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Abstract Despite advances by genome-wide association
studies (GWAS), much of heritability of common human
diseases remains missing, a phenomenon referred to as
‘missing heritability’. One potential cause for ‘missing
heritability’ is the rare susceptibility variants overlooked
by GWAS. Atrial fibrillation (AF) is the most common
arrhythmia seen at hospitals and increases risk of stroke
by fivefold and doubles risk of heart failure and sudden
death. Here, we studied one large Chinese family with
AF and hypertrophic cardiomyopathy (HCM). Whole-
exome sequencing analysis identified a mutation in TNNI3,
R186Q, that co-segregated with the disease in the family,
but did not exist in >1583 controls, suggesting that R186Q
causes AF and HCM. High-resolution melting curve anal-
ysis and direct DNA sequence analysis were then used to
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screen mutations in all exons and exon—intron boundaries
of TNNI3 in a panel of 1127 unrelated AF patients and
1583 non-AF subjects. Four novel missense variants were
identified in TNNI3, including E64G, M154L, E187G and
D196G in four independent AF patients, but no variant was
found in 1583 non-AF subjects. All variants were not found
in public databases, including the ExXAC Browser database
with 60,706 exomes. These data suggest that rare TNNI3
variants are associated with AF (P = 0.03). TNNI3 encodes
troponin I, a key regulator of the contraction—relaxation
function of cardiac muscle and was not previously impli-
cated in AF. Thus, this study may identify a new biologi-
cal pathway for the pathogenesis of AF and provides evi-
dence to support the rare variant hypothesis for missing
heritability.
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Abbreviations

AF Atrial fibrillation

HCM Hypertrophic cardiomyopathy
TNNI3 Cardiac troponin I

SIFT Sorting intolerant from tolerant
PROVEAN Protein variation effect analyzer
SNPs Single-nucleotide polymorphisms
Introduction

Atrial fibrillation (AF) is the most common sustained
cardiac arrhythmia in the clinical set. AF is electrocar-
diographically characterized by the absence of P waves,
irregular RR intervals, and a fast atrial rate of up to 300
beats/min (Fye 2006). AF affects 2.6 million Americans,
6 million Europeans and 8 million Chinese people (Zhang
2009; Chugh et al. 2014). AF has a population prevalence
rate of 1 % (Camm et al. 2012). AF is becoming a costly
health problem in the near future with aging of the popu-
lation because its rate increases up to 8 % in the popula-
tion with the age of 80 years or above (Hu and Sun 2008).
AF increases cardiovascular morbidity (Krahn et al. 1995),
doubles the mortality (Kannel et al. 1998), and increases
the risk of stroke fivefold (Wolf et al. 1991). Epidemio-
logical studies revealed a strong genetic component signifi-
cantly contributed to the incidence of AF, especially to lone
AF not associated with any structural heart disease (Wang
2008). A study in Danish twins suggested that the heritabil-
ity of AF was as high as 62 % (Christophersen et al. 2009).

Mutations associated with familial AF were initially
identified in genes encoding ion channels, including potas-
sium channels and sodium channels. Subsequent stud-
ies demonstrated that mutations in non-ion channel genes
such as NPPA and NUPI155 can also causer AF (Hodgson-
Zingman et al. 2008; Zhang et al. 2008; Ren et al. 2010).
Several genome-wide association studies (GWAS) on AF
showed that a group of loci containing single-nucleotide
polymorphisms (SNPs) confer risk to AF (Gudbjartsson
et al. 2007; Benjamin et al. 2009; Gudbjartsson et al. 2009;
Ellinor et al. 2010, 2012; Sinner et al. 2014). A candidate
gene approach is another major strategy in identifying rare
mutations in AF patients. For example, using the candidate
gene approach our group successfully identified a func-
tional dominant-negative AF mutation in sodium channel
subunit gene SCN3B and suggested that SCN3B is a new
pathogenic gene of AF (Wang et al. 2010b). Variants in
non-ion channel genes GATA4, GATA6, LMNA, GREM?2,
and NKX2-5 were identified as AF-associated variants using
the candidate gene approach (Olesen et al. 2014). Somatic
mutations in GJAI and GJAS5 were first identified in atrial
tissue of lone AF patients, while germline mutations in
GJAI and GJAS were also identified by resequencing in
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lone AF cohorts (Olesen et al. 2014). Long QT syndrome
3-associated SCN5A variants were identified at a high fre-
quency in patients with early-onset lone AF (Olesen et al.
2012). However, known gene mutations and risk loci can
explain only a limited proportion of AF heritability because
of the complex genetic architecture of AF, a phenomenon
referred to as ‘missing heritability’. It is postulated that
the remaining heritability for complex diseases such as AF
may include rare variants, structural variants such as copy
number variants (CNVs), epigenetics, and gene—environ-
ment interactions (Manolio et al. 2009; Eichler et al. 2010).
In this study, we provide evidence to support the rare vari-
ant hypothesis to explain ‘missing heritability’ for AF.

