arbelo, E.; Protonotarios, A.; Gimeno, J.R.; Arbustini, E.; Barriales-Villa, R.; Basso, C.; Bezzina, C.R.; Biagini, E.; Blom, N.A.; de

Boer, R.A.; et al. 2023 ESC Guidelines for the management of cardiomyopathies: Developed by the task force on the management
of cardiomyopathies of the European Society of Cardiology (ESC). Eur. Heart J. 2023, 44, 3503–3626. [CrossRef]

2. Ommen, S.R.; Ho, C.Y.; Asif, I.M.; Balaji, S.; Burke, M.A.; Day, S.M.; Dearani, J.A.; Epps, K.C.; Evanovich, L.; Ferrari, V.A.; et al.
2024 AHA/ACC/AMSSM/HRS/PACES/SCMR Guideline for the Management of Hypertrophic Cardiomyopathy: A Report of
the American Heart Association/American College of Cardiology Joint Committee on Clinical Practice Guidelines. Circulation
2024, 149, e1239–e1311. [CrossRef] [PubMed]

3. Maron, B.J.; Desai, M.Y.; Nishimura, R.A.; Spirito, P.; Rakowski, H.; Towbin, J.A.; Rowin, E.J.; Maron, M.S.; Sherrid, M.V.
Diagnosis and Evaluation of Hypertrophic Cardiomyopathy: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2022, 79, 372–389.
[CrossRef] [PubMed]

4. Marian, A.J.; Braunwald, E. Hypertrophic Cardiomyopathy: Genetics, Pathogenesis, Clinical Manifestations, Diagnosis, and
Therapy. Circ. Res. 2017, 121, 749–770. [CrossRef]

5. Maron, B.J. Sudden death in young athletes. N. Engl. J. Med. 2003, 349, 1064–1075. [CrossRef]
6. Cianci, V.; Forzese, E.; Sapienza, D.; Cardia, L.; Cianci, A.; Germana, A.; Tornese, L.; Ieni, A.; Gualniera, P.; Asmundo, A.; et al.

Morphological and Genetic Aspects for Post-Mortem Diagnosis of Hypertrophic Cardiomyopathy: A Systematic Review. Int. J.
Mol. Sci. 2024, 25, 1275. [CrossRef] [PubMed]

7. Geisterfer-Lowrance, A.A.; Kass, S.; Tanigawa, G.; Vosberg, H.P.; McKenna, W.; Seidman, C.E.; Seidman, J.G. A molecular basis
for familial hypertrophic cardiomyopathy: A beta cardiac myosin heavy chain gene missense mutation. Cell 1990, 62, 999–1006.
[CrossRef]

8. Wolf, C.M. Hypertrophic cardiomyopathy: Genetics and clinical perspectives. Cardiovasc. Diagn. Ther. 2019, 9, S388–S415.
[CrossRef]

9. Ho, C.Y.; Charron, P.; Richard, P.; Girolami, F.; Van Spaendonck-Zwarts, K.Y.; Pinto, Y. Genetic advances in sarcomeric cardiomy-
opathies: State of the art. Cardiovasc. Res. 2015, 105, 397–408. [CrossRef]

10. Harper, A.R.; Goel, A.; Grace, C.; Thomson, K.L.; Petersen, S.E.; Xu, X.; Waring, A.; Ormondroyd, E.; Kramer, C.M.; Ho, C.Y.; et al.
Common genetic variants and modifiable risk factors underpin hypertrophic cardiomyopathy susceptibility and expressivity.
Nat. Genet. 2021, 53, 135–142. [CrossRef]

11. Lorenzini, M.; Norrish, G.; Field, E.; Ochoa, J.P.; Cicerchia, M.; Akhtar, M.M.; Syrris, P.; Lopes, L.R.; Kaski, J.P.; Elliott, P.M.
Penetrance of Hypertrophic Cardiomyopathy in Sarcomere Protein Mutation Carriers. J. Am. Coll. Cardiol. 2020, 76, 550–559.
[CrossRef]

12. Page, S.P.; Kounas, S.; Syrris, P.; Christiansen, M.; Frank-Hansen, R.; Andersen, P.S.; Elliott, P.M.; McKenna, W.J. Cardiac myosin
binding protein-C mutations in families with hypertrophic cardiomyopathy: Disease expression in relation to age, gender, and
long term outcome. Circ. Cardiovasc. Genet. 2012, 5, 156–166. [CrossRef]

13. de Boer, R.A.; Heymans, S.; Backs, J.; Carrier, L.; Coats, A.J.S.; Dimmeler, S.; Eschenhagen, T.; Filippatos, G.; Gepstein, L.; Hulot,
J.S.; et al. Targeted therapies in genetic dilated and hypertrophic cardiomyopathies: From molecular mechanisms to therapeutic
targets. A position paper from the Heart Failure Association (HFA) and the Working Group on Myocardial Function of the
European Society of Cardiology (ESC). Eur. J. Heart Fail. 2022, 24, 406–420. [CrossRef]

14. Bonaventura, J.; Polakova, E.; Vejtasova, V.; Veselka, J. Genetic Testing in Patients with Hypertrophic Cardiomyopathy. Int. J. Mol.
Sci. 2021, 22, 10401. [CrossRef] [PubMed]

15. Chiswell, K.; Zaininger, L.; Semsarian, C. Evolution of genetic testing and gene therapy in hypertrophic cardiomyopathy. Prog.
Cardiovasc. Dis. 2023, 80, 38–45. [CrossRef]

https://doi.org/10.3390/jcm15062327

https://doi.org/10.1093/eurheartj/ehad194
https://doi.org/10.1161/CIR.0000000000001250
https://www.ncbi.nlm.nih.gov/pubmed/38718139
https://doi.org/10.1016/j.jacc.2021.12.002
https://www.ncbi.nlm.nih.gov/pubmed/35086660
https://doi.org/10.1161/CIRCRESAHA.117.311059
https://doi.org/10.1056/NEJMra022783
https://doi.org/10.3390/ijms25021275
https://www.ncbi.nlm.nih.gov/pubmed/38279275
https://doi.org/10.1016/0092-8674(90)90274-I
https://doi.org/10.21037/cdt.2019.02.01
https://doi.org/10.1093/cvr/cvv025
https://doi.org/10.1038/s41588-020-00764-0
https://doi.org/10.1016/j.jacc.2020.06.011
https://doi.org/10.1161/CIRCGENETICS.111.960831
https://doi.org/10.1002/ejhf.2414
https://doi.org/10.3390/ijms221910401
https://www.ncbi.nlm.nih.gov/pubmed/34638741
https://doi.org/10.1016/j.pcad.2023.04.009
https://doi.org/10.3390/jcm15062327


