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INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is a primary disorder of 
the myocardium characterized by unexplained left ventricular 
hypertrophy.1,2 HCM is the most common genetic cardiovascu-
lar disorder affecting 0.2% (1 in 500) of the general population.3 
The clinical course of HCM shows marked heterogeneity, and 
can lead to progressive heart failure and sudden cardiac death.4 
HCM is inherited in an autosomal dominant pattern and dis-
plays extreme genetic heterogeneity and variable degree of pen-
etrance. Widespread application of genetic testing in HCM over 
the last two decades has lead to the identification of more than 
1,400 mutations in approximately 13 genes, encoding proteins 
of the sarcomere, Z-disc and calcium regulation with varying 
evidence of pathogenicity.5–7 A subset of HCM patients (5%) 
are found to harbor more than one pathogenic mutation (i.e., 
homozygous or compound heterozygous), which may confer a 
more severe form of disease with a higher incidence of adverse 
outcomes including heart failure and sudden death.8–10

Genetic testing in HCM is part of routine clinical practice, 
and identification of a pathogenic mutation allows predictive 

genetic testing to be performed in at-risk relatives. Overall, the 
mutation detection rate for HCM genetic testing is 50–60%, 
although some variation exists in different cohorts.7,11–13 
Determining whether a single-nucleotide variant (SNV) is a 
pathogenic disease-causing change or a benign variant of no 
clinical significance remains a key step in the genetic testing 
process. Furthermore, in some cases, the SNV is classified as 
a variant of uncertain significance (VUS) when data to deter-
mine pathogenicity are insufficient.

Determining pathogenicity has typically involved bringing 
together various forms of information about the specific SNV, 
to either support or refute its pathogenic role. These pathogenic 
factors include whether the SNV causes an amino acid substitu-
tion, is at a conserved site among species, results in a significant 
functional change in the protein, and is absent or rare in the 
normal population. Cosegregation data among families are also 
important, although this information is not available at the time 
of the first testing of the proband. Importantly, incorrect deter-
mination of pathogenicity can lead to inappropriate inclusion 
or exclusion of asymptomatic family members from clinical 
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surveillance, and in the most serious setting may mean relatives 
are falsely reassured that they will not develop HCM.

Recent advances in next-generation sequencing techniques 
have facilitated the availability of large amounts of whole 
genome and exome data in normal populations. These tech-
nologies have also enabled testing of panels of genes in HCM.14 
The increase in available genetic information and the greater 
number of HCM families undergoing comprehensive genetic 
testing may alter the classification of pathogenicity of previ-
ously described HCM mutations. This study sought to reassess 
SNV classification in HCM probands in the setting of recent 
availability of population genetic information, in a specialized 
multidisciplinary clinic setting.

MATeRIALs AND MeTHODs
Patient cohort
Patients referred to the HCM Centre at Royal Prince Alfred 
Hospital (Sydney, Australia) were clinically evaluated with full 
clinical history and physical examination, 12-lead electrocardi-
ography, and 2D and M-mode transthoracic echocardiography, 
as previously described.5 A maximal left ventricular wall thick-
ness of ≥15 mm on echocardiography in adults in the absence 
of other loading conditions was used as the primary diagnostic 
criterion for HCM.1 This study was carried out in strict accor-
dance with the Sydney South West Area Health Service Human 
Ethics standards.

Genetic analysis
Probands who had undergone genetic testing were included 
in the study cohort. In those where a pathogenic mutation or 
VUS was identified, updated clinical and predictive genetic 
testing results for first-degree relatives were collected during 
follow-up, and an updated pedigree for each family was con-
structed. Genetic testing was performed in a clinical setting 
utilizing both research and a number of different commercial 
genetic testing laboratories. The panel of genes screened and 
the method of genetic testing varied across testing laborato-
ries. However, all patients were screened for a panel of 7–10 of 
the most common HCM-associated genes (MYBPC3, MYH7, 
TNNI3, TNNT2, TPM, MYL2, MYL3, ACTC, ACTN2, and 
TCAP). The number of genes included on testing panels has 
increased over time to encompass genes that have been asso-
ciated with HCM (CSRP3, MYOZ2, NEXN, PLN, and TTC), 
and genes causing HCM phenocopies, such as Fabry disease 
(GLA), Danon disease (LAMP2), and glycogen storage disease 
(PRKAG2).

