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Abstract
Hypertrophic cardiomyopathy (HCM) is an inherited heart failure condition, mostly found to have genetic abnormalities, and is a
leading cause of sudden death in young adults. Whole exome sequencing should be given consideration as a molecular diagnostic
tool to identify disease-causing mutation/s. In this study, a HCM family with multiple affected members having history of sudden
death were subjected to exome sequencing along with unaffected members. Quality passed variants obtained were filtered for
rarity (MAF > 0.5%), evolutionary conservation, pathogenic prediction, and segregation in affected members after removing
shared variants present in unaffected members. Only one non-synonymousmutation (p. Glu186Lys or E186K) in exon 6 of P2X7
gene segregated in HCM-affected individuals which was absent in unaffected family members and 100 clinically evaluated
controls. The site of the mutation is highly conserved and led to complete loss of function which is in close vicinity to ATP-
binding site-forming residues, affecting ATP binding, channel gating, or both. Mutations in candidate genes which were not
segregated define clinical heterogeneity within affected members. P2X7 gene is highly expressed in the heart and shows direct
interaction with major candidate genes for HCM.Our results reveal a significant putative HCM causative gene, P2X7, for the first
time and show that germ-line mutations in P2X7may cause a defective phenotype, suggesting purinergic receptor involvement in
heart failure mediated through arrhythmias which need further investigations to be targeted for therapeutic interventions.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a cardiac genetic dis-
ease characterized by hypertrophy of the left ventricle and
intraventricular septum and in severe cases followed by sud-
den death. The disease has a prevalence of 1 in 500 globally
and is a major cause of sudden cardiac death in young people
[10]. A number of genes encoding for sarcomeric and non-
sarcomeric proteins are associated with the function of cardiac
muscles [9]. It has been estimated that approximately half of
the patients with HCMhave a germ-line mutation in one of the
genes encoding for sarcomeric proteins.

Although most of the mutations associated with HCM are
reported in sarcomeric genes but receptor gene expressions are
also crucial for the contraction and relaxation of the heart
which are regulated by various signaling pathways [4].
Mutations altering these receptor genes may lead to abnormal
protein formation, and any disturbances to these receptors

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11302-019-09660-7) contains supplementary
material, which is available to authorized users.

* Vadlamudi Raghavendra Rao
profraovr@gmail.com

1 Department of Anthropology, University of Delhi, New Delhi, India
2 College of Natural Sciences, Arba Minch University, Arba

Minch, Ethiopia
3 CSIR-Institute of Genomics and Integrative Biology, New

Delhi, India
4 Department of Cardiology, All India Institute of Medical Sciences,

New Delhi 110029, India
5 Department of Genetics, Osmania University, Hyderabad, India
6 Genome Foundation, Hyderabad 500007, India

Purinergic Signalling (2019) 15:205–210
https://doi.org/10.1007/s11302-019-09660-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s11302-019-09660-7&domain=pdf
https://doi.org/10.1007/s11302-019-09660-7
mailto:profraovr@gmail.com


functioning may lead to arrhythmias followed by heart failure
condition like HCM or even sudden death.

Association of HCM with autosomal dominant mutation
makes this disease a clear candidate for the molecular diagno-
sis through genetic screening. The best possible way to screen
the genes in a cost-effective way for the protein-altering mu-
tation is through whole exome sequencing, due to various
private mutations being implicated. Whole exome sequencing
may not only identify mutations in known candidate genes but
also identify the mutations in other unknown genes which
may have a potential role in the development of disease.

Materials and methods

A non-consanguineous family with multiple affected individ-
uals was clinically evaluated at the Department of Cardiology,
All India Institute of Medical Sciences, New Delhi, India. A
total of 9 members in three generations were closely evaluat-
ed. Three affected (II-5, II-6, II-8) and three unaffected (I-2, II-
3, III-2) individuals as evidenced by 2D echocardiography
and ECG examination (Suppl Table 1) were selected for
whole exome sequencing. All the age- and sex-matched con-
trols were also subjected to clinical examination by 2D echo-
cardiography and ECG examination. We obtained prior writ-
ten informed consent as per the guidelines and with approval
of the Institutional Ethics Committee of both participating
institutes.