J. Clin. Med. 2026, 15, 2327 18 of 22

16. Wilde, A.A.M.; Semsarian, C.; Marquez, M.F.; Shamloo, A.S.; Ackerman, M.J.; Ashley, E.A.; Sternick, E.B.; Barajas-Martinez, H.;
Behr, E.R.; Bezzina, C.R.; et al. European Heart Rhythm Association (EHRA)/Heart Rhythm Society (HRS)/Asia Pacific Heart
Rhythm Society (APHRS)/Latin American Heart Rhythm Society (LAHRS) Expert Consensus Statement on the state of genetic
testing for cardiac diseases. Europace 2022, 24, 1307–1367. [CrossRef]

17. Elliott, P.; Schunkert, H.; Bondue, A.; Behr, E.; Carrier, L.; Van Duijn, C.; Garcia-Pavia, P.; van der Harst, P.; Kavousi, M.; Loeys, B.;
et al. Integration of genetic testing into diagnostic pathways for cardiomyopathies: A clinical consensus statement by the ESC
Council on Cardiovascular Genomics. Eur. Heart J. 2025, 46, 344–353. [CrossRef] [PubMed]

18. Faggiano, A.; Calcagnino, M.M.; Merlo, M.; Dal Ferro, M.; Moda, F.; Sanfilippo, M.; Garau, L.; Giordano, C.; Paldino, A.; Gigli, M.;
et al. What Should a Clinical Cardiologist Know About Cardiogenetics? J. Am. Heart Assoc. 2025, 14, e044924. [CrossRef]

19. Hershberger, R.E.; Givertz, M.M.; Ho, C.Y.; Judge, D.P.; Kantor, P.F.; McBride, K.L.; Morales, A.; Taylor, M.R.G.; Vatta, M.; Ware,
S.M. Genetic Evaluation of Cardiomyopathy-A Heart Failure Society of America Practice Guideline. J. Card. Fail. 2018, 24, 281–302.
[CrossRef] [PubMed]

20. Forleo, C.; D’Erchia, A.M.; Sorrentino, S.; Manzari, C.; Chiara, M.; Iacoviello, M.; Guaricci, A.I.; De Santis, D.; Musci, R.L.; La
Spada, A.; et al. Targeted next-generation sequencing detects novel gene-phenotype associations and expands the mutational
spectrum in cardiomyopathies. PLoS ONE 2017, 12, e0181842. [CrossRef]

21. Guaricci, A.I.; Faggiano, A.; Wahbi, K.; Barriales-Villa, R.; Carella, M.C.; Carugo, S.; Christensen, A.H.; Forleo, C.; Gherbesi, E.;
Haugaa, K.H.; et al. Cardiovascular prognostic impact of missense vs nonmissense lamin A/C variants: A systematic review and
meta-analysis. Heart Rhythm 2026, in press. [CrossRef]

22. Walsh, R.; Buchan, R.; Wilk, A.; John, S.; Felkin, L.E.; Thomson, K.L.; Chiaw, T.H.; Loong, C.C.W.; Pua, C.J.; Raphael, C.; et al.
Defining the genetic architecture of hypertrophic cardiomyopathy: Re-evaluating the role of non-sarcomeric genes. Eur. Heart J.
2017, 38, 3461–3468. [CrossRef]

23. Zhang, L.L.; Wang, B.; Wang, J.; Zhao, J.; Liu, L.W. Relationship between genotype and clinical phenotype of hypertrophic
cardiomyopathy. World J. Cardiol. 2025, 17, 107847. [CrossRef] [PubMed]

24. Ireland, C.G.; Ho, C.Y. Genetic Testing in Hypertrophic Cardiomyopathy. Am. J. Cardiol. 2024, 212S, S4–S13. [CrossRef] [PubMed]
25. Das, K.J.; Ingles, J.; Bagnall, R.D.; Semsarian, C. Determining pathogenicity of genetic variants in hypertrophic cardiomyopathy:

Importance of periodic reassessment. Genet. Med. 2014, 16, 286–293. [CrossRef] [PubMed]
26. Hespe, S.; Waddell, A.; Asatryan, B.; Owens, E.; Thaxton, C.; Adduru, M.L.; Anderson, K.; Brown, E.E.; Hoffman-Andrews, L.;

Jordan, E.; et al. ClinGen Hereditary Cardiovascular Disease Gene Curation Expert Panel: Reappraisal of Genes associated with
Hypertrophic Cardiomyopathy. medRxiv 2024. [CrossRef]

27. Ho, C.Y.; Day, S.M.; Ashley, E.A.; Michels, M.; Pereira, A.C.; Jacoby, D.; Cirino, A.L.; Fox, J.C.; Lakdawala, N.K.; Ware, J.S.;
et al. Genotype and Lifetime Burden of Disease in Hypertrophic Cardiomyopathy: Insights from the Sarcomeric Human
Cardiomyopathy Registry (SHaRe). Circulation 2018, 138, 1387–1398. [CrossRef]

28. Dicorato, M.M.; Basile, P.; Naccarati, M.L.; Carella, M.C.; Dentamaro, I.; Falagario, A.; Cicco, S.; Forleo, C.; Guaricci, A.I.; Ciccone,
M.M.; et al. Predicting New-Onset Atrial Fibrillation in Hypertrophic Cardiomyopathy: A Review. J. Clin. Med. 2025, 14, 2018.
[CrossRef]

29. Cecconi, M.; Parodi, M.I.; Formisano, F.; Spirito, P.; Autore, C.; Musumeci, M.B.; Favale, S.; Forleo, C.; Rapezzi, C.; Biagini, E.; et al.
Targeted next-generation sequencing helps to decipher the genetic and phenotypic heterogeneity of hypertrophic cardiomyopathy.
Int. J. Mol. Med. 2016, 38, 1111–1124. [CrossRef]

30. Kim, Y.E.; Ki, C.S.; Jang, M.A. Challenges and Considerations in Sequence Variant Interpretation for Mendelian Disorders. Ann.
Lab. Med. 2019, 39, 421–429. [CrossRef]

31. Lopes, L.R.; Ho, C.Y.; Elliott, P.M. Genetics of hypertrophic cardiomyopathy: Established and emerging implications for clinical
practice. Eur. Heart J. 2024, 45, 2727–2734. [CrossRef]