Pathogenicity of variants
The pathogenic status of each variant was reassessed into three 
broad categories: Pathogenic mutation, VUS and benign vari-
ant. A variant was considered pathogenic based on established 
criteria: (i) a missense variant with an amino acid change at a 
highly conserved position among species, (ii) a variant alter-
ing protein structure and function e.g., insertions and dele-
tions causing a reading frameshift, and nonsense and splice-site 

mutations, (iii) previously reported as a cause of HCM, (iv) 
cosegregation with disease in the family, and (v) absence of 
the variant or in <1% among unrelated and ethnically matched 
controls.5,7,15 VUS were those in which the effect on the protein 
function was not clear and disease-risk association with HCM 
was not known. Benign variants were considered synonymous 
variants that did not alter the amino acid sequence, and mis-
sense variants that were SNVs at a frequency of >1% in normal 
control populations.

Each variant represented an alternate allele from the reference 
human genome sequence, version GRCh37/hg19. The vari-
ants were evaluated for conservation level, including genomic 
evolutionary rate profiling,16 PhastCons,17 and PhyloP scores. 
Pathogenicity prediction programs that assess the functional 
significance of amino acid substitutions were used, including 
Polyphen 2,18 Grantham score,19 and Sorting intolerant from 
tolerant20 score. All variants were annotated using SeattleSeq 
single-nucleotide polymorphism annotation (http://snp.
gs.washington.edu/SeattleSeqAnnotation137/), and searched 
in the published literature for pathogenicity and possible func-
tional studies using PubMed and Human Genome Mutation 
Database public release version (http://www.hgmd.cf.ac.uk/ac/
index.php).21 Occurrence and frequency was sought in the 1000 
Genomes Project data,22 dbSNP build 137, and the National 
Heart, Lung and Blood Institute Exome Sequencing Project 
(ESP) version.0.0.15 (http://evs.gs.washington.edu/EVS/). A 
minor allele frequency of <1% was used to define a rare variant. 
The variants were also analyzed using Alamut software version 
2.2 (Interactive Biosoftware, Rouen, France), an integrated plat-
form to look at different predictors for pathogenicity of genetic 
variants.

Independent evaluation of pathogenicity
A panel of four members (J.D., J.I., R.B., and C.S.) performed an 
independent review of all variants using current and updated 
cosegregation data for each family. The panel of reviewers con-
sisted of cardiologist, junior medical doctor, genetic counselor, 
and human geneticist. The four reviewers analyzed all variants 
in a blinded manner, and a scoring system was used based on 
how many reviewers were in agreement, i.e., if four reviewers all 
agreed, then the score was 4.

ResULTs
Clinical and genetic characteristics of the probands
A total of 136 unrelated HCM probands underwent genetic 
testing. Sixty-three (46%) probands were reported to have a 
pathogenic mutation or VUS, of which 37 (59%) were males. 
The mean age at diagnosis in probands with a positive genetic 
result was 35 ± 17 years (range 4–68 years) and the mean left 
ventricular wall thickness was 22 ± 6 mm. The distribution of 
all reported variants in the HCM probands and initial classi-
fication are summarized in Table 1. There were a total of 72 
variations in the 63 probands, representing 54 unique variants, 
of which 48 were initially classified as pathogenic and 6 as VUS. 
The variants were mostly distributed across the sarcomere 
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protein genes MYBPC3 (n = 34; 47%) and MYH7 (n = 23; 32%). 
The most common type of variant identified in MYBPC3 was 
missense (n = 15; 65%), followed by splice-site substitutions (n 
= 3; 13%), and 4 (12%) were reported as a VUS. By contrast, all 
MYH7 variants were missense (n = 18; 100%) and all classified 
as pathogenic. Multiple pathogenic mutations were reported 
in six probands (4%) of which five had two mutations (double 
mutations or compound heterozygote) and one carried a previ-
ously described triple mutation (see Supplementary Table S1 
online).23