DNA was isolated using standard protocols from 3 mL
intravenous blood sample. We used SureSelect Human All
Exons Kit v5 (Agilent Technologies, USA) for the whole ex-
ome capture. Paired-end libraries were prepared following the
manufacturer’s protocols (Agilent) after fragmentation (150–
200 bp). Approximately 700 ng of the prepared DNA was
incubated with biotinylated RNA capture baits to capture cod-
ed regions. Then, the captured fragments were sequenced in
Illumina HiSeq2500 with 101 bp pair-end reads. We se-
quenced each of the libraries at over approx. 100 × coverage.
All reads were aligned to the reference genome (UCSC
Genome Browser hg19). Base quality-score recalibration
and local realignment across the gold-standard variant and
In-Del list was done, and variants were called. The variant list
was then annotated and filtered for all non-synonymous vari-
ants, which were predicted deleterious by SIFT and
Polyphen2. All the rare variants with a minor allele frequency
(MAF) < 0.5% in dbSNP, 1000 genomes, or NHLBI ESP
6500 dataset were excluded. Finally, segregation analysis
was performed on these subsets of variants (Suppl Fig. 1).

The prioritized variant was further validated using Sanger
sequencing in all the family members and in well-
characterized 100 clinically evaluated controls from the
Indian population. For validation and screening of variant
c556G>A (p. Glu186Lys) (rs28360451) identified in exon 6

of P2X7, we performed Sanger sequencing of exon 6 of this
gene. Specific primers were designed flanking exon 6 of
P2X7. The primer sequences were as follows: 5′-CCAA
AGACCAAGCCAAGAAAC-3′ (forward) and 5′-CAGA
AACCGTGGGAGACAATA-3′ (reverse). We performed
standard PCR, and PCR amplicons were checked by gel elec-
trophoresis and then sequenced. DNA sequences were exam-
ined using freely available software of Sequence Scanner
Software v1.0 (Applied Biosystems). The mutation was con-
firmed in all three affected members which was absent in all
unaffected members and 100 age- and sex-matched clinically
evaluated controls (Suppl Table 3 and Suppl Annexure-A).

Phenotypic heterogeneity was addressed by filtering out
variants in candidate genes individually. Similar filtering steps
were applied as used for the identification of causative muta-
tion except the segregation step. All mutations were checked
for quality score and were evaluated for specific functionality
of the candidate gene for HCM. A number of mutations car-
ried in different genes were isolated and compared among the
affected members to address heterogeneity. Further for the
understanding of gene-gene interaction, we analyzed the gene
identified in GeneMANIAwith candidate genes to reveal any
direct or indirect interaction among them. For this, all the
candidate genes of HCM and gene identified in the exome
sequencing were entered into the software. All interactions
(physical, co-expression, co-localization, pathway, and genet-
ic) were summarized and used for further evaluations.

Results

The HCM family had a history of sudden death, and three
brothers were affected by the disease while the father died
suddenly at the age of 58 years, with no evidence available
for the cause of death. Close clinical examination revealed a
phenotypic heterogeneity among the three affected members
(Suppl Table 1). II-6 and II-5 have early onset of disease (<
30 years) with NYHA II and III respectively. With the symp-
toms of syncope, pre-syncope, and cardiac arrhythmias, am-
bulatory ECG (AECG) monitoring during normal routine
work showed reduced heart rate (bradycardia) for the patient
(II-6) who reported dizziness. Other patients’ AECG did not
reveal any arrhythmia episodes. The youngest brother (II-8)
with late onset of disease (mid-30s) had severe symptoms,
classified under NYHA class III. II-5 died suddenly; however,
the cause of death was not confirmed clinically and on pre-
cautionary measures, the other two brothers (II-6 & II-8) were
implanted with ICD. The mother (I-2) and eldest brother (II-3)
were unaffected and the brother’s son (III-2) was also consid-
ered for genetic evaluations.

After the analysis of exome data, only one single heterozy-
gous variant c556G>A (p. Glu186Lys) (rs28360451) in exon
6 of P2X7 gene segregated in all three affected members and
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was absent in unaffected members (Fig. 1a, c). This mutation
was previously reported in a study related to affective mood
disorder, but the patient was not evaluated for a heart condi-
tion [13]. This gene had not been previously reported in HCM
patients. Further, we evaluated the allele frequency of the var-
iation in the Exome Aggregation Consortium (ExAC) data-
base, hosting over 61,486 exome sequences. The variant has a
MAF of 0.00042 (7/16,512 chromosomes) in South Asian
population and a MAF of 0.00011 (7/66,734 chromosomes)
in European (non-Finnish) population. In controls, not a single
mutated allele (A allele) was found, which suggests a com-
plete absence of this mutation in healthy individuals. All the
control samples were found carrying wild type genotype
(GG). Absence of mutation (c556G>A in P2X7) in healthy
controls and segregation of this mutation in affected members
show rarity and deleterious nature of this mutation. A strong
association between this mutation and HCMwas supported by
the fact that all the affected members had heterozygous con-
dition (GA genotype), but the unaffected family members and
100 clinically evaluated controls all were found to be carrying
wild type allele (G allele) at this locus. This suggests mutation
was completely absent in the 100 clinically evaluated in-house
controls as well which indicates that the mutation had a very
low frequency in the Indian population. All the sequences of
family members and controls were submitted to NCBI

through Bankit (Accession Number- MK910589 -
MK910696).