32. Chiara, M.; Mandreoli, P.; Tangaro, M.A.; D’Erchia, A.M.; Sorrentino, S.; Forleo, C.; Horner, D.S.; Zambelli, F.; Pesole, G. VINYL:
Variant prIoritizatioN bY survivaL analysis. Bioinformatics 2021, 36, 5590–5599. [CrossRef]

33. Pieroni, M.; Ciabatti, M.; Saletti, E.; Tavanti, V.; Santangeli, P.; Martinese, L.; Liistro, F.; Olivotto, I.; Bolognese, L. Beyond
Sarcomeric Hypertrophic Cardiomyopathy: How to Diagnose and Manage Phenocopies. Curr. Cardiol. Rep. 2022, 24, 1567–1585.
[CrossRef] [PubMed]

34. Topriceanu, C.C.; Pereira, A.C.; Moon, J.C.; Captur, G.; Ho, C.Y. Meta-Analysis of Penetrance and Systematic Review on Transition
to Disease in Genetic Hypertrophic Cardiomyopathy. Circulation 2024, 149, 107–123. [CrossRef]

35. Soler, R.; Mendez, C.; Rodriguez, E.; Barriales, R.; Ochoa, J.P.; Monserrat, L. Phenotypes of hypertrophic cardiomyopathy.
An illustrative review of MRI findings. Insights Imaging 2018, 9, 1007–1020. [CrossRef]

36. Brouwer, W.P.; Germans, T.; Head, M.C.; van der Velden, J.; Heymans, M.W.; Christiaans, I.; Houweling, A.C.; Wilde, A.A.; van
Rossum, A.C. Multiple myocardial crypts on modified long-axis view are a specific finding in pre-hypertrophic HCM mutation
carriers. Eur. Heart J. Cardiovasc. Imaging 2012, 13, 292–297. [CrossRef]

https://doi.org/10.3390/jcm15062327

https://doi.org/10.1093/europace/euac030
https://doi.org/10.1093/eurheartj/ehae747
https://www.ncbi.nlm.nih.gov/pubmed/39673718
https://doi.org/10.1161/JAHA.125.044924
https://doi.org/10.1016/j.cardfail.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/29567486
https://doi.org/10.1371/journal.pone.0181842
https://doi.org/10.1016/j.hrthm.2025.12.038
https://doi.org/10.1093/eurheartj/ehw603
https://doi.org/10.4330/wjc.v17.i8.107847
https://www.ncbi.nlm.nih.gov/pubmed/40949932
https://doi.org/10.1016/j.amjcard.2023.10.032
https://www.ncbi.nlm.nih.gov/pubmed/38368035
https://doi.org/10.1038/gim.2013.138
https://www.ncbi.nlm.nih.gov/pubmed/24113344
https://doi.org/10.1101/2024.07.29.24311195
https://doi.org/10.1161/CIRCULATIONAHA.117.033200
https://doi.org/10.3390/jcm14062018
https://doi.org/10.3892/ijmm.2016.2732
https://doi.org/10.3343/alm.2019.39.5.421
https://doi.org/10.1093/eurheartj/ehae421
https://doi.org/10.1093/bioinformatics/btaa1067
https://doi.org/10.1007/s11886-022-01778-2
https://www.ncbi.nlm.nih.gov/pubmed/36053410
https://doi.org/10.1161/CIRCULATIONAHA.123.065987
https://doi.org/10.1007/s13244-018-0656-8
https://doi.org/10.1093/ehjci/jes005
https://doi.org/10.3390/jcm15062327


J. Clin. Med. 2026, 15, 2327 19 of 22

37. Semsarian, C.; Ingles, J.; Maron, M.S.; Maron, B.J. New perspectives on the prevalence of hypertrophic cardiomyopathy. J. Am.
Coll. Cardiol. 2015, 65, 1249–1254. [CrossRef]

38. Wijnker, P.J.M.; Sequeira, V.; Kuster, D.W.D.; Velden, J.V. Hypertrophic Cardiomyopathy: A Vicious Cycle Triggered by Sarcomere
Mutations and Secondary Disease Hits. Antioxid. Redox Signal 2019, 31, 318–358. [CrossRef] [PubMed]

39. Alfares, A.A.; Kelly, M.A.; McDermott, G.; Funke, B.H.; Lebo, M.S.; Baxter, S.B.; Shen, J.; McLaughlin, H.M.; Clark, E.H.; Babb,
L.J.; et al. Results of clinical genetic testing of 2,912 probands with hypertrophic cardiomyopathy: Expanded panels offer limited
additional sensitivity. Genet. Med. 2015, 17, 880–888. [CrossRef] [PubMed]

40. Sequeira, V.; Wijnker, P.J.; Nijenkamp, L.L.; Kuster, D.W.; Najafi, A.; Witjas-Paalberends, E.R.; Regan, J.A.; Boontje, N.; Ten Cate,
F.J.; Germans, T.; et al. Perturbed length-dependent activation in human hypertrophic cardiomyopathy with missense sarcomeric
gene mutations. Circ. Res. 2013, 112, 1491–1505. [CrossRef]

41. Robinson, P.; Griffiths, P.J.; Watkins, H.; Redwood, C.S. Dilated and hypertrophic cardiomyopathy mutations in troponin and
alpha-tropomyosin have opposing effects on the calcium affinity of cardiac thin filaments. Circ. Res. 2007, 101, 1266–1273.
[CrossRef]

42. MacIver, D.H.; Clark, A.L. Contractile Dysfunction in Sarcomeric Hypertrophic Cardiomyopathy. J. Card. Fail. 2016, 22, 731–737.
[CrossRef]

43. Marston, S.; Copeland, O.; Jacques, A.; Livesey, K.; Tsang, V.; McKenna, W.J.; Jalilzadeh, S.; Carballo, S.; Redwood, C.; Watkins, H.
Evidence from human myectomy samples that MYBPC3 mutations cause hypertrophic cardiomyopathy through haploinsuffi-
ciency. Circ. Res. 2009, 105, 219–222. [CrossRef]

44. van Dijk, S.J.; Dooijes, D.; dos Remedios, C.; Michels, M.; Lamers, J.M.; Winegrad, S.; Schlossarek, S.; Carrier, L.; ten Cate, F.J.;
Stienen, G.J.; et al. Cardiac myosin-binding protein C mutations and hypertrophic cardiomyopathy: Haploinsufficiency, deranged
phosphorylation, and cardiomyocyte dysfunction. Circulation 2009, 119, 1473–1483. [CrossRef] [PubMed]

