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Heart failure is a leading cause of mortality in South Asians.
However, its genetic etiology remains largely unknown1.
Cardiomyopathies due to sarcomeric mutations are a major
monogenic cause for heart failure (MIM600958). Here, we
describe a deletion of 25 bp in the gene encoding cardiac
myosin binding protein C (MYBPC3) that is associated with
heritable cardiomyopathies and an increased risk of heart
failure in Indian populations (initial study OR ! 5.3 (95%
CI ! 2.3–13), P ! 2 " 10#6; replication study OR ! 8.59
(3.19–25.05), P ! 3 " 10#8; combined OR ! 6.99 (3.68–
13.57), P ! 4 " 10#11) and that disrupts cardiomyocyte
structure in vitro. Its prevalence was found to be high (B4%)
in populations of Indian subcontinental ancestry. The finding of
a common risk factor implicated in South Asian subjects with
cardiomyopathy will help in identifying and counseling
individuals predisposed to cardiac diseases in this region.

Heart failure, an emerging epidemic, is responsible for great loss in
the productive years of life in people aged 40 and above. By 2030, in
India alone, this loss is expected to rise to 17.9 million years, 10
times more than in the United States1,2. However, the molecular
etiologies of such diseases in developing countries such as India
remain poorly understood. Here, we focus on cardiomyopathy, a
frequent cause of heart failure for which more than 200 rare disease-
associated mutations affecting more than 20 different genes have
already been identified3.

MYBPC3 encodes cardiac myosin binding protein C (cMyBP-C,
Supplementary Fig. 1 online), a key constituent of the thick filaments
localized to doublets in the C-zone of the A-band of the sarcomere. By
binding to myosin4–6, titin7 and actin8, cMyBP-C contributes to the
structural integrity of the sarcomere and regulates cardiac contractility
in response to adrenergic stimulation9,10. Because individuals who
have heritable cardiomyopathies with cMyBP-C defects have a dis-
organized sarcomeric structure and late-onset symptoms,MYBPC3 has
emerged as a candidate gene for increased risk of heart failure through
either hypertrophic or dilated cardiomyopathies (HCM or DCM)11,12.
To identify variant(s) in MYBPC3 associated with increased risk of

heart failure, we screened DNA samples from individuals with
cardiomyopathies in India. Initially, we observed a 25-bp deletion in
intron 32 of individuals with HCM13, but concluded that its relation
to disease was not unequivocal. To assess the significance of the 25-bp
deletion, we have now done a large-scale case-control study on 800
cases and 699 controls, in two groups (groups 1 and 2).
Group 1 comprised of 354 individuals with cardiomyopathies

(including 33 postmortem cases; Supplementary Table 1 online)
and 238 healthy controls matched for ancestry, age, sex and geography.
Of the 354 cases, 49 (13.8%) carried the 25-bp deletion, 46 as
heterozygotes and three as homozygotes. Two out of the three
homozygotes died as children younger than 3 years old owing to
cardiomyopathies (Fig. 1a–d). These data suggest that homozygous
deletion might be associated with a severe and sometimes early-onset
form of the disease, although homozygous deletions were also found

©
20

09
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

Received 7 July 2008; accepted 3 November 2008; published online 18 January 2009; doi:10.1038/ng.309

1Department of Biochemistry, Madurai Kamaraj University, Madurai 625 021, India. 2Molecular Cardiovascular Biology, Cincinnati Children’s Hospital Medical Center,
Cincinnati, Ohio 45229, USA. 3Wellcome Trust Sanger Institute, Hinxton, Cambridgeshire CB10 1SA, UK. 4Centre for Cellular and Molecular Biology, Hyderabad
500 007, India. 5Department of Genetics, Osmania University, Hyderabad 500 007, India. 6Post Graduate Institute of Medical Education and Research, Chandigarh
160 012, India. 7Faculty of Biological Sciences, Institute of Integrative and Comparative Biology, University of Leeds, Leeds LS2 9JT, UK. 8Department of Cardiology,
Sri Chitra Tirunal Institute of Medical Sciences and Technology, Thiruvananthapuram 695 011, India. 9Department of Pathology (Cardiovascular & Thoracic Division),
Seth GS Medical College and KEM Hospital, Mumbai 400 012, India. 10Department of Cardio-Thoracic Surgery, Rajaji Government Hospital and Madurai Medical
College, Madurai 625020, India. 11Cardiology Unit, CARE Hospital, Hyderabad 500 001, India. 12Department of Cardiac Surgery, Nizams Institute of Medical
Sciences, Hyderabad 500 082, India. 13Institute of Biotechnology and Genetic Engineering (KIBGE), University of Karachi, Karachi 75270, Pakistan. 14Department
of Anthropology, University of Oxford, Oxford OX1 2JD, UK. 15Harvard School of Public Health, Boston, Massachusetts 02115, USA. 16Broad Institute of Harvard and
Massachusetts Institute of Technology, Cambridge, Massachusetts 02142, USA. 17Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115,
USA. 18Present addresses: Wellcome Trust Sanger Institute, Hinxton, Cambridgeshire CB10 1SA, UK (Q.A.) and Centre for Human Genetics and Molecular Medicine,
Sindh Institute of Urology and Transplantation, Karachi 74200, Pakistan (S.Q.M.). Correspondence should be addressed to K.T. (thangs@ccmb.res.in).