Variant reclassification
A total of 54 unique variants across seven genes were identi-
fied in the entire study cohort, of which some of the variants 
were represented more than once among clinically unrelated 
probands, e.g., MYBPC3–Arg502Trp variant was present in 
seven probands (11%), representing a frequently encountered 
pathogenic variant in the HCM population. Of variants with a 
discordant pathogenicity status reported by the 4 independent 
reviewers, 2 variants had a score of 2, and 13 variants scored 
3 (see Supplementary Table S2 online for complete details). 
Each variant with a discordant classification of pathogenicity 
following review was further assessed by the combined panel 
to determine a consensus in the pathogenicity status, leading to 
the reclassification of five variants in six (10%) HCM families 
(Figure 1 and Table 2).

Two variants, Arg162TRp in TNNI3 and an intronic varia-
tion, IVS12-9G>A in MYBPC3 were initially reported as VUS 
but were upgraded to pathogenic mutations. Arg326Gln in 
MYBPC3 was initially classified as pathogenic in two unrelated 
probands and subsequently downgraded to a VUS following 
reassessment. Arg816Gln in MYBPC3 was initially reported as 
a pathogenic mutation but was reclassified as a benign variant 
by all the four reviewers, after evaluation of the family revealed 
a clinically affected HCM individual who did not carry the 
variant. An MYL3 c.*89G>A substitution in the 3′ untranslated 

region was initially reported as a VUS and reclassified as benign 
by three reviewers.

Cosegregation and predictive genetic testing of first-degree 
relatives
First-degree relatives of all 63 probands were clinically screened. 
Of a total of 321 living first-degree relatives, 131 (41%) under-
went clinical assessment (Table 3). A clinical diagnosis of HCM 
was made in 56 (43%) members, whereas 70 members (53%) 
were clinically unaffected. A diagnosis of borderline HCM (left 
ventricular wall thickness of 11–13 mm) was made in five (4%) 
of the living first-degree relatives. Pretest genetic counseling 
and predictive testing of first-degree relatives was performed as 
part of routine clinical practice. Overall, 84 (64%) first-degree 
relatives underwent predictive genetic testing, equating to 26% 
of the total living first-degree relatives. There were 21 (48%) rel-
atives identified as clinically unaffected who had a positive-pre-
dictive gene test result (genotype-positive phenotype-negative), 
and confirmatory genetic testing was performed in 35 (63%) of 
the affected living first-degree relatives identifying the genetic 
variant in all but one (Arg816Gln), a pick-up rate of 97%.

DIsCUssION
HCM is the most common genetic heart disease show-
ing marked clinical and genetic heterogeneity.24 Accurately 
determining the pathogenicity of identified variants remains 
an important clinical challenge that can impact on diagno-
sis and allocation of at-risk family members who require 
regular clinical follow-up. In this study, five variants in six 
HCM probands (10%) were reclassified based on the most 
currently available genetic and functional information. The 
reclassification of variants in these six families did not result 
in any significant clinical implications; however, the poten-
tial to exclude individuals from clinical surveillance based on 
a predictive test using a misclassified pathogenic mutation 
remains an important consideration. The findings, coupled 

Table 1 Distribution and type of SNVs in the HCM probands 

Gene
Unique variants, 

n (%)
All variants, 

 n (%) Type of unique variant n

Initial pathogenicity classification

Pathogenic VUs Benign

MYBPC3 23 (43) 34 (47) Missense 15 12 2 0

Splice-site substitution 3 2 1 0

Nonsense 2 2 0 0

Frameshift 2 2 0 0

Intronic substitution 2 1 1 0

MYH7 18 (33) 23 (32) Missense 18 18 0 0

TNNI3 5 (9) 6 (8) Missense 5 4 1 0

ACTN2 4 (7) 5 (7) Missense 4 4 0 0

TNNT2 2 (4) 2 (3) Missense 2 2 0 0

MYL3 1 (2) 1 (1) 3′ UTR 1 0 1 0

PLN 1 (2) 1 (1) Nonsense 1 1 0 0

3′ UTR, 3′ untranslated region; HCM, hypertrophic cardiomyopathy; SNV: single-nucleotide variant; VUS, variants of unknown significance.
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with the rapidly growing and readily available genomic data 
in human populations, support the notion of periodic reas-
sessment of SNV data in HCM, as well as other inherited 
heart diseases.