45. Roncarati, R.; Viviani Anselmi, C.; Krawitz, P.; Lattanzi, G.; von Kodolitsch, Y.; Perrot, A.; di Pasquale, E.; Papa, L.; Portararo, P.;
Columbaro, M.; et al. Doubly heterozygous LMNA and TTN mutations revealed by exome sequencing in a severe form of dilated
cardiomyopathy. Eur. J. Hum. Genet. 2013, 21, 1105–1111. [CrossRef]

46. Wang, X.; Robbins, J. Proteasomal and lysosomal protein degradation and heart disease. J. Mol. Cell Cardiol. 2014, 71, 16–24.
[CrossRef]

47. Richard, P.; Charron, P.; Carrier, L.; Ledeuil, C.; Cheav, T.; Pichereau, C.; Benaiche, A.; Isnard, R.; Dubourg, O.; Burban, M.; et al.
Hypertrophic cardiomyopathy: Distribution of disease genes, spectrum of mutations, and implications for a molecular diagnosis
strategy. Circulation 2003, 107, 2227–2232. [CrossRef] [PubMed]

48. Teekakirikul, P.; Zhu, W.; Huang, H.C.; Fung, E. Hypertrophic Cardiomyopathy: An Overview of Genetics and Management.
Biomolecules 2019, 9, 878. [CrossRef] [PubMed]

49. Millat, G.; Bouvagnet, P.; Chevalier, P.; Dauphin, C.; Jouk, P.S.; Da Costa, A.; Prieur, F.; Bresson, J.L.; Faivre, L.; Eicher, J.C.; et al.
Prevalence and spectrum of mutations in a cohort of 192 unrelated patients with hypertrophic cardiomyopathy. Eur. J. Med. Genet.
2010, 53, 261–267. [CrossRef]

50. Garcia-Ruano, A.B.; Sola-Garcia, E.; Martin-Istillarty, M.; Urbano-Moral, J.A. From Rare Genetic Variants to Polygenic Risk:
Understanding the Genetic Basis of Cardiomyopathies. J. Cardiovasc. Dev. Dis. 2025, 12, 274. [CrossRef]

51. Zheng, S.L.; Jurgens, S.J.; McGurk, K.A.; Xu, X.; Grace, C.; Theotokis, P.I.; Buchan, R.J.; Francis, C.; de Marvao, A.; Curran, L.; et al.
Evaluation of polygenic scores for hypertrophic cardiomyopathy in the general population and across clinical settings. Nat. Genet.
2025, 57, 563–571. [CrossRef]

52. Walsh, R.; Tadros, R.; Bezzina, C.R. When genetic burden reaches threshold. Eur. Heart J. 2020, 41, 3849–3855. [CrossRef] [PubMed]
53. Meisner, J.K.; Renberg, A.; Smith, E.D.; Tsan, Y.C.; Elder, B.; Bullard, A.; Merritt, O.L.; Zheng, S.L.; Lakdawala, N.K.; Owens, A.T.;

et al. Low Penetrance Sarcomere Variants Contribute to Additive Risk in Hypertrophic Cardiomyopathy. Circulation 2025, 151,
783–798. [CrossRef] [PubMed]

54. Biddinger, K.J.; Jurgens, S.J.; Maamari, D.; Gaziano, L.; Choi, S.H.; Morrill, V.N.; Halford, J.L.; Khera, A.V.; Lubitz, S.A.; Ellinor,
P.T.; et al. Rare and Common Genetic Variation Underlying the Risk of Hypertrophic Cardiomyopathy in a National Biobank.
JAMA Cardiol. 2022, 7, 715–722. [CrossRef] [PubMed]

55. Tadros, R.; Zheng, S.L.; Grace, C.; Jorda, P.; Francis, C.; West, D.M.; Jurgens, S.J.; Thomson, K.L.; Harper, A.R.; Ormondroyd, E.;
et al. Large-scale genome-wide association analyses identify novel genetic loci and mechanisms in hypertrophic cardiomyopathy.
Nat. Genet. 2025, 57, 530–538. [CrossRef]

56. Dababneh, S.; Ardehali, A.; Badesha, J.; Laksman, Z. The Utility of Genome-Wide Association Studies in Inherited Arrhythmias
and Cardiomyopathies. Genes 2025, 16, 1448. [CrossRef]

57. Chou, C.; Chin, M.T. Pathogenic Mechanisms of Hypertrophic Cardiomyopathy beyond Sarcomere Dysfunction. Int. J. Mol. Sci.
2021, 22, 8933. [CrossRef]

58. Mukhopadhyay, S.; Dixit, P.; Khanom, N.; Sanghera, G.; McGurk, K.A. The Genetic Factors Influencing Cardiomyopathies and
Heart Failure across the Allele Frequency Spectrum. J. Cardiovasc. Transl. Res. 2024, 17, 1119–1139. [CrossRef]

https://doi.org/10.3390/jcm15062327

https://doi.org/10.1016/j.jacc.2015.01.019
https://doi.org/10.1089/ars.2017.7236
https://www.ncbi.nlm.nih.gov/pubmed/29490477
https://doi.org/10.1038/gim.2014.205
https://www.ncbi.nlm.nih.gov/pubmed/25611685
https://doi.org/10.1161/CIRCRESAHA.111.300436
https://doi.org/10.1161/CIRCRESAHA.107.156380
https://doi.org/10.1016/j.cardfail.2016.03.020
https://doi.org/10.1161/CIRCRESAHA.109.202440
https://doi.org/10.1161/CIRCULATIONAHA.108.838672
https://www.ncbi.nlm.nih.gov/pubmed/19273718
https://doi.org/10.1038/ejhg.2013.16
https://doi.org/10.1016/j.yjmcc.2013.11.006
https://doi.org/10.1161/01.CIR.0000066323.15244.54
https://www.ncbi.nlm.nih.gov/pubmed/12707239
https://doi.org/10.3390/biom9120878
https://www.ncbi.nlm.nih.gov/pubmed/31888115
https://doi.org/10.1016/j.ejmg.2010.07.007
https://doi.org/10.3390/jcdd12070274
https://doi.org/10.1038/s41588-025-02094-5
https://doi.org/10.1093/eurheartj/ehaa269
https://www.ncbi.nlm.nih.gov/pubmed/32350504
https://doi.org/10.1161/CIRCULATIONAHA.124.069398
https://www.ncbi.nlm.nih.gov/pubmed/39633578
https://doi.org/10.1001/jamacardio.2022.1061
https://www.ncbi.nlm.nih.gov/pubmed/35583889
https://doi.org/10.1038/s41588-025-02087-4
https://doi.org/10.3390/genes16121448
https://doi.org/10.3390/ijms22168933
https://doi.org/10.1007/s12265-024-10520-y
https://doi.org/10.3390/jcm15062327