NATURE GENETICS ADVANCE ONLINE PUBLICATION 1

LET TERS

http://www.nature.com/doifinder/10.1038/ng.309
mailto:thangs@ccmb.res.in
http://www.nature.com/naturegenetics/


in normal individuals (see below). In contrast, only 7 (2.9%) of the
238 controls carried the deletion, all as heterozygotes. The allele
carrying the 25-bp deletion was in Hardy-Weinberg equilibrium for
both cases (P ! 0.56) and controls (P ! 0.64). However, Fisher’s exact
test showed that the overrepresentation of the allele carrying the 25-bp
deletion in cardiomyopathy cases was statistically significant, with a
P value of 0.000002. The OR of a carrier of the 25-bp deletion
(heterozygous or homozygous) showing cardiomyopathy was 5.30
(95% CI ! 2.26–13.06, P ! 0.000002; Table 1). To replicate these
results, we screened for the 25-bp deletion in group 2, comprising 446
cases and 466 controls from six independent cohorts (Table 2). The
25-bp deletion was significantly more common in cases than controls
in both groups with a combined study OR of 6.99 (95% CI ! 3.68–
13.57; P ! 4 " 10#11).
A potential concern with these results is that they may reflect

population stratification: systematic differences in allele frequency
between cases and controls due to difference in their ancestry rather
than to any true disease association. In India, such stratification is
most likely to take the form of genetic proximity to Europeans, due
to a history of migrations between India and ‘West Eurasia’, a term
that we use to refer to Central Asia, the Middle East and Europe14.
To maximize our chances of detecting such stratification, we used
a panel of 50 ancestry-informative markers for inferring ancestry
on a West Eurasian–related axis and genotyped 456 cases and
338 control samples (Tables 1 and 2) from the South, Central and
North Indian subpopulations (Supplementary Methods and Supple-
mentary Table 2 online). We then carried out a principal-components
analysis (Supplementary Fig. 2 online) together with CEU samples

from HapMap15 (Supplementary Methods). For each of the South,
Central and North groups, no significant difference in ancestry along
the West Eurasian–related axis was observed between cases and
controls (each ANOVA P 4 0.05; Supplementary Fig. 3 online).
Thus, population stratification along the West Eurasian–related axis
can be ruled out as the cause of the disease association.
To investigate genotype–phenotype correlations, we more carefully

assessed 28 unrelated families containing a total of 120 members.
Although many young and middle-aged individuals carrying the
deletion were asymptomatic or had only mild hypertrophy, the
majority (B90%) of the oldest members of each family were
symptomatic. In most carriers the effects remained dormant until
the third decade and then manifested themselves as mild hypertrophy
(Supplementary Fig. 4a,b and Supplementary Table 3 online).
However, seven probands with the deletion showed severe symptoms
of cardiomyopathies (mean age 20), illustrating the variability of the
phenotype. Notably, in the middle-aged men 440, when symptoms
develop the phenotype is not mild; at least 20 of the probands who
carried the deletion had family members who had died of sudden
cardiac death (SCD). In three cases, hypertension coexisted with the
deletion in the family members and these individuals showed severe
phenotypes. Also, the observation of recurrent ventricular tachy-
arrhythmias in one homozygous subject, a 40-y-old man with dilated
cardiomyopathy, is of interest, as mice with homozygous mutant
Mybpc3 and DCM are vulnerable to ventricular tachyarrhythmias.
Thus, a homozygous deletion might be a pathogenic substrate for
ventricular tachyarrhythmias and subsequently SCD risk16.
Variability in the onset of the disease and prognosis have been

recorded in several longitudinal studies of the progression of cardiac
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Table 1 Frequency of the 25 bp deletion in Indian cardiomyopathy
cases and controls