To address the heterogeneity among the brothers having
common causative mutation, we evaluated 24 HCM candidate
genes individually for the affected members using all the fil-
ters as used earlier except the segregation step. The total num-
bers of suchmutations in these candidate genes are 10, 12, and
16 for affected members II-6 (NYHA II), II-5 (NYHA III),
and II-8 (NYHA III) respectively (Suppl Table 2). These mu-
tations in candidate genes which were not segregated with the
disease but present in patients may add to the effect of a caus-
ative mutation.

Further investigations on P2X7 gene shows that it had di-
rect or indirect genetic interactions with candidate genes of
HCM especially sarcomeric genes. The network involving
physical, co-localization, co-expression, similar pathway,
and genetic interactions specifies that P2X7 gene interacts
with the majority of candidate genes (Fig. 2a.). When we
isolated the P2X7 gene for any direct interactions, we found
that there is inter-connection between MYH7, TNNI2, TTN,
RYR2, and TNNT3 genes which are widely responsible for
the hypertrophic cardiomyopathy (Fig. 2b). These interactions
suggest that any disturbance in purinergic signaling may di-
rectly or indirectly affect these sarcomeric proteins leading to
the malfunctioning of the heart system.

Fig. 1 a Pedigree of the familial HCM in which affected are marked dark.
b Sanger sequencing chromatogram of the P2X7 germline mutation
(c.556G>A). c The plot of the resulting amino acid change in the P2X7

domain near N-linked glycosylation site 187 (blue arrows) shows loss of
function (inactivation of protein) for mutant (MU) compared with wild
type (WT)
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Discussion

P2X7 or P2X7 (MIM 602566; Ref. Seq. accession number
NC_000012.12) encodes for purinergic receptor P2X, ligand-
gated ion channel 7 which is an ionotropic cell surface ATP
receptor and involved in cell permeabilization [11]. P2X7 has
been shown with significant associations with many other dis-
eases related to the heart, brain, spinal cord, kidney etc. through
different signaling pathways [6]. Assessment of the expression
levels in Human Protein Atlas revealed that P2X7 is well
expressed in cardiac myocytes. Studies show that the P2X7mu-
tation effects on two main functional properties, namely ATP-
activated channel and ATP-induced dye uptake pore formation.
Alterations in P2X7 gene is the causal factor of bone disorders,
infectious disease, malignancies, and inflammatory and cardio-
vascular disorders [15].

In a study, HEK293 cells expressed with mutant receptor
(E186K) for P2X7 gene were completely non-responsive to
stimulations as compared with wild type (WT) receptor. For
further understanding, an experiment shows no apparent dye
uptake in cells expressing E186K as compared with WT.
These effects showed that E186K led to complete loss of
function [13]. Glu186 is located towards the C terminal end
of α2 helix and is in close vicinity to ATP-binding site-
forming residues (Gln187)(Fig. 1c) suggesting E186K may
affect ATP binding, channel gating, or both leading to loss
of function [13]. Lenertz et al. [8] reported role of the glyco-
sylation in receptor function and found that residue N187 is
critical for receptor trafficking which also supports that
E186K affects the receptor function more prominently.

Glu186Lys mutation is extremely rare in the general pop-
ulation; according to the dataset, ESP6500, the MAF of the
mutant allele in all ethnic groups, is not detected. As there is
no previous constructive exome database for Indian

population, we could not estimate allele frequency in the
Indian population. In order to exclude the potential confound-
ing factor due to the effect of ethnicity on the association, we
studied age- and sex-matched controls (200 chromosomes)
recruited from the same geographic region as patients which
shows a complete absence of this conservedmutation.We also
queried the Exome Aggregation Consortium (ExAC) data-
base, a total 61,486 exome sequences depository which con-
tains allele frequency data generated by a wide variety of large
scale projects. It was found that, in the South Asian popula-
tion, the c.556G>A (p. Glu186Lys) variant had a MAF of
0.00042 in 7/16,512 chromosomes. This is a little higher than
the frequency observed in the European (non-Finnish) popu-
lation (MAF = 0.00011) with 7/66,734 chromosomes.
However, the ExAC dataset contains data from thousands of
disease samples; therefore, the estimated frequency of this
mutation is biased and not ideal for comparison with our
HCM subjects but these frequency data suggest the involve-
ment of this mutation in disease expression.

Involvement of P2X7 in heart function is not very well un-
derstood. As it is an ATP-gated cation selective channel, the
mechanism by which ATP works are likely to be mediated
through activation of different receptors of P2X family. The
P2X7 expression in the heart was confirmed in different studies.
In the sinoatrial node and atria of the adult heart, the presence of
the P2X7 receptor has already been detected through immuno-
histochemistry, qPCR, and in situ hybridization. Within the P2
receptor family, P2X7 is the only member associated with NOD-
like receptor (NLR) P3 inflammasome [11]. In a study, at the
protein level, induced vs genetic P2X7 downmodulation had an
opposite effect; induced had a decrease in NLRP3 protein ex-
pression whereas genetic was associated with a striking increase
in NLRP3 expression [5]. Activation of the NLRP3
inflammasome in CNTg mice promotes myocardial

Fig. 2 a Interaction networks (physical, co-expression, co-localization, pathway, and genetic) of the P2X7 gene with other HCM candidate genes
identified for risk stratification with sarcomeric genes. b P2X7 direct network interaction with genes associated with HCM
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inflammation and systolic dysfunction through the production of
pro-inflammatory IL-1β leading to heart failure condition [2].
This could be one of the possible pathways through which ge-
netically downmodulation of P2X7 leads to heart failure. Taken
together, these initial studies suggest that the use of IL-1β or
NLRP3 inhibition is a promising therapy for the treatment of this
heart failure condition.

Other evidence supporting our finding has come from quite
disparate studies. A study [17] which computationally priori-
tized cardiac channel genes associated with cardiomyopathy
using machine learning approaches prioritized 26 genes, of
which P2X7 is a prominent candidate. A similar kind of study
identified P2X7 as an ion channel gene related to cardiomy-
opathy using a novel decision forest strategy [18]. An inde-
pendent study also showed that Caveloin(-/-) mice showed the
clinical phenotype of cardiomyopathy and associated over-
expression of P2X7, the molecular physiology of which has
not been established [1].

From all evidences, mutation (E186K) in P2X7 gene lead-
ing to the loss of function of this receptor could be the possible
causative variant leading to heart failure in patients but the
clinical heterogeneity among patients in the same family car-
rying the same mutation was addressed by other variations
present in candidate genes. II-6 with the least number of mu-
tations had mild severity (NYHA class II) than the other two
having more mutations and classified under NYHA III.
Delayed onsets of disease in II-8 can be explained with three
mutations in the MYBPC3 gene. Previous studies [12] had
reported that patients with MYBPC3 mutation had late onset
but with 13 other mutations in candidate genes other than
MYBPC3, II-6 had more severe symptoms after onset. II-5,
who died suddenly, had two mutations each in TPM1 and
RYR2. These two genes (TPM1 and RYR2) had been reported
to be associated with sudden death [7, 16]. P2X7 as an ion-
channel for the calcium signaling and responsible for the ar-
rhythmias (reduced heart rate) [14], possibly which in combi-
nation with mutations in TPM1 and RYR2, makes it more fatal
leading to sudden death.

In terms of gene-gene interaction of P2X7 gene with other
sarcomeric genes, it is quite evident from the analysis that this
gene interacts directly with theMYH7 and TTN.MYH7 and TTN,
in most of cases, are found to be mutated in HCM patients, so
any disturbances in their genetic product may lead to abnormal
functioning of the heart. This suggests that ATP-ligated ion-chan-
nel P2X7 gene had a common mechanistic pathway with sarco-
meric genes causing hypertrophy and leading to HCM.

If we summarize all the evidences, a single mutation in P2X7
gene segregates in all three patients and gene-gene interactionwith
other sarcomeric genesmakes this gene a candidate for HCM. The
family had a history of sudden death, and all three patients had
common symptoms such as arrhythmias. P2X7 gene which is
highly expressed in heart and is one of the candidate genes for
cardiac arrhythmias shows a possible mechanistic insight for the

disease progression leading to sudden death. NLPR3
inflammasome could be the possible mechanistic pathway target
for this P2X7genetic abnormality. A recent review on the role of
P2X7 as emerging therapeutic target states P2X7 receptor inhibi-
tion mediated through downregulation of NLRP3 decreases ar-
rhythmia after myocardial infarction and prolongs cardiac survival
[3]. The present study also implies on targeting P2X7/NLRP3 as a
possible therapeutic target for the cardiomyopathy patients having
a putative mutation in the P2X7 gene.

Conclusion

To the best of our knowledge, our exome study is the first to
report the association of P2X7 gene in familial HCM in the
Indian population which indicates the involvement of
purinergic signaling in cardiomyocytes. Clinical heterogene-
ity can be understood by consideration of mutations in related
genes as per disease condition. Our data warrant further re-
search into deleterious mutations of the P2X7 gene for explo-
ration and the feasibility of developing targeted therapies
against HCM in individuals with P2X7 variants by compen-
sating the loss of function effect caused by these variants.
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