The troponin complex of the thin filament of striated
muscle consists of three subunits, including troponin I
(Tnl), troponin T (TnT) and troponin C (TnC) (Takeda
et al. 2003). Troponin I, the inhibitory subunit of the tro-
ponin complex, serves as a calcium-sensitive molecular
switch in the thin filament regulatory system (Farah and
Reinach 1995). The troponin I subfamily includes three
proteins:  Tnl-skeletal-fast-twitch, = Tnl-skeletal-slow-
twitch, and Tnl-cardiac (cTnl). Cardiac Tnl is encoded by
the TNNI3 gene located on human chromosome 19q13.4
and is expressed strongly and specifically in cardiac mus-
cle tissues (Bhavsar et al. 1996). Mutations in TNNI3
were reported in patients with hypertrophic cardiomyopa-
thy (HCM, CMHY7), restrictive cardiomyopathy (RCM)
and dilated cardiomyopathy (DCM) (Lu et al. 2013). In
this study, whole-exome sequencing analysis identified a
TNNI3 mutation that caused both HCM and AF in a large
Chinese family. We further showed that rare TNNI3 vari-
ants, in aggregate, were associated with AF by sequencing
analysis of a large case—control cohort of AF.

Methods

Study subjects and isolation of human genomic DNA
samples

All study subjects were from the large GenelD database
with collection of DNA samples and clinical data from
over 80,000 study subjects with cardiovascular diseases
in the Chinese Han population (Wang et al. 2011). We
ascertained a large Chinese family with combined AF and
HCM (Figs. 1, 2). In addition, a total of 1127 AF patients
and 1583 controls without AF were enrolled into the pre-
sent study. This study was approved by the Ethics Commit-
tee of College of Life Science and Technology, Huazhong
University of Science and Technology. This study con-
formed to the principles set forth by the Declaration of
Helsinki. Written informed consent was obtained from the
participants.
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Fig. 1 An electrocardiogram

iy V-

from patient II:2 in the Chinese

family with both HCM and AF.

Typical electrocardiographic

features with a diagnosis of AF

were observed in patient I1:2

The diagnosis of AF was based on the standards as
reported in the ACC/AHA/ESC AF guidelines (Fuster et al.
2006). AF was diagnosed using electrocardiograms (ECG)
and/or Holter recordings as described by us previously (Shi
et al. 2009; Wang et al. 2010b). AF occurring in subjects
without evidence of structural heart disease and thyroid
dysfunction was classified as lone AF. The control group
consisted of healthy individuals without AF and other car-
diovascular disease. HCM was diagnosed based on data
from echocardiography as described (Gersh et al. 2011).

Genomic DNA samples were isolated from peripheral
blood samples using the Wizard Genomic DNA Purifica-
tion Kit (Promega, Madison, WI, USA) according to the
manufacture’s standard protocol.

Whole exome sequencing analysis

To identify the responsible mutation in the Chinese family
with AF and HCM, we performed whole exome sequenc-
ing analysis for three affected individuals (II:2, III:7
and IV:2 in Fig. 2) and one unaffected individual (II:5 in
Fig. 2) using our ABI SOLiD™ 5500x] Genetic Analysis
System. The preparation of a SOLiD® barcoded fragment
library was performed with the 5500 SOLiD™ Fragment
Library Core Kit (Part no. 4464412) according to manufac-
turer’s protocol (Life Technologies). Three g of genomic
DNA from each individual as the starting material was
sheared into small fragments with a mean fragment size of
165 bp by using the Covaris® System. Sheared DNA was
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Fig. 2 The pedigree structure
of the Chinese with both HCM
and AF. Males and females are
shown with squares and circles,
respectively. Filled symbols
indicate ‘affected’, and open