Genotype

Cardiomyopathy cases

(n ! 354)a (%)

Controls

(n ! 238) (%)

Odds ratio (OR)

(95% CI)b P c

D, D 3 (0.84) 0 (0.00)

D, W 46 (13) 7 (2.9)

W, W 305 (86.1) 231 (97)

D, W + D, D 49 (13.84) 7 (2.9) 5.30 (2.26 to 13) 0.000002

D, allele with deletion; W, wild-type allele. Numbers in parentheses indicate the
proportion of each genotype as a percentage of total cases or controls.
aTotal number including 321 cardiomyopathy cases and 33 postmortem cases. bOdds ratio for
the likelihood of cardiomyopathy in D carriers (D, W + D, D) versus noncarriers (W, W). cP value
for the comparison of carriers (D, W + D, D) and noncarriers (W, W) in cases and controls
(Fisher’s exact test).

Figure 1 Morphology and histopathology of heart, and cardiac transcript
analysis of individuals with the 25-bp deletion. (a) Morphology of the heart
of a subject with DCM. The subject was a child homozygous for the deletion.
Note the marked dilation of the left and right ventricles. (b) Histopatho-
logical section of the same subject showing hypertrophied myofibers
separated from each other by increased connective tissue (hematoxylin and
eosin, " 400). (c) Transverse section through both ventricles of a 40-y-old
man homozygous for the deletion showing marked asymmetric hypertrophy
involving septum (IVS). (d) Histopathological section of the septal
myocardium of the same individual showing ‘swirling’ of hypertrophied
myofibers amid connective tissue disarray (hematoxylin and eosin, " 400).
(e) Characterization of cardiac transcripts. The mRNA from the
endomyocardial biopsies of an affected subject heterozygous for the 25-bp
deletion was reverse transcribed, amplified, subcloned and sequenced. The
sequence shows a normal transcript and a mutant transcript with absence
of exon 33. AO, aorta; RA, right atrium; PA, pulmonary artery; RV, right
ventricle; LV, left ventricle; TV, tricuspid valve; IVS, intraventricular septum;
MV, mitral valve; AV, aortic valve.

2 ADVANCE ONLINE PUBLICATION NATURE GENETICS

LET TERS



phenotypes associated with MYBPC3 mutations in different world
populations, but MYBPC3 mutations have usually been associated
with late-onset, mild hypertrophy, incomplete penetrance and a better
prognosis17,18. This is also shown by our study of 28 families
(Supplementary Fig. 4b) and thus suggests that the deletion results
in genetic predisposition for heart failure and lifelong threat to
carriers, with risk increased further by secondary factors including
compound heterozygosity, ventricular arrthymia, hypertension, age
and other environmental factors. (Supplementary Fig. 4c).
To further understand the risk induced by the deletion, we analyzed

RNA and protein from the endomyocardial biopsy specimens of two
young index subjects, who were 25 and 32 y old. Cardiac MyBP-C

cDNA of two heterozygous individuals revealed two transcript struc-
tures: a normal transcript and a mutated allele with skipping of the
associated exon (Fig. 1e and Supplementary Fig. 1). However, the
altered protein could not be detected in tissue samples obtained from
affected individuals (Supplementary Fig. 5 online), as in three
previous reports of MYBPC3 mutations19–21.
To determine whether the altered protein could distort the normal

architecture of the sarcomere, we expressed the myc-tagged altered
protein along with wild type (WT) protein in neonatal rat cardio-
myocytes. Staining with antibodies to the myc tag showed a highly
disorganized and diffused pattern of sarcomeric architecture as a result
of aberrant incorporation of altered proteins (Fig. 2). The lack of
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Table 2 Replicate association studies in six independent cohorts

Cases (%) Controls (%)