The need to reassess, and in some cases reclassify, SNV data 
have been based largely on the enormous impact of high-
throughput sequencing methods, which have provided exten-
sive catalogs of human variation, such as the NHLBI GO ESP, 

Figure 1 Family pedigree of probands with a change in pathogenicity status. Circles = females, squares = males. Arrow = proband. Diagonal line = 
deceased. Black symbols = clinically affected. Open symbols = unknown clinical status. “N” = clinically normal. The results of genetic testing are denoted below 
the individual as +/− for heterozygous, +/+ for homozygous, and −/− for absence of the variant.
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and the 1000 Genomes Project. As a direct result, many variants 
previously described as novel and disease-causing have been 
found to be present in these databases indicating that some may 
actually be rare benign variants. Recent studies in two disease 
populations, familial long QT syndrome25 and familial dilated 
cardiomyopathy,26 identified a higher than expected prevalence 

of variants in the ESP data. Most recently, up to 14% of all pre-
viously HCM-associated variants and 18% of all dilated cardio-
myopathy and arrhythmogenic right ventricular cardiomyop-
athy-associated variants were reported to be present in ESP.27 
The 1000 Genomes database was also found to carry higher 
than expected prevalence of sarcomere gene mutations linked 
to HCM.28

On the basis of the growth in available human genome data, 
coupled with increasing knowledge of disease mechanisms, and 
availability of newer in silico prediction programs, reevaluation 
of genetic findings over the last decade in clinical settings is of 
importance. Six HCM families (of 63) had SNV data reclas-
sified in our HCM cohort over a 12-year period. The clinical 
implications of the reclassification of variants in these six HCM 
families are briefly summarized in the following section.

Proband RK1 was identified to be homozygous for the 
Arg162Trp variant in TNNI3, which was initially reported as 
a VUS. RK1, a child of consanguineous parents, was diagnosed 
with HCM at the age of 17 years. Her brother had a resusci-
tated cardiac arrest, had clinical HCM, and was also found to 
be homozygous for Arg162Trp. Both clinically unaffected par-
ents and two clinically unaffected siblings were found to be 
heterozygous for Arg162Trp. The Arg162Trp missense variant 
is located in the troponin domain with a prediction favoring 
pathogenic mutation on Polyphen2 and Sorting intolerant from 
tolerant and has a moderate Grantham score (101). Functional 
studies show that the variant can alter calcium sensitivity of the 
myocardium and thus may lead to HCM.29,30 This variant was 
therefore reclassified as a pathogenic recessive variant and rep-
resents a rare example of recessive inheritance of HCM.10

Proband US1, with mild HCM, was found to be heterozygous 
for a G>A substitution in intron 11 of MYBPC3, 9 bases down-
stream of exon 12. This previously reported variant creates a 

Table 2 SNVs in the HCM cohort with a change in pathogenicity status 

Proband 
code Gene

Amino acid 
change

Type of  
variant

dbsNP  
(rsID)

Allele  
frequency 

(1000  
Genomes)

Allele  
frequency 

(esP)

Polyphen2 
HumDiv 

score

Gene  
test 

result
Revised  

classification score

RK1 TNNI3 Arg162Trp Missense  Absent Absent Absent Probably 
damaging 
0.998

VUS Pathogenic 4

US1 MyBPC3 g_7301  
IVS11-9G>A

Intronic 
substitution

Absent Absent NA NA VUS Pathogenic 3

PI1 MYL3 c.89G>A 3’UTR 
substitution

rs1042 973 T = 0.206/449 Absent NA VUS Benign 3

NU2 MyBPC3 Arg816Gln Missense Absent Absent Absent Probably 
damaging 1.00

Pathogenic Benign 4

AI1 MyBPC3 Arg326Gln Missense rs34580776 T = 0.002/4 0.0038/6954 
(EA), 0/3656 
(AA)