J. Clin. Med. 2026, 15, 2327 20 of 22

59. Klasfeld, S.J.; Knutson, K.A.; Miller, M.R.; Fauman, E.B.; Berghout, J.; Moccia, R.; Kim, H.I. Common genetic modifiers influence
cardiomyopathy susceptibility among the carriers of rare pathogenic variants. HGG Adv. 2025, 6, 100460. [CrossRef]

60. Abramowitz, S.A.; Hoffman-Andrews, L.; Zhang, D.; Judy, R.; Cappola, T.P.; Day, S.M.; Reza, N.; Owens, A.T.; Damrauer, S.M.;
Levin, M.G. Polygenic Background and Penetrance of Pathogenic Variants in Hypertrophic and Dilated Cardiomyopathies.
medRxiv 2025. [CrossRef]

61. Tadros, R.; Francis, C.; Xu, X.; Vermeer, A.M.C.; Harper, A.R.; Huurman, R.; Kelu Bisabu, K.; Walsh, R.; Hoorntje, E.T.; Te Rijdt,
W.P.; et al. Shared genetic pathways contribute to risk of hypertrophic and dilated cardiomyopathies with opposite directions of
effect. Nat. Genet. 2021, 53, 128–134. [CrossRef]

62. Maron, B.J.; Maron, M.S.; Rowin, E.J. Precision Medicine for All?: What About Hypertrophic Cardiomyopathy? JACC Adv. 2024,
3, 100922. [CrossRef]

63. Vanninen, S.U.M.; Leivo, K.; Seppala, E.H.; Aalto-Setala, K.; Pitkanen, O.; Suursalmi, P.; Annala, A.P.; Anttila, I.; Alastalo, T.P.;
Myllykangas, S.; et al. Heterozygous junctophilin-2 (JPH2) p.(Thr161Lys) is a monogenic cause for HCM with heart failure. PLoS
ONE 2018, 13, e0203422. [CrossRef]

64. Ingles, J.; Goldstein, J.; Thaxton, C.; Caleshu, C.; Corty, E.W.; Crowley, S.B.; Dougherty, K.; Harrison, S.M.; McGlaughon, J.; Milko,
L.V.; et al. Evaluating the Clinical Validity of Hypertrophic Cardiomyopathy Genes. Circ. Genom. Precis. Med. 2019, 12, e002460.
[CrossRef] [PubMed]

65. Gross, P.; Johnson, J.; Romero, C.M.; Eaton, D.M.; Poulet, C.; Sanchez-Alonso, J.; Lucarelli, C.; Ross, J.; Gibb, A.A.; Garbincius, J.F.;
et al. Interaction of the Joining Region in Junctophilin-2 with the L-Type Ca(2+) Channel Is Pivotal for Cardiac Dyad Assembly
and Intracellular Ca(2+) Dynamics. Circ. Res. 2021, 128, 92–114. [CrossRef]

66. Landstrom, A.P.; Weisleder, N.; Batalden, K.B.; Bos, J.M.; Tester, D.J.; Ommen, S.R.; Wehrens, X.H.; Claycomb, W.C.; Ko, J.K.;
Hwang, M.; et al. Mutations in JPH2-encoded junctophilin-2 associated with hypertrophic cardiomyopathy in humans. J. Mol.
Cell Cardiol. 2007, 42, 1026–1035. [CrossRef]

67. Ochoa, J.P.; Sabater-Molina, M.; Garcia-Pinilla, J.M.; Mogensen, J.; Restrepo-Cordoba, A.; Palomino-Doza, J.; Villacorta, E.;
Martinez-Moreno, M.; Ramos-Maqueda, J.; Zorio, E.; et al. Formin Homology 2 Domain Containing 3 (FHOD3) Is a Genetic Basis
for Hypertrophic Cardiomyopathy. J. Am. Coll. Cardiol. 2018, 72, 2457–2467. [CrossRef] [PubMed]

68. Wooten, E.C.; Hebl, V.B.; Wolf, M.J.; Greytak, S.R.; Orr, N.M.; Draper, I.; Calvino, J.E.; Kapur, N.K.; Maron, M.S.; Kullo, I.J.; et al.
Formin homology 2 domain containing 3 variants associated with hypertrophic cardiomyopathy. Circ. Cardiovasc. Genet. 2013, 6,
10–18. [CrossRef]

69. Lopes, L.R.; Garcia-Hernandez, S.; Lorenzini, M.; Futema, M.; Chumakova, O.; Zateyshchikov, D.; Isidoro-Garcia, M.; Villacorta,
E.; Escobar-Lopez, L.; Garcia-Pavia, P.; et al. Alpha-protein kinase 3 (ALPK3) truncating variants are a cause of autosomal
dominant hypertrophic cardiomyopathy. Eur. Heart J. 2021, 42, 3063–3073. [CrossRef] [PubMed]

70. Mendes de Almeida, R.; Tavares, J.; Martins, S.; Carvalho, T.; Enguita, F.J.; Brito, D.; Carmo-Fonseca, M.; Lopes, L.R. Whole gene
sequencing identifies deep-intronic variants with potential functional impact in patients with hypertrophic cardiomyopathy.
PLoS ONE 2017, 12, e0182946. [CrossRef]

71. Chumakova, O.S.; Baulina, N.M. Advanced searching for hypertrophic cardiomyopathy heritability in real practice tomorrow.
Front. Cardiovasc. Med. 2023, 10, 1236539. [CrossRef] [PubMed]

72. Petersen, U.S.S.; Doktor, T.K.; Andresen, B.S. Pseudoexon activation in disease by non-splice site deep intronic sequence
variation—Wild type pseudoexons constitute high-risk sites in the human genome. Hum. Mutat. 2022, 43, 103–127. [CrossRef]

73. Anna, A.; Monika, G. Splicing mutations in human genetic disorders: Examples, detection, and confirmation. J. Appl. Genet. 2018,
59, 253–268. [CrossRef] [PubMed]

74. Specterman, M.J.; Behr, E.R. Cardiogenetics: The role of genetic testing for inherited arrhythmia syndromes and sudden death.
Heart 2023, 109, 434–441. [CrossRef]