Cohorts Locations n D, D D, W W, W n D, D D, W W, W OR (95% CI) P

1 North India-2 and Central India 53 0 6 (11.3) 47 (88.68) 58 0 1 (1.7) 57 (98.28) 7.28 (0.82–166.18) 0.044

2 West India 46 1 (2.17) 4 (8.6) 41 (89.1) 64 0 1 (1.5) 63 (98.4) 7.68 (0.82–180.31) 0.045

3 Southeast India 163 0 15 (9.2) 148 (90.7)154 0 2 (1.3) 152 (98.7) 7.70 (1.65–49.66) 0.001

4 South India-2 76 1 (1.3) 3 (3.9) 72 (94.7) 70 0 0 70 –

5 South India-3 38 0 1 (2.6) 37 (97.3) 40 0 0 40 –

6 Southwest India 70 1 (1.4) 6 (8.5) 63 (90) 79 0 1 (1.2) 78 (98.7) 8.67 (1.03–192.44) 0.021

Overall 446 3 (0.6) 35 (7.8) 408 (91.4)466 0 5 (1) 461 (98.9) 8.59 (3.19–25.05) 0.00000003

Combined association studies

Cases Controls

n D, D D, W W, W n D, D D, W W, W OR (95% CI) P

Overall India (n ! 1,499) 800 6 (0.7)81 (10.1)713 (89.1) 699 0 12 (1.7)687 (98.3)6.99 (3.68–13.57) 4 " 10–14

D, allele with deletion; W, wild-type allele. Numbers in parentheses indicate the proportion of each genotype as a percentage of total cases or controls. OR, odds ratio for the likelihood of
cardiomyopathy in D carriers (D, W + D, D) versus noncarriers (W, W).
P value for the comparison of carriers (D, W + D, D) and noncarriers (W, W) in cases and controls (Fisher’s exact test).

Control

a b

c d

cMyBP-C α-TM

α-TM (35 kDa)

Merge c-Myc

anti–cMyBP-C anti-Myc
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Figure 2 Expression and localization of cMyBP-
CWT and cMyBP-CDEx33 proteins in neonatal rat
cardiomyocytes. Recombinant adenoviruses that
expressed mouse cMyBP-CWT (WT) or cMyBP-
CDEx33 (mutant) were introduced into rat neonatal
cardiomyocytes. Noninfected cardiomyocytes
were used as control. (a,b) Three days after
infection, cardiomyocytes were fixed and
immunostained with either cMyBP-C antibodies
(green) (a) raised against the C0-C1 domain
carried by native, WT and mutant proteins or
myc-tag antibodies carried only by the WT and
mutant proteins (green) (Roche) (b) and
costained with a-tropomyosin (red) (Sigma).
(c,d) Representative protein blots obtained by
using cMyBP-C (c) and Myc (d) antibodies in
control and WT- and mutant-infected neonatal
rat cardiomyocytes. Twenty mg of total
cardiomyocytes lysates was separated on a
4–15% linear gradient SDS-PAGE, transferred
to nitrocellulose membrane, and immunoblotted
as described in Supplementary Methods. In
lysates from noninfected neonatal cardiomyocytes
and WT-infected cells, the cMyBP-C antibody
detected a major band of the expected molecular
weight of 144 kDa and overexpression of mutant
cMyBP-C showed the predicated truncated
protein of approximately 140 kDa. a-TM was
used as a load control.
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sarcomeric organization in mutant individuals is one mechanism by
which pathogenesis is triggered in the heart4,22. It also promotes the
degradation of truncated proteins by the ubiquitin-proteasome system
(UPS), perhaps competitively inhibiting breakdown of other UPS
substrates and leading to an impairment of UPS activity23. Also,
considering the decline in function of the UPS with age and oxidative
stress24,25, which ultimately may result in failure to eliminate the
altered protein, it seems likely that the accumulation of the altered
protein might disrupt the cellular homeostasis and initiate late-onset
cardiomyopathy. This might explain why most individuals with the
25-bp deletion remain healthy until the third decade of their life26.
This illustrates the need for long-term clinical follow-up for deletion
carriers, as the deletion poses a lifelong risk. Although we cannot
exclude the possibility that the deletion is in linkage disequilibrium
with unknown variants at the MYBPC3 locus that cause or contribute
to the disease, possibly by modifying the risk associated with the
deletion itself, the data presented above support a role for the deletion
itself in disease pathogenesis.
As the epidemiology of cardiomyopathies in India may be influ-