e

symbols are ‘unaffec.ted’. A Il:4 11 gg ICIB,i
symbol with a question mark
shows a family member without ‘
a definitive diagnosis of AF. The (W
genotype for TNNI3 mutation I:10 11:1 12 ) 03 HEA3 | k4 1114 | 115 :6 | 15 17 111:8 11:9
¢.G557A (p.R186Q) is indicated GG GA GG | GG GG  GA GA GG GA
below each symbol with DNA
available for genotyping r1
IV:1 IV:2 IV:3 IV:4 IV:5 IV:6 V:7
GA GA GG GG GG GG GA

end-repaired (5500 SOLiD™ Fragment Library Enzyme
Module) and then selected by the Agencourt AMPure®
XP Reagent (Beckman Coulter) to retain DNA fragments
between 100 and 250 bp. After addition of a dA-tail to
the size-selected DNA fragments, adaptors with specific
sequences were linked to the DNA fragments. Adaptor-
ligated, purified DNA fragments were PCR-amplified for
six cycles before exome-enrichment (5500 SOLiD™ Frag-
ment Library Amplification Module). The expected size
distribution of the DNA fragment library was verified to
be around 260 bp with Agilent Technologies 2100 Bioana-
lyzer™. The verified library fragments were then captured
in a solution using the TargetSeq™ Exome Enrichment
System. The TargetSeq™ system contained ~2 million Tar-
getSeq™ capture probes and blocker DNA sequences to
ensure hybridization specificity.

Following the exome capture step, the probe-hybrid-
ized DNA fragments were pulled down using Dynabeads
M-270 streptavidin attached to the probes, washed and
PCR-amplified with the 5500 SOLiD™ Fragment Library
Amplification Module.

Quantitative real-time PCR analysis with six control
primer pairs was used to measure exome enrichment. The
successfully enriched exome library was subjected to the
SOLiD® EZ Bead™ System to prepare templated beads.
Emulsion PCR was then performed on an E80 scale with
a titration point of 0.6 pM Targetseq library. After emul-
sion cleanup and bead enrichment, 3’-ends of the templated
beads were modified (SOLiD Pre Deposition Kit).

Templated beads were quantified using a NanoDrop®
2000 Spectrophotometer to determine the appropriate vol-
ume of sample beads to be deposited. Before depositing the
beads on the FlowChip, the templated beads were washed
three times with SOLiD® FlowChip Deposition Buffer 1.
Massively parallel sequencing of the templated beads on
the FlowChip was accomplished on the SOLiD® 5500x1
Genetic Analysis System.
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The raw data in the format of *.xsq was imported to
LifeScope™ Genomic Analysis Software to perform sec-
ondary (SAET, mapping) and tertiary (small indel, SNP
finding, annotations) analyses. Parameters for target rese-
quencing analysis were set to default values as recom-
mended. Variation annotation of genes and exons was per-
formed against refGene.hg19 (20101221). SNP annotation
was performed with reference to dbSNP 132.

Variants identified in the study were filtered or selected
according to the following criteria: (1) exclusion of variants
present in dbSNP build 132 as polymorphisms; (2) selec-
tion of heterozygous variants and exclusion of homozy-
gous variants because the disease is inherited in a dominant
mode in the family; (3) selection of variants shared by three
affected individuals and not present in the unaffected indi-
vidual II:5; (4) exclusion of variants present in 40 individu-
als without HCM or AF and with whole exome sequenc-
ing data completed in our laboratory as polymorphisms.
The derived list of variants was then analyzed using the
wANNOVAR program (http://wannovar.usc.edu/) to anno-
tate functional consequences of these variants (Wang et al.
2010a; Chang and Wang 2012). The wANNOVAR is a web
interface to the ANNOVAR software and one of the most
widely used functional annotation tools for high-through-
put sequencing data. Following the annotation by wAN-
NOVAR, polymorphisms were further filtered out using the
data from the 1000 genome project (www.1000genomes.
org/) and the NHLBI Exome Variant Server (EVS) (http://
evs.gs.washington.edu/EVS/). All variants that changed
protein coding (non-synonymous variants, splicing site
mutations, indels) were selected for follow-up studies.

For co-segregation analysis, direct Sanger sequenc-
ing analysis was performed for all family members with
DNA samples available using the BigDye® Terminator v3.1
Cycle Sequencing Kit (Life Technologies) as previously
described by us (Tian et al. 2004; Du et al. 2005; Zhang
et al. 2008).
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Mutation screening of TNNI3 mutations

In the AF patient group, high-resolution melting (HRM)
curve analysis and direct DNA sequence analysis were
used to screen for genomic variants in exons 1-6 and exons
7-8 of TNNI3 (NM_000363.4), respectively. The eight
exons and exon—intron boundaries of TNNI3 were ampli-
fied by polymerase chain reactions (PCR) with primers
listed in Table 1.