Benign 0.046 Pathogenic VUS 3

O1 MyBPC3 Arg326Gln Missense rs34580776 T = 0.002/4 0.0038/6954 
(EA), 0/3656 
(AA)

Benign 0.046 Pathogenic VUS 3

3′ UTR, 3′ untranslated region; AA, African-American population; dbSNP, single-nucleotide polymorphism database; EA allele, European American population; ESP,  Exome-
Sequencing Project; rsID, reference SNP ID number; SNV: single-nucleotide variant; VUS, variant of uncertain significance.

Table 3 Clinical screening and predictive testing in first-
degree relatives of HCM probands 

Clinical and genetic information n (%)

Average 
number 
of family 
members

HCM probands 63 1

Living first-degree relatives 321 5

Clinically screened living first-degree relatives 131 (41) 2

Genetic testing performed 84 (64) 1

Clinically unaffected 70 (53) 1

 Predictive genetic testing performed 44 (63) <1

  Positive gene result (i.e., G+/P−) 21 (48) <1

  Negative gene result (i.e., G−/P−) 23 (52) <1

Clinically affected 56 (43) <1

 Confirmatory genetic testing performed 35 (63) <1

   Positive gene result (i.e., G+/P+) 34 (97) 1

   Negative gene resulta 1 (3) –

Borderline affected living first-degree relatives 5 (4) <1

 Positive genetic result 5 (100) –

G+/P−, genotype-positive phenotype-negative patient; HCM, hypertrophic 
cardiomyopathy.
aGenetic testing in proband NU2 found MYBPC3–Arg816Gln variant, which was 
absent in an affected sibling (II: 11).
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new acceptor splice site (Human splicing finder score = 87.2) 
stronger than the wild type (human splicing finder score = 
81.8), resulting in complete skipping of exon 12 and a truncated 
protein.31 This intronic variant was originally reported as VUS; 
but on subsequent predictive testing, it was found to be present 
in the affected mother and also the two affected siblings and was 
subsequently upgraded to a pathogenic variant. Proband PI1, 
with severe HCM, had two reported variants on genetic testing, 
i.e., Glu123Gln in TNNI3 and c.*89G>A in MYL3, which were 
classified as a pathogenic mutation and a VUS, respectively, at 
diagnosis. The c.*89G>A variant is a substitution located in the 
3′ untranslated region, 89 residues downstream of the termina-
tion codon, and has now been identified to have a minor allele 
frequency of 20% in the 1000 Genomes Project data, thus rep-
resenting a common polymorphism. The currently available 
evidence for this variant therefore resulted in a reclassification 
from VUS to benign variant.

Proband NU2, with moderate HCM, was found to be hetero-
zygous for the Arg816Gln variant in MYBPC3 and was classi-
fied as a pathogenic variant at the time of diagnosis. This novel 
missense variant at a conserved position was predicted to be 
pathogenic by Polyphen2 and Sorting intolerant from tolerant. 

However, an affected sibling with clinical HCM did not carry 
the Arg816Gln variant on predictive testing, which was repeated 
twice at different testing facilities to ensure no blood collection 
and genotyping error. Therefore, this variant was downgraded 
to a benign variant, and has not been used in any subsequent 
predictive testing. Arg816Gln variant was identified in two pro-
bands, AI1 and O1. In both the probands, the variant was ini-
tially classified as pathogenic, having been described in HCM 
families previously. Reassessment of this variant with current 
genomic data in both ESP and 100 Genomes showed a minor 
allele frequency of up to 0.38%, and was subsequently reclas-
sified as a VUS. There was no impact on predictive testing or 
clinical surveillance in either family.

While not available at the time of proband genetic testing, 
and therefore at the time of variant classification, cosegregation 
of genetic data in the family setting is important in either sup-
porting or excluding a pathogenic role during follow-up. The 
genetic testing conducted in this study was in the setting of a 
multidisciplinary clinic, where both clinical and genetic evalu-
ation (of probands and at-risk relatives) is performed as part 
of a single clinic.32,33 Even with the best efforts at our multi-
disciplinary clinic, we were able to clinically screen only 131 

Figure 2 Model of genetic testing and variant classification in hypertrophic cardiomyopathy (HCM) in the setting of a specialized 
multidisciplinary clinic. Following proband genetic testing of HCM patients attending a specialized cardiac genetic clinic, variants will be classified as 
radical mutations, missense variants, variation of uncertain significance (VUS), or a synonymous benign variant. Periodic reevaluation of all variants will allow 
incorporation of new information and appropriate management of first-degree relatives. CMR, cardiac magnetic resonance imaging; ECG, electrocardiogram.
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(41%) of the relatives. The importance of cosegregation data in 
determining the pathogenicity of a variant was highlighted in 
a number of cases in this study, including the reclassification 
of one variant from pathogenic to benign based on the lack of 
segregation in a clearly affected individual with HCM (family 
NU). Predictive testing in HCM has also identified a number of 
individuals who carry the genotype but have no phenotype fea-
tures of HCM. These so-called “genotype-positive phenotype-
negative” patients represent a new subgroup of HCM patients 
which have arisen directly by the increase in volume of predic-
tive genetic testing in HCM.34,35

On the basis of the current literature, the explosion of avail-
able genomic data in human populations, and the findings from 
our study, a proposed model of evaluation of genetic testing in 
HCM is summarized in Figure 2, with a strong emphasis on 
periodic reevaluation of variants. In practical terms, deter-
mining pathogenicity of an SNV includes demonstration that 
the variant is novel or of rare frequency in human genome 
and exome databases, that the variant changes the amino acid 
which is highly conserved or results in a significant disruption 
of the protein (e.g., frameshift or nonsense mutations), and that 
the SNV has been previously reported as disease causing. Other 
predictive programs such as Polyphen or Sorting intolerant 
from tolerant, and other tools such as Grantham and genomic 
evolutionary rate profiling scores, can add supportive informa-
tion for pathogenicity, as can the availability of functional data 
and animal models of disease. Once an SNV is classified in the 
proband, cosegregation studies in families are important in fur-
ther supporting pathogenicity. This approach, while focused on 
HCM, is directly relevant to all inherited autosomal dominant 
heart diseases.36

The difficulties surrounding determining pathogenicity is 
likely to increase as more variants are identified with newer 
next-generation sequencing platforms, rather than smaller 
panel-based genetic testing. More VUSs will be identified. The 
clinical utility of a VUS is limited, and cannot be used confi-
dently in the setting of predictive testing, although the variant 
may have some influence on disease pathogenesis and out-
comes. The complexities in determining variant pathogenic-
ity in the setting of genetic testing supports the role of spe-
cialized cardiac genetic clinics, where interpretation of either 
a positive or negative result is done in a comprehensive man-
ner by a team of trained cardiologists, geneticists, and genetic 
counselors.33,37–39

study limitations
This study describes the clinical experience of a multidisci-
plinary cardiac clinic in the application of genetic testing in 
HCM. Given the issues relating to high cost of genetic test-
ing in Australia, uptake of genetic testing in HCM families 
has been low. The panel of genes tested and method of testing 
varied across testing facilities. The testing was done based on 
the best available technology at the time, and reflects the evolv-
ing nature and technologies of genetic testing in HCM over a 
period of 12 years.

Conclusion
Genetic testing plays a key role in the diagnosis and evaluation 
of at-risk family members in HCM. Accurately determining 
the pathogenicity of variants identified through genetic test-
ing is of paramount importance in how the test is subsequently 
implemented in the setting of predictive testing. With the rapid 
growth of genetic information in human populations and the 
expansion of genetic testing from gene panels to whole-genome 
approaches, periodic reassessment of variants is essential in the 
ongoing management of families with HCM. This reassess-
ment is best undertaken in the setting of a multidisciplinary 
clinic, where decisions can be made collectively by the attend-
ing cardiologist, geneticist, laboratory scientist, and the genetic 
counselor.
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