75. Singer, E.S.; Crowe, J.; Holliday, M.; Isbister, J.C.; Lal, S.; Nowak, N.; Yeates, L.; Burns, C.; Rajagopalan, S.; Macciocca, I.; et al. The
burden of splice-disrupting variants in inherited heart disease and unexplained sudden cardiac death. NPJ Genom. Med. 2023,
8, 29. [CrossRef]

76. Pitsava, G.; Hawley, M.; Auriga, L.; de Dios, I.; Ko, A.; Marmolejos, S.; Almalvez, M.; Chen, I.; Scozzaro, K.; Zhao, J.; et al. Genome
sequencing reveals the impact of pseudoexons in rare genetic disease. Genet. Med. 2025, 27, 101574. [CrossRef] [PubMed]

77. Harper, A.R.; Bowman, M.; Hayesmoore, J.B.G.; Sage, H.; Salatino, S.; Blair, E.; Campbell, C.; Currie, B.; Goel, A.; McGuire, K.;
et al. Reevaluation of the South Asian MYBPC3(Delta25bp) Intronic Deletion in Hypertrophic Cardiomyopathy. Circ. Genom.
Precis. Med. 2020, 13, e002783. [CrossRef]

78. Bagnall, R.D.; Ingles, J.; Dinger, M.E.; Cowley, M.J.; Ross, S.B.; Minoche, A.E.; Lal, S.; Turner, C.; Colley, A.; Rajagopalan, S.; et al.
Whole Genome Sequencing Improves Outcomes of Genetic Testing in Patients with Hypertrophic Cardiomyopathy. J. Am. Coll.
Cardiol. 2018, 72, 419–429. [CrossRef]

https://doi.org/10.3390/jcm15062327

https://doi.org/10.1016/j.xhgg.2025.100460
https://doi.org/10.1001/jamacardio.2025.4739
https://doi.org/10.1038/s41588-020-00762-2
https://doi.org/10.1016/j.jacadv.2024.100922
https://doi.org/10.1371/journal.pone.0203422
https://doi.org/10.1161/CIRCGEN.119.002460
https://www.ncbi.nlm.nih.gov/pubmed/30681346
https://doi.org/10.1161/CIRCRESAHA.119.315715
https://doi.org/10.1016/j.yjmcc.2007.04.006
https://doi.org/10.1016/j.jacc.2018.10.001
https://www.ncbi.nlm.nih.gov/pubmed/30442288
https://doi.org/10.1161/CIRCGENETICS.112.965277
https://doi.org/10.1093/eurheartj/ehab424
https://www.ncbi.nlm.nih.gov/pubmed/34263907
https://doi.org/10.1371/journal.pone.0182946
https://doi.org/10.3389/fcvm.2023.1236539
https://www.ncbi.nlm.nih.gov/pubmed/37583586
https://doi.org/10.1002/humu.24306
https://doi.org/10.1007/s13353-018-0444-7
https://www.ncbi.nlm.nih.gov/pubmed/29680930
https://doi.org/10.1136/heartjnl-2021-320015
https://doi.org/10.1038/s41525-023-00373-w
https://doi.org/10.1016/j.gim.2025.101574
https://www.ncbi.nlm.nih.gov/pubmed/40927908
https://doi.org/10.1161/CIRCGEN.119.002783
https://doi.org/10.1016/j.jacc.2018.04.078
https://doi.org/10.3390/jcm15062327


J. Clin. Med. 2026, 15, 2327 21 of 22

79. Lopes, L.R.; Barbosa, P.; Torrado, M.; Quinn, E.; Merino, A.; Ochoa, J.P.; Jager, J.; Futema, M.; Carmo-Fonseca, M.; Monserrat, L.;
et al. Cryptic Splice-Altering Variants in MYBPC3 Are a Prevalent Cause of Hypertrophic Cardiomyopathy. Circ. Genom. Precis.
Med. 2020, 13, e002905. [CrossRef]

80. Jordan, E.; Ni, H.; Parker, P.; Kinnamon, D.D.; Owens, A.; Lowes, B.; Shenoy, C.; Martin, C.M.; Judge, D.P.; Fishbein, D.P.; et al.
Implementing Precision Medicine for Dilated Cardiomyopathy: Insights From the DCM Consortium. Circ. Genom. Precis. Med.
2025, 18, e005078. [CrossRef]

81. Marco-Puche, G.; Lois, S.; Benitez, J.; Trivino, J.C. RNA-Seq Perspectives to Improve Clinical Diagnosis. Front. Genet. 2019,
10, 1152. [CrossRef]

82. Holliday, M.; Singer, E.S.; Ross, S.B.; Lim, S.; Lal, S.; Ingles, J.; Semsarian, C.; Bagnall, R.D. Transcriptome Sequencing of Patients
with Hypertrophic Cardiomyopathy Reveals Novel Splice-Altering Variants in MYBPC3. Circ. Genom. Precis. Med. 2021,
14, e003202. [CrossRef]

83. Torrado, M.; Maneiro, E.; Lamounier Junior, A.; Fernandez-Burriel, M.; Sanchez Giralt, S.; Martinez-Carapeto, A.; Cazon,
L.; Santiago, E.; Ochoa, J.P.; McKenna, W.J.; et al. Identification of an elusive spliceogenic MYBPC3 variant in an otherwise
genotype-negative hypertrophic cardiomyopathy pedigree. Sci. Rep. 2022, 12, 7284. [CrossRef]

84. Helms, A.S.; Day, S.M. Other side of the coin: The missing heritability in hypertrophic cardiomyopathy. Eur. Heart J. 2017, 38,
3469–3471. [CrossRef]

85. Bakalakos, A.; Monda, E.; Elliott, P.M. The Diagnostic and Therapeutic Implications of Phenocopies and Mimics of Hypertrophic
Cardiomyopathy. Can. J. Cardiol. 2024, 40, 754–765. [CrossRef]

86. Pagura, L.; Porcari, A.; Cameli, M.; Biagini, E.; Canepa, M.; Crotti, L.; Imazio, M.; Forleo, C.; Pavasini, R.; Limongelli, G.; et al.
ECG/echo indexes in the diagnostic approach to amyloid cardiomyopathy: A head-to-head comparison from the AC-TIVE study.
Eur. J. Intern. Med. 2024, 122, 68–77. [CrossRef] [PubMed]

87. Limongelli, G.; Adorisio, R.; Baggio, C.; Bauce, B.; Biagini, E.; Castelletti, S.; Favilli, S.; Imazio, M.; Lioncino, M.; Merlo, M.; et al.
Diagnosis and Management of Rare Cardiomyopathies in Adult and Paediatric Patients. A Position Paper of the Italian Society of
Cardiology (SIC) and Italian Society of Paediatric Cardiology (SICP). Int. J. Cardiol. 2022, 357, 55–71. [CrossRef]

88. Faienza, M.F.; Meliota, G.; Mentino, D.; Ficarella, R.; Gentile, M.; Vairo, U.; D’Amato, G. Cardiac Phenotype and Gene Mutations
in RASopathies. Genes 2024, 15, 1015. [CrossRef] [PubMed]

89. Rubino, M.; Monda, E.; Lioncino, M.; Caiazza, M.; Palmiero, G.; Dongiglio, F.; Fusco, A.; Cirillo, A.; Cesaro, A.; Capodicasa, L.;
et al. Diagnosis and Management of Cardiovascular Involvement in Fabry Disease. Heart Fail. Clin. 2022, 18, 39–49. [CrossRef]

90. Rapezzi, C.; Arbustini, E.; Caforio, A.L.; Charron, P.; Gimeno-Blanes, J.; Helio, T.; Linhart, A.; Mogensen, J.; Pinto, Y.; Ristic, A.;
et al. Diagnostic work-up in cardiomyopathies: Bridging the gap between clinical phenotypes and final diagnosis. A position
statement from the ESC Working Group on Myocardial and Pericardial Diseases. Eur. Heart J. 2013, 34, 1448–1458. [CrossRef]
[PubMed]

91. Dicorato, M.M.; Citarelli, G.; Mangini, F.; Alemanni, R.; Albanese, M.; Cicco, S.; Greco, C.A.; Forleo, C.; Basile, P.; Carella, M.C.;
et al. Integrative Approaches in the Management of Hypertrophic Cardiomyopathy: A Comprehensive Review of Current
Therapeutic Modalities. Biomedicines 2025, 13, 1256. [CrossRef]

92. Limongelli, G.; Monda, E.; Tramonte, S.; Gragnano, F.; Masarone, D.; Frisso, G.; Esposito, A.; Gravino, R.; Ammendola, E.; Salerno,
G.; et al. Prevalence and clinical significance of red flags in patients with hypertrophic cardiomyopathy. Int. J. Cardiol. 2020, 299,
186–191. [CrossRef]

93. Brunel-Guitton, C.; Levtova, A.; Sasarman, F. Mitochondrial Diseases and Cardiomyopathies. Can. J. Cardiol. 2015, 31, 1360–1376.
[CrossRef] [PubMed]

94. Lioncino, M.; Monda, E.; Verrillo, F.; Moscarella, E.; Calcagni, G.; Drago, F.; Marino, B.; Digilio, M.C.; Putotto, C.; Calabro, P.; et al.
Hypertrophic Cardiomyopathy in RASopathies: Diagnosis, Clinical Characteristics, Prognostic Implications, and Management.
Heart Fail. Clin. 2022, 18, 19–29. [CrossRef]

95. Boucek, D.; Jirikowic, J.; Taylor, M. Natural history of Danon disease. Genet. Med. 2011, 13, 563–568. [CrossRef]
96. Paratz, E.D.; Mundisugih, J.; Rowe, S.J.; Kizana, E.; Semsarian, C. Gene Therapy in Cardiology: Is a Cure for Hypertrophic

Cardiomyopathy on the Horizon? Can. J. Cardiol. 2024, 40, 777–788. [CrossRef]
97. Gollob, M.H.; Green, M.S.; Tang, A.S.; Roberts, R. PRKAG2 cardiac syndrome: Familial ventricular preexcitation, conduction

system disease, and cardiac hypertrophy. Curr. Opin. Cardiol. 2002, 17, 229–234. [CrossRef] [PubMed]
98. D’Souza, R.S.; Levandowski, C.; Slavov, D.; Graw, S.L.; Allen, L.A.; Adler, E.; Mestroni, L.; Taylor, M.R. Danon disease: Clinical

features, evaluation, and management. Circ. Heart Fail. 2014, 7, 843–849. [CrossRef] [PubMed]
99. Dicorato, M.M.; Basile, P.; Muscogiuri, G.; Carella, M.C.; Naccarati, M.L.; Dentamaro, I.; Guglielmo, M.; Baggiano, A.; Mushtaq, S.;

Fusini, L.; et al. Novel Insights into Non-Invasive Diagnostic Techniques for Cardiac Amyloidosis: A Critical Review. Diagnostics
2024, 14, 2249. [CrossRef]

https://doi.org/10.3390/jcm15062327

https://doi.org/10.1161/CIRCGEN.120.002905
https://doi.org/10.1161/CIRCGEN.125.005078
https://doi.org/10.3389/fgene.2019.01152
https://doi.org/10.1161/CIRCGEN.120.003202
https://doi.org/10.1038/s41598-022-11159-y
https://doi.org/10.1093/eurheartj/ehx024
https://doi.org/10.1016/j.cjca.2024.02.025
https://doi.org/10.1016/j.ejim.2023.09.026
https://www.ncbi.nlm.nih.gov/pubmed/37858441
https://doi.org/10.1016/j.ijcard.2022.03.050
https://doi.org/10.3390/genes15081015
https://www.ncbi.nlm.nih.gov/pubmed/39202376
https://doi.org/10.1016/j.hfc.2021.07.005
https://doi.org/10.1093/eurheartj/ehs397
https://www.ncbi.nlm.nih.gov/pubmed/23211230
https://doi.org/10.3390/biomedicines13051256
https://doi.org/10.1016/j.ijcard.2019.06.073
https://doi.org/10.1016/j.cjca.2015.08.017
https://www.ncbi.nlm.nih.gov/pubmed/26518446
https://doi.org/10.1016/j.hfc.2021.07.004
https://doi.org/10.1097/GIM.0b013e31820ad795
https://doi.org/10.1016/j.cjca.2023.11.024
https://doi.org/10.1097/00001573-200205000-00004
https://www.ncbi.nlm.nih.gov/pubmed/12015471
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001105
https://www.ncbi.nlm.nih.gov/pubmed/25228319
https://doi.org/10.3390/diagnostics14192249
https://doi.org/10.3390/jcm15062327


J. Clin. Med. 2026, 15, 2327 22 of 22

100. Augusto, J.B.; Johner, N.; Shah, D.; Nordin, S.; Knott, K.D.; Rosmini, S.; Lau, C.; Alfarih, M.; Hughes, R.; Seraphim, A.; et al.
The myocardial phenotype of Fabry disease pre-hypertrophy and pre-detectable storage. Eur. Heart J. Cardiovasc. Imaging 2021,
22, 790–799. [CrossRef]