The primers were designed using Primer3web (ver-
sion 4.0.0) (Koressaar and Remm 2007; Untergasser
et al. 2012). PCR analysis was performed in a 25 pl vol-
ume containing 30 ng of genomic DNA, 10 pmol of each
primer, 10 mM of deoxynucleotide triphosphates, 2.5 .l
of 10 x PCR buffer with 1.5 mM MgCl,, and 1 unit of
Taq DNA polymerase (TaKaRa Biotechnology Co. Dalian,
China). For HRM analysis, 1.5 M SYTO® 9 green fluo-
rescent nucleic acid stain was added to the PCR mixture
(Life Technologies). The PCR profile was 94 °C for 5 min,
35-40 cycles of 94 °C for 20 s, annealing temperature
for a specific pair of primers for 20 s, 72 °C for 20-30 s,
and final extension at 72 °C for 10 m. For DNA sequenc-
ing analysis, PCR products after 35 cycles were purified
by 2 % agarose gel electrophoresis, and sequenced using
the BigDye® Terminator v3.1 Cycle Sequencing Kit (Life
Technologies).

For HRM analysis, the PCR products after 40 cycles
were loaded onto the RotorGene Q real-time PCR cycler
(Qiagen), and their melting characteristics at different
temperatures were generated as curves. Samples showing
abnormal HRM curves were identified. The potential muta-
tion represented by the abnormal HRM pattern was PCR-
amplified from the original DNA samples again and identi-
fied by direct DNA sequence analysis as described above.

Mutational analysis of TNNI3 in the control group was
performed using HRM curve analysis for all eight exons
and exon—intron boundaries as described by us previously
(Shi et al. 2009; Ren et al. 2010).

The detected variants were analyzed against the 6500
individuals whose exome variants data were reported in
the Exome Variant Server, NHLBI Exome Sequencing
Project (http://evs.gs.washington.edu/EVS/; August 2012),
the 1000 genome project data, and other existing SNP
databases.

Each identified variant was then further analyzed using
bioinformatic software, including SIFT and PROVEAN,
to predict whether the amino acid substitution affects the
function of cardiac troponin I. The SIFT (Sorting Intolerant
From Tolerant) program predicts the impact of an amino
acid substitution based on the degree of conservation of
amino acid residues (Kumar et al. 2009). The PROVEAN
(Protein Variation Effect Analyzer) program provides a

Table 1 Sequences of PCR primers used for mutational analysis of

TNNI3
Primer for direct DNA Primer for HRM curve analysis
sequencing (5'-3") (5'-3")

Exon 1

F gggctgtgtcctgtetecta caagagtccctacgectacc

R cgggcattetctgggtet cctegecctttatctcagtg
Exon 2

F gaccccatcaccaccaagac gaccccatcaccaccaagac

R aggaagtgggtttgcgagtc cccecteettggtttetete
Exon 3

F aggcacttcccatctatcec agcccctcegegtagtee

R ctaaggcgtggctgggac ggtggostcttggtggtgaat
Exon 4

F tgcccttctaaaccctccag ccacttccgeecacctacee

R ttgeccteggacttgettag ggtecectecaccgtegtet
Exon 5

F gggcttctgtctgggatagg cctgggteccgageagaaga

R gccttggaacagtggagace gcttcecteccaccecetetg
Exon 6

F ggcteccagtetaggettet caacacacaccacgttcctc

R ccccaactecteccteag agaccaagtcccagccatct
Exon 7

F atgccagtggttttgagagg aagtacccaccccctegttt

R gcatttctgaggaccectta tccecteageatectcttte
Exon 8

F gaagtgcatggggaaaattg acctctgactcatcgccatc

R cccatctgtctectgectaa tgcctaagecectgggtaata

generalized approach to predict the functional impact of
protein variations including single or multiple non-synony-
mous and indel variants (Choi et al. 2012).