enced by the frequency of the allele carrying the 25-bp deletion in
different populations that are genetically isolated, we also screened
6,273 individuals belonging to 107 ethnic populations across 35 states
representing all of India for the presence of this deletion. The deletion
was found in all major Indian populations at frequencies ranging from
2% to 8% (Supplementary Fig. 6 online). Of the 6,273 individuals,
287 possessed the 25-bp deletion (4.6%), and 8 were homozygous,
although their heart failure and cardiomyopathy status is unknown.
The mutation was absent from Northeast Indians (who show affinities
with East Asians), Siddis (recent migrants from Africa) and Onges
(Andaman Islands)27. The results also show that the presence of the
deletion is not influenced by climatic or geographical features (Sup-
plementary Table 4 online). The frequency of the deletion is sig-
nificantly higher in the southern and western states compared with the
northern states (P o 4 " 10#8, Fisher 2-by-5 test). This frequency
difference might contribute to the wide disparity in cardiac mortality
at old age between Indian states: heart failure is more prevalent
in the south than in the north and northeast (386–422 cardiac deaths
per 100,000 persons compared to 76–99 per 100,000 persons,

respectively28). Overall, the population attri-
butable risk of the deletion is B4.5%.
The presence of this deletion in many

Indian populations with varied geographical
and ancestral backgrounds raises the question
of how geographically widespread it is outside
India. We therefore also analyzed 63 world
population samples, comprising 2,085 indi-
genous individuals from 26 countries includ-
ing all five continents. The 25-bp deletion was
observed in Pakistan, Sri Lanka, Indonesia
and Malaysia, (all heterozygotes) but was
absent from other samples. Thus, the deletion
is a common variant in individuals from
South Asia, present in Southeast Asia, but
undetectable elsewhere (Fig. 3 and Supple-
mentary Table 5 online).

The presence of a disease-associated
variant at substantial frequency raises an
evolutionary question: if it is disadvantageous,
how did it become so common? In principle,
it could be evolutionarily neutral, manifesting
its disadvantages only late in life; alternatively,

its disadvantages could be outweighed by advantages early in life, or
in a different environment, so that it could have been positively
selected. To address this question, we examined the haplotype structure
surrounding the deletion. Using five short tandem repeat (STR)
markers, spanning B3.4 Mb surrounding the deletion in 287 hetero-
zygous individuals, we found similar high degrees of variation in the
inferred haplotypes from chromosomes with and without the deletion
(Supplementary Fig. 7 and Supplementary Table 6 online). We then
used allele-specific amplification to resequence B10-kb haplotypes
centered on the 25-bp deletion from nine heterozygous individuals
(Supplementary Tables 7 and 8 online). The chromosomes carrying
the 25-bp deletion showed five closely related haplotypes (Supplemen-
tary Fig. 8 online). After excluding variants likely to have arisen by
recombination, we estimated a time to most recent common ancestry
(TMRCA) of B33 ± 23 thousand years for the deletion haplotypes
(Supplementary Methods). This time slightly postdates the initial
peopling of the subcontinent 30,000–50,000 years ago and together
with its restricted geographical distribution suggests that the deletion
did not arrive with the first modern human settlers from Africa
Z50,000 years ago, but arose subsequently within the subcontinent.
Its occurrence in two populations from Southeast Asia can be
explained by recent gene flow from India (Supplementary Note
online). Collectively, these observations provide no evidence for
rapid spread of a recent founder haplotype or any departure from
neutral evolution.
We conclude that the 25-bp deletion, a common MYBPC3 variant

in South Asians, is associated with chronic risk of heart failure. The
delayed symptoms, mild hypertrophy and influence of secondary risk
factors pose a lifelong threat to carriers. Notably, such gene-based
insights into pathophysiology may allow more subtle clinical mani-
festations to be identified and additional phenotypes associated with
the variant to be investigated. Furthermore, genotyping could be used
for the identification of persons at risk of heart failure among South
Asians and could be accompanied by advice for a lower-risk lifestyle.

METHODS
Ethical approval. Samples were collected from cases and controls with their
informed consent. Ethical committees of all institutions involved gave approval
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Figure 3 Global distribution of MYBPC3 deletion in indigenous populations. For populations with the
MYBPC3 deletion, the frequency of the deletion-containing allele is shown. See Supplementary Table 5
for details of the populations studied.
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to conduct this study. A full description of methods is provided in the
Supplementary Methods and Supplementary Tables 6–9 online.

Note: Supplementary information is available on the Nature Genetics website.
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