101. Porcari, A.; Aimo, A.; Vergaro, G.; Merlo, M.; Emdin, M.; Sinagra, G. Ten perspectives for research and innovation in cardiac
amyloidosis. G. Ital. Cardiol. 2023, 24, 499–506. [CrossRef]

102. Maurer, M.S.; Elliott, P.; Comenzo, R.; Semigran, M.; Rapezzi, C. Addressing Common Questions Encountered in the Diagnosis
and Management of Cardiac Amyloidosis. Circulation 2017, 135, 1357–1377. [CrossRef]

103. Massera, D.; McClelland, R.L.; Ambale-Venkatesh, B.; Gomes, A.S.; Hundley, W.G.; Kawel-Boehm, N.; Yoneyama, K.; Owens,
D.S.; Garcia, M.J.; Sherrid, M.V.; et al. Prevalence of Unexplained Left Ventricular Hypertrophy by Cardiac Magnetic Resonance
Imaging in MESA. J. Am. Heart Assoc. 2019, 8, e012250. [CrossRef]

104. Forleo, C.; Carella, M.C.; Basile, P.; Mandunzio, D.; Greco, G.; Napoli, G.; Carulli, E.; Dicorato, M.M.; Dentamaro, I.; Santobuono,
V.E.; et al. The Role of Magnetic Resonance Imaging in Cardiomyopathies in the Light of New Guidelines: A Focus on Tissue
Mapping. J. Clin. Med. 2024, 13, 2621. [CrossRef] [PubMed]

105. Carrabba, N.; Amico, M.A.; Guaricci, A.I.; Carella, M.C.; Maestrini, V.; Monosilio, S.; Pedrotti, P.; Ricci, F.; Monti, L.; Figliozzi, S.;
et al. CMR Mapping: The 4th-Era Revolution in Cardiac Imaging. J. Clin. Med. 2024, 13, 337. [CrossRef] [PubMed]

106. Peretto, G.; Barison, A.; Forleo, C.; Di Resta, C.; Esposito, A.; Aquaro, G.D.; Scardapane, A.; Palmisano, A.; Emdin, M.; Resta, N.;
et al. Late gadolinium enhancement role in arrhythmic risk stratification of patients with LMNA cardiomyopathy: Results from a
long-term follow-up multicentre study. Europace 2020, 22, 1864–1872. [CrossRef]

107. Todiere, G.; Barison, A.; Baritussio, A.; Cipriani, A.; Guaricci, A.I.; Pica, S.; Indolfi, C.; Pontone, G.; Dellegrottaglie, S. Acute
clinical presentation of nonischemic cardiomyopathies: Early detection by cardiovascular magnetic resonance. J. Cardiovasc. Med.
2023, 24, e36–e46. [CrossRef]

108. Mushtaq, S.; Chiesa, M.; Novelli, V.; Sommariva, E.; Biondi, M.L.; Manzoni, M.; Florio, A.; Lampus, M.L.; Avallone, C.; Zocchi, C.;
et al. Role of advanced CMR features in identifying a positive genotype of hypertrophic cardiomyopathy. Int. J. Cardiol. 2024,
417, 132554. [CrossRef] [PubMed]

109. Carella, M.C.; Forleo, C.; Caretto, P.; Naccarati, M.L.; Dentamaro, I.; Dicorato, M.M.; Basile, P.; Carulli, E.; Latorre, M.D.; Baggiano,
A.; et al. Overcoming Resistance in Anderson-Fabry Disease: Current Therapeutic Challenges and Future Perspectives. J. Clin.
Med. 2024, 13, 7195. [CrossRef]

110. Xu, W.; Zhu, F.; Zhang, Y.; Li, P.; Sheng, Y. An overview of the treatments for hypertrophic cardiomyopathy. Front. Cardiovasc.
Med. 2024, 11, 1387596. [CrossRef]

111. Bonacchi, G.; Del Franco, A.; Agostoni, P.; Agricola, E.; Ammirati, E.; Baratta, P.; Barocelli, F.; Bertero, E.; Biagini, E.; Boriani, G.;
et al. Baseline clinical profile of patients with obstructive hypertrophic cardiomyopathy in the Italian Mavacamten early access
program. Int. J. Cardiol. 2026, 448, 134152. [CrossRef] [PubMed]

112. Aimo, A.; Nesti, M.; Vergaro, G.; Killu, A.M.; Bampatsias, D.; Tomasoni, D.; Forleo, C.; Musca, F.; Serenelli, M.; Rosenthal, J.; et al.
Cardiac Resynchronization Therapy, Remodeling, and Outcome in Patients with Amyloid Transthyretin Cardiomyopathy. J. Am.
Heart Assoc. 2025, 14, e043049. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcm15062327

https://doi.org/10.1093/ehjci/jeaa101
https://doi.org/10.1714/4060.40428
https://doi.org/10.1161/CIRCULATIONAHA.116.024438
https://doi.org/10.1161/JAHA.119.012250
https://doi.org/10.3390/jcm13092621
https://www.ncbi.nlm.nih.gov/pubmed/38731153
https://doi.org/10.3390/jcm13020337
https://www.ncbi.nlm.nih.gov/pubmed/38256470
https://doi.org/10.1093/europace/euaa171
https://doi.org/10.2459/JCM.0000000000001412
https://doi.org/10.1016/j.ijcard.2024.132554
https://www.ncbi.nlm.nih.gov/pubmed/39270939
https://doi.org/10.3390/jcm13237195
https://doi.org/10.3389/fcvm.2024.1387596
https://doi.org/10.1016/j.ijcard.2025.134152
https://www.ncbi.nlm.nih.gov/pubmed/41519390
https://doi.org/10.1161/JAHA.125.043049
https://www.ncbi.nlm.nih.gov/pubmed/41220156
https://doi.org/10.3390/jcm15062327

	Introduction 
	Sarcomeric Genes as the Cornerstone of Hypertrophic Cardiomyopathy Genetics 
	Incomplete Penetrance and Variable Expressivity: Why Genotype Is Not Destiny in HCM 
	Genetic Modifiers and Polygenic Background 
	Emerging Genes in Hypertrophic Cardiomyopathy 
	Phenocopies and Diagnostic Red Flags: Why “Genotype-First” Can Mislead Without Phenotype Anchoring 
	Conclusions 
	References