Results

Clinical features of a Chinese family with HCM and AF

We identified a large Chinese HCM family with twenty
family members (9 males and 11 females; ages from 6 to
60 years) in three living generations (Table 2; Fig. 2). Ten
family members were affected with HCM, while three of
them (II:1, II:2 and III:1) were affected with both HCM
and AF (Table 2). Patient II:1 sample was not available
for this study. Patient II:2 was a 60-year-old female diag-
nosed with both HCM and AF. Echocardiography of patient
II:2 showed segmental wall motion abnormalities, left and
right atrial enlargement, mitral regurgitation and tricuspid
regurgitation. The ECG of patient II:2 showed the typi-
cal features of AF (Fig. 1). Individual III: 1 was diagnosed
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Table 2 Clinical features of study subjects in the Chinese family with AF and HCM

ID Gender Age at enrollment (years) Disease IVST (mm) PWT (mm) Left atrial diameter (mm) IVST/PWT
HCM AF

II:1 Female Not available Affected Affected - - - -
II:2  Female 60 Affected Affected 9.2 5.2 40 1.77
III:1 Female Deceased at43 yearsold  Affected Affected - - - -
III:2 Male 43 Unaffected Unaffected 10 10 40 1.00
III:3 Female 38 Affected Unaffected 14.1 8 47 1.76
IlI:4 Female 37 Unaffected Unaffected 9 8.8 1.02
III:5 Female 40 Unaffected Unaffected 6.3 7.3 29.6 0.86
III:6 Male 34 Affected Unaffected 19 11 44 1.73
III:7 Female 33 Affected Unaffected 16.9 9.4 48.4 1.80
III:8 Male 28 Unaffected Unaffected 7.5 8.1 29 0.93
II:9 Female 22 Unaffected Unaffected 7 7 - 1.00
IV:1  Male 21 Affected Unaffected 17 9 40 1.89
IV:2  Female 19 Affected Unaffected 12.8 8 30 1.60
IV:3  Female 17 Unaffected Unaffected 6 - - -
IV:4  Male 12 Unaffected Unaffected 6.8 6.3 25 1.08
IV:5 Female 10 Unaffected Unaffected 4.9 5.3 34 0.92
IV:6  Male 11 Unaffected Unaffected 6.3 53 25 1.19
IV:7  Female 6 Unaffected Unaffected - - 26 -

IVST interventricular septal thickness, PWT left ventricular posterior wall thickness

with both HCM and AF at the age of 32, and died suddenly
at the age of 43. The youngest affected member was a
19-year-old female (Table 2).

Whole exome sequencing analysis identified a mutation
in TNNI3 in the family with HCM and AF

Whole exome sequencing analysis of three affected indi-
viduals (II:2, III:7 and IV:2 in Fig. 2) and one unaffected
individual (II:5, father of III:7) was performed using ABI
SOLiD™ 5500x1 Genetic Analysis System. We employed
genomic resequencing analysis modules in LifeScope™
Genomic Analysis Software to analyze raw data (*.xsq
files). The numbers of different variants identified by whole
exome sequencing analysis were shown in Table 3. Variants
that were shared by three patients but not by the unaffected
individual were selected for further analysis. After all poly-
morphisms were filtered out, six heterozygous variants that
changed protein coding were selected as candidate variants
(listed in Table 4). Direct Sanger sequencing analysis was
used to analyze all six candidate variants for co-segregation
with the disease in the large Chinese family with HCM
and AF. Variant p.D74N in the PSGI gene was excluded as
an error during whole exome sequencing (Table 4). Vari-
ants p.A78V, p.S101P, and p.L338F were excluded because
obligate recombinant(s) were identified (i.e. patients with-
out the variant).
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The two remaining variants, p.R186Q in TNNI3 and
p-E52D in MEIGI, were found to co-segregate with all
patients in the family although non-obligate recom-
binants (unaffected individuals carrying the variant) were
identified, which may be due to incomplete penetrance
or young age (not reaching age of onset). The substitu-
tion of the E residue at position 52 by a D residue, i.e.,
p.E52D variant, in MEIG! is considered to be a mild
substitution and unlikely to be a pathogenic mutation.
Moreover, the R186Q mutation was not present in 1583
controls. All together, we concluded that R186Q is the
pathogenic mutation that causes AF and HCM in the Chi-
nese family.

Identification of novel genomic variants of TNNI3
in patients with AF

Because above studies demonstrated that TNNI3 mutation
R186Q causes both AF and HCM, we hypothesized that
TNNI3 mutations may be found in patients with AF alone.
To test this hypothesis, we screened TNNI3 mutations with
a panel of 1127 patients with a definitive diagnosis of AF
selected from the GenelD database (Table 5). The aver-
age onset age of AF was 66.57 (+£14.57) years. 33.7 % of
the AF patients can be classified as lone AF cases without
concomitants structural heart disease. The mean age of 380
lone AF patients was 56.78 £ 10.46 years.
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Table 3 Summary of whole exome sequencing statistics and genomic variants identified in the AF/HCM family by whole exome sequencing

Iv:2 IL:5 1I:2 III:7

Enrichment statistics

Enrichment fold relative to target size 12.3023 12.8434 44.0718 45.1357

Average depth of coverage within targets 10.06 9.53 18.49 31.09

Maximum depth of coverage within targets 684 468 862 1639

Number of target regions with no coverage 4014 4086 4078 3767

Target bases not covered 2,668,624 2,712,504 2,145,842 1,821,752

Target bases not covered (%) 7.16 7.28 5.76 4.89

Target bp covered at >1x (%) 92.84 92.72 94.24 95.11

Target bp covered at >5x (%) 69.70 67.70 82.02 89.05

Target bp covered at >10x (%) 41.25 38.73 63.66 78.71

Target bp covered at >20x (%) 12.56 11.16 35.12 56.78
Genomic variants statistics

Single nucleotide variants

Total number of variants 31,213 31,071 38,207 42,727

Heterozygote 14,791 (47.39 %)
Homozygote 16,422 (52.61 %)
SNP in dbSNP 28,017 (89.76 %)
Small indels

Total number of variants 1146
Heterozygote 488 (42.58 %)
Homozygote 658 (57.42 %)
SNP in dbSNP 941 (82.11 %)

14,650 (47.15 %)
16,421 (52.85 %)
27,620 (88.89 %)

1198

511 (42.65 %)
687 (57.35 %)
970 (80.97 %)

20,009 (52.37 %)
18,198 (47.63 %)
33,958 (88.88 %)

23,921 (55.99 %)
18,806 (44.01 %)
38,145 (89.28 %)

1568 1866

767 (48.92 %) 1020 (54.66 %)
801 (51.08 %) 846 (45.34 %)
1263 (80.55 %) 1479 (79.26 %)

Table 4 Candidate variants for

, . . Chromosome location Gene
AF/HCM in the Chinese family

Amino acid change

Direct sequencing results

as identified by whole exome

chr19:55663278:C/T  TNNI3

sequencing chr19:43382275:C/T  PSGI
chr10:15014529:G/IC  MEIGI
chr3:32030804:C/T  ZNFS60
chr14:23607173:A/G ~ SLC7AS
chr10:3201134:G/A  PITRMI

¢.G557A, p.R186Q
¢.G220A, p.D74N
¢.G156C, p.E52D
¢.C233T, p.A78V
¢.T301C, p.S101P
¢.C1012T, p.L338F

Unaffected individual I11:9 and IV:7 were positive
False positive

Unaffected individual III:4 was positive

Patient I1I:7, and IV:1 were negative

Patient II1:3, I1I:6 and IV:1 were negative

Patient I11:3 and I11:6 were negative

Mutation screening of all eight exons and exon—intron
boundaries of TNNI3 in 1127 AF patients revealed four
non-synonymous genomic variants (E64G, MI154L,
E187G, D196G) (Figs. 3, 4). All four variants were not
detected in 1583 controls without AF. These four variants
were not found in existing public exome databases, includ-
ing the EXAC Browser database with 60,706 exomes. The
four variants were identified in four independent patients
with persistent AF. The clinical and demographic charac-
teristics of the four AF patients are shown in Table 7, and
all the four AF patients did not have HCM. All four vari-
ants led to amino acid substitutions at residues which were
highly conserved across species (Fig. 5), suggesting that
these amino acid residues are of functional importance.
Bioinformatic analysis using SIFT and PROVEAN pre-
dicted that the variants had a damaging or deleterious effect

on the function of cardiac troponin I (Table 6). No other
TNNI3 variants were found in 1583 non-AF controls by
mutation screening of all exons and exon—intron bounda-
ries of TNNI3. Statistical analysis revealed a significant
association between TNNI3 variants in aggregate and risk
of AF in the cohort (P = 0.03 by Fisher’s exact test).

Discussion

Whole exome sequencing analysis has become an effective
tool to identify disease-causing mutations in large fami-
lies. In this study, we utilized whole exome sequencing to
characterize a large Chinese family with HCM and AF and
identified a missense mutation, R186Q, in the TNNI3 gene
that causes AF and HCM in the family. TNNI3 mutation
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Table 5 Characteristics of the GeneID AF population and control
population used for screening mutations in TