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Abstract
Rationale:Hypertrophic cardiomyopathy (HCM) is an inherited myocardial disease and a common cause of sudden cardiac death,
heart failure, atrial fibrillation and stroke. In families affected by HCM, genotyping is useful for identifying susceptible relatives. In the
present study, we investigated the disease-causing mutations in a three-generation Chinese family with HCM using whole exome
sequencing (WES).

Patient concerns: The proband, a 50-year-old man, was diagnosed with HCM at the age of 41 years. He presented with an
asymmetric hypertrophic interventricular septum and a maximum interventricular septum thickness of 18.04mm. His third elder
sister, niece and daughter were also clinically affected by HCM.

Diagnosis: Autosomal dominant HCM.

Interventions: Seven family members, including 4 affected members, accepted WES. The genetic variants were subsequently
called using Genome Analysis Toolkit and annotated using the InterVar program. Following frequency filtration by the Genome
Aggregation Database, the variants were evaluated using an in-house bioinformatics analysis pipeline.

Outcomes: HCM was transmitted as an autosomal dominant trait in the family. An extremely rare stop gained mutation,
rs796925245 (g.1:201359630G>A, c.835C>T, p.Gln279Ter) in the troponin T2 (TNNT2) gene was identified as the disease-causing
mutation. The stop gained mutation was predicted to result in a truncated troponin T protein in cardiac sarcomere. An adolescent
family member who had normal echocardiographic measurements was found to carry the same disease-causing mutation.

Lessons: A novel nonsense TNNT2 mutation was identified as the HCM-causing mutation in this Chinese pedigree. Since HCM
shows a low penetrance by clinical criteria in adolescents, the adolescent mutation carrier, who is still clinically unaffected, should be
offered routine follow-ups and sport activity recommendations to prevent adverse events including sudden cardiac death in the
future.

Abbreviations: HCM = hypertrophic cardiomyopathy, HGVS = human genome variation society, INDELs = small insertions and
deletions, MAF = minor allele frequency, SNP = single nucleotide polymorphisms, TNNT2 = troponin T2, WES = whole exome
sequencing.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is an inherited myocardi-
al disease characterized by myocardial hypertrophy in the
absence of excess external load.[1,2] It is a common cause of
heart failure, atrial fibrillation, stroke and sudden cardiac death
in young people.[3,4] The prevalence of HCM is 0.2% in the
general population and 0.08% in the Chinese adult popula-
tion.[3,5]

HCM is genetically heterogeneous and caused by more than
1400 mutations in cardiac sarcomere or Z-disc protein genes,
most of which are unique to individual families.[3] In clinical
practice, the diagnosis of HCM is based on the detection of
increased left ventricular wall thickness by echocardiography or
cardiovascular magnetic resonance imaging.[4] However, many
functional changes in HCM, including altered calcium cycling
and sensitivity, disturbed stress sensing and impaired cardiac
energy homeostasis are clinically undetectable.[6] Additionally,
since HCM shows an age-related penetrance, many mutation
carriers do not have typical symptoms or left ventricular
hypertrophy in imaging findings early in life.[1] Therefore,
genetic testing is useful for susceptible relative screening in
families affected by HCM.[1,7] Furthermore, genetic testing
represents a significant advancement in the understanding of
HCM pathogenesis.[8]

Recently, whole exome sequencing (WES) has been increas-
ingly used to detect the genetic basis of diseases by sequencing the
protein-coding exome.[9] It is an accurate and cost-effective
method for genetic screening of very rare Mendelian disorders.[9]

Additionally, in comparison with conventional sequencing
methods, WES does not need to make a priori assumptions
associated with the causes of the disease.[1]

In the present study, WES was performed to determine the
precise mutations that are associated with HCM in a three-
generation Chinese family. The proband in this family is a
middle-aged man. He was diagnosed with HCM 9 years ago and
first admitted to our hospital presenting with chest distress and
chest pain during exercise. His sister, niece and daughter were
diagnosed with HCM at the age of 46, 22, and 18 years,
respectively. It appears that HCM was transmitted as an
autosomal dominant trait in this family. Genetic testing may
help identify the genetic cause of HCM, provide accurate genetic
counseling for unaffected members in this family, and expand the
spectrum of HCM-causing mutations for further pathogenic
studies.
2. Methods

2.1. Patients and subjects

The present study was approved by the Ethics Review Board of
China-Japan Union Hospital of Jilin University (Changchun,
China). All procedures, including blood storage and data
collection were performed in accordance with the Declaration
of Helsinki. Written informed consent was obtained from the
patients for publication of this case report and accompanying
images before WES. The medical records and diagnosis of HCM
were confirmed by two independent cardiologists. The function
and structure of the hearts was assessed by transthoracic
echocardiography and 12-lead electrocardiograms. HCM is
defined by a maximum wall thickness of ≥15mm in one or more
left ventricular myocardial segments in echocardiography.[1] Left
ventricular outflow tract obstruction is defined as a peak
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instantaneous Doppler left ventricular outflow tract pressure
gradient of ≥30 mmHg.[1] Venous blood was drawn and
collected in ethylenediaminetetraacetic acid-containing tubes for
DNA extraction.
2.2. WES and bioinformatics analysis

Blood was centrifuged at 2000 � g for 10 minutes and the white
blood cell layer was collected for DNA extraction. Genomic
DNA was extracted using an automatic nucleic acid extractor
(Thermo Fisher Scientific, Inc., Waltham, MA). Following the
DNA quality inspection, 1mg genomic DNA per blood sample
was used to prepare the library for exons. Exons were captured
using Sure Select Human All Exon V5 kit (Agilent, Santa Clara,
USA) and sequenced by Illumina HiSeq 4000 sequencer
(Illumina, Saint Diego, USA). FastQC software (version
0.11.8) was used to check the quality of the raw sequence.
The clean data was then mapped to the human genome (NCBI37/
hg19) using BWA software (http://sourceforge.net/projects/bio-
bwa/). Single nucleotide polymorphisms (SNPs) and small
insertions and deletions (INDELs) were called inHumanGenome
Variation Society (HGVS) using GATK software (version
4.1.0.0). InterVar program (http://wintervar.wglab.org/) was
used to annotate all the variants.[10] The minor allele frequency
(MAF) for each variant was evaluated by the Genome
Aggregation Database in the East-Asian population (http://
gnomad.broadinstitute.org/). The effects of the variants on
protein coding were evaluated using 12 programs, including
SIFT,[11] PolyPhen-2_HDIV,[12] Polyphen2_HVAR,[12] LRT,[13]

MutationTaster,[14] MutationAssessor,[15] FATHMM,[16] PRO-
VEAN,[17,18] MetaSVM,[19] MetaLR,[19] M-CAP,[20] and
fathmm-MKL.[21]
3. Results

3.1. Clinical characteristics

This three-generation Chinese family with HCM was from the
north of China (Fig. 1A). The clinical characteristics of 4 HCM
patients (HCM2, HCM3, HCM4, and HCM6) and 3 unaffected
family members (HCM1, HCM5, and HCM7) are presented
in Table 1.
The proband (HCM3 in Fig. 1A), a 50-year-old man, was

diagnosedwithHCMat the age of 41 years. He presented with an
asymmetric hypertrophic interventricular septum and a maxi-
mum interventricular septum thickness of 18.04mm (Fig. 1B and
Table 1). He had been suffering from chest distress and chest pain
during exercise for 9 years, which had worsened in the past 3
years. The electrocardiogram of HCM3 showed sinus rhythm,
complete right bundle branch block and T-wave inversion in the
anterior wall leads (Fig. 1B).
The proband’s third elder sister (HCM2 in Fig. 1A) was 62

years old and diagnosed with HCM at the age of 46 years. She
showed an increase in interventricular septum thickness (15.77
mm) and left ventricular outflow tract pressure gradient (62.91
mmHg) (Fig. 1C and Table 1). She had been suffering from
shortness of breath during exercise for 16 years, which
progressively worsened year by year. Additionally, she had a
history of persistent atrial fibrillation for 4 years, and she had
suffered from pulmonary embolism 2 years ago.
The proband’s niece (HCM4 in Fig. 1A) was 37 years old and

first diagnosed with HCM in a routine physical examination at
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Table 1

The Clinical Characteristics of the Hypertrophic Cardiomyopathy Pedigree.

HCM1 HCM2 HCM3 HCM4 HCM5 HCM6 HCM7

Age, years 65 62 50 37 35 25 14
Gender female female male female male female male
Age at diagnosis, years – 46 41 22 – 18 –

Clinical diagnosis – obstructive HCM non-obstructive HCM non-obstructive HCM – obstructive HCM –

Symptoms none shortness of breath
during exercise

chest distress and
pain during exercise

chest pain
during exercise

none chest pain
during exercise

occasional shortness
of breath

Other abnormalities none AF, PE and PAH none none none none none
IVS, mm NA 15.77 18.04 17.04 9.30 16.82 6.90
LVPW, mm NA 14.74 13.00 15.99 9.80 11.20 6.60
RV, mm NA 31.23 25.22 23.31 24.70 25.40 15.90
LV, mm NA 51.12 44.96 43.64 44.00 40.16 32.90
Blood flow velocity through

the LVOT, m/s
NA 3.97 1.41 1.66 0.92 2.93 1.20

LVOT pressure gradient, mmHg NA 62.91 7.93 11.07 3.41 34.40 5.76
Ejection fraction, % NA 53 62 71 70 78 70
Electrocardiograph results NA AF, ST-T change CRBBB, T-wave

inversion (V1-V3 leads)
ST-T change normal ST-T change normal

AF= atrial fibrillation, CRBBB= complete right bundle branch block, HCM=hypertrophic cardiomyopathy, IVS= interventricular septum thickness, LV= left ventricle diameter, LVOT= left ventricular outflow tract,
LVPW= left ventricular posterior wall thickness, NA=not available, PAH=pulmonary arterial hypertension, PE=pulmonary embolism, RV= right ventricle diameter.

Figure 1. A. Pedigree of the family with HCM. HCM = hypertrophic cardiomyopathy; White square, normal male; white circle, normal female; black square, male
patient with HCM; black circle, female patient with HCM; arrow, the proband; slash, deceased. B. B-mode echocardiogram (left) and 12-lead electrocardiogram
(right) of HCM3. C. Doppler echocardiograms of HCM2, HCM3, HCM4 and HCM6. Left ventricular outflow tract pressure gradient of HCM2 and HCM6 was
significantly increased. v = blood flow velocity through the left ventricular outflow tract; p = left ventricular outflow tract pressure gradient; Frq = returning sound
wave frequency through the left ventricular outflow tract.
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Table 2

The Mutations Identified by Whole Exome Sequencing and Bioinformatics Analysis.

Mutations
Changes in

Transcript and Protein Consequence
IDs in the

dbSNP Database Gene InterVar
MAF/allele

count in gnomAD

1:201359630:G>A c.C835T; p.Q279X stop gained rs796925245 TNNT2 Pathogenic –

12:47471803:T>C c.A983G; p.N328S missence rs747080940 AMIGO2 Uncertain –

12:49087225:A>G c.T1772C; p.I591T missence - CCNT1 Uncertain –

12:49982397:C>A c.G2374T; p.E792X stop gained rs377415942 FAM186B Uncertain –

12:53097112:G>A c.C107T; p.S36F missence – KRT77 Uncertain –

4:123176010:T>C c.T6125C; p.V2042A missence – KIAA1109 Uncertain –

6:145051577:A>G c.A7894G; p.I2632V missence rs115190750 UTRN Uncertain 0.0002/7
11:45936008:G>A c.C553T; p.H185Y missence - PEX16 Uncertain –

11:63884035:C>G c.C296G; p.P99R missence rs746377162 FLRT1 Uncertain 0.0000/1
12:70949820:C>T c.G3899A; p.R1300Q missence rs199536432 PTPRB Uncertain 0.0002/6
19:4511350:T>A c.A2580T; p.K860N missence rs7259721 PLIN4 Uncertain –

20:43926594:G>T c.C1297A; p.H433N missence rs201348637 MATN4 Uncertain 0.0000/1
5:55164723:G>A c.G202A; p.V68I missence - IL31RA Uncertain –

5:58271567:G>A c.C1258T; p.R420C missence rs371950648 PDE4D Uncertain 0.0001/2
5:60050647:A>G c.T650C; p.I217T missence – ELOVL7 Uncertain –

5:66459017:C>G c.C3227G; p.P1076R missence – MAST4 Uncertain –

8:82356749:C>T c.G161A; p.W54X stop gained – PMP2 Uncertain –

gnomAD= the Genome Aggregation Database, MAF=minor allele frequency.
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the age of 22 years. She did not develop typical symptoms before
the age of 35 years, and she had suffered from chest pain during
exercise 2 years ago. She was diagnosed with non-obstructive
HCM, with an interventricular septum thickness of 17.04mm in
our hospital (Fig. 1C and Table 1).
The proband’s daughter (HCM6 in Fig. 1A) was 25 years old.

She developed HCM at the age of 18 years. She showed a
significant increase in interventricular septum thickness (16.82
mm) and left ventricular outflow tract pressure gradient (34.40
mmHg) (Fig. 1C and Table 1). She had been suffering from chest
pain during exercise for 7 years.
The proband’s mother and eldest sister had suffered from

sudden cardiac death. The proband’s father, second elder sister
(HCM1 in Fig. 1A), nephew (HCM5 in Fig. 1A) and son (HCM7
in Fig. 1A) were 87, 65, 35, and 14 years old, respectively, and
had normal echocardiographic measurements.
3.2. WES and bioinformatics analysis

We identified 377071 variants (326745 SNPs and 50326
INDELs) in HCM1, 1165887 variants (998525 SNPs and
167362 INDELs) in HCM2, 1159123 variants (992063 SNPs
and 167060 INDELs) in HCM3, 1091480 variants (937739
SNPs and 153741 INDELs) in HCM4, 1288398 variants
(1101867 SNPs and 186531 INDELs) in HCM5, 971888
variants (834069 SNPs and 137819 INDELs) in HCM6 and
1157935 variants (995657 SNPs and 162278 INDELs) in
HCM7. The synonymous mutations in the human genome
(NCBI37/hg19), the variants with a high mutation rate in the
East-Asian population (MAF>0.001 in the Genome Aggregation
Database) and the benign variants evaluated by InterVar
program were filtered out. The retained variants (367 in
HCM1, 419 in HCM2, 344 in HCM3, 383 in HCM4, 380 in
HCM5, 374 in HCM6 and 409 in HCM7) were further analyzed
according to Mendelian inheritance.
Since HCM often has an incomplete penetrance in adoles-

cents,[1] HCM1 (65-year-old) and HCM5 (35-year-old), but not
HCM7 (14-year-old), were preliminarily selected as non-HCM
controls. Following an inheritance pattern analysis, a total of 17
4

mutations in 17 genes were found heterozygous in patients with
HCM (HCM2, HCM3, HCM4 and HCM6; Table 2). Among
these mutations, a stop gained mutation, rs796925245
(NC_000001.11:g.201359630G>A) located in the troponin
T2 (TNNT2) gene was predicted as a pathogenic mutation by
InterVar program and found to be associated with the HCM
phenotype in an autosomal dominant inheritance pattern. The
samemutation was detected in 4 patients with HCMandHCM7,
but was absent in HCM1 and HCM5. This stop gained mutation
was predicted to result in a truncated troponin T protein
(c.835C>T, p.Gln279Ter). Additionally, the effects of this
nonsense mutation on protein coding were predicted to be
deleterious by LRT, MutationTaster and fathmm-MKL pro-
grams, and were associated with familial isolated dilated
cardiomyopathy in the Orphanet database (see Supplementary
Digital Content, Table 1, http://links.lww.com/MD/E727, Sup-
plemental Content, which illustrates the effects of the mutations
on protein coding predicted by 12 programs).
4. Discussion

The TNNT2 gene is known to encode the cardiac muscle-specific
isoform of troponin T, which binds the troponin complex to
tropomyosin in the thin filament of sarcomere and plays an
important role in the regulation of cardiac muscle contrac-
tion.[22,23] The TNNT2 gene is located on chromosome 1q32.1
and contains 17 exons. The mutations in the TNNT2 gene
account for 5% of patients with HCM who have been
genotyped.[3] WES is an efficient strategy to identify the
pathogenic mutations that cause a rare mendelian disorder
and reveal the genetic basis of the disease mechanisms.[9,24] In the
present study, using WES, a novel nonsense mutation in the
TNNT2 gene (rs796925245; g.1:201359630G>A, c.835C>T,
p.Gln279Ter) was identified as the genetic pathogenic cause of
HCM in a Chinese family with 4HCMpatients. The genetic form
of the mutation is autosomal dominant. It is reported that left
ventricular hypertrophy is rare in children with TNNT2 gene
mutations.[25] HCM7, an adolescent with the Gln279Ter
mutation in the TNNT2 gene did not show the similar abnormal
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myocardial phenotype as other affected family members.
However, it is worth noting that, in spite of having the normal
ventricular wall values, a girl with the Arg278Cys mutation in the
TNNT2 gene was resuscitated after a cardiac arrest at the age of
17 years.[26] Similarly, the Arg92Trp mutation in the TNNT2
gene was found to be associated with a minimal left ventricular
wall thickness, a low HCM penetrance and a high incidence of
sudden cardiac death.[27] Therefore, clinically unaffected
TNNT2 gene mutation carriers should be offered routine
follow-ups and genetic counseling to prevent adverse cardiac
events including sudden cardiac death.[1] Additionally, the same
pathogenic mutation inHCM2 (62-year-old female), HCM3 (50-
year-old male), HCM4 (37-year-old female) and HCM6 (25-
year-old female) resulted in different clinical manifestations,
including age at diagnosis, symptoms, and degree and position of
myocardial hypertrophy. Similarly, Garcia-Castro et al.[28] found
that a 60-year-old woman with the Arg278Cys mutation in the
TNNT2 gene had severe ventricular hypertrophy; however, her
sister and daughter, who had the same mutation, had normal
echocardiographic measurements. This may suggest that the
mutations in the TNNT2 gene are not closely associated with the
severity of clinically demonstrable HCM.
The prevalence of HCM in China is 0.08%.[5] In the present

study, the low-frequency mutations (MAF<0.001 in the Genome
Aggregation Database) in the East-Asian population, non-
synonymous mutations in human genome,[29] non-benign
variants in the InterVar program[10] and deleterious mutations
evaluated by 12 protein function predicting programs were
considered as probable pathogenic mutations. Following screen-
ing and an inheritance pattern analysis, only the mutation
Gln279Ter in the TNNT2 gene was identified as a HCM-causing
mutation in the pedigree.
The majority of the HCM-causing mutations in the TNNT2

gene are missense.[26,28] The mechanism underlying the func-
tional effects of altered troponin T protein on cardiac muscle
remains unclear. A previous in vitro study reported that the
HCM-causing Ile91Asn mutation in rat troponin T resulted in
faster thin filament movement.[23] Furthermore, in a myotube
expression system, 3 HCM-causing mutations (Ile79Asn,
Arg92Gln and DGlu160) in the troponin T resulted in an
increased energetic load on the heart.[22] In the present study, a
novel nonsense mutation in theTNNT2 genewas identified as the
HCM-causing mutation in a Chinese pedigree with HCM, which
may result in a truncated troponin T (Gln279Ter). It was
reported that truncated troponin Tmay lead tomarkedly reduced
force production during cardiac contraction.[30] It may be
suggested that impaired troponin T creates stimuluses for HCM-
causing compensatory ventricular hypertrophy by increasing
myocardial motility and energetic load, and reducing force
production during cardiac contraction.
In conclusion, a novel nonsense mutation (rs796925245;

g.201359630G>A, c.835C>T, p.Gln279Ter) in the TNNT2
gene was identified as the pathogenic mutation in a three-
generation Chinese pedigree with HCM using WES. This study
expanded the spectrum of HCM-causing TNNT2mutations and
provided appropriate genetic counseling for a mutation carrier,
who is still clinically unaffected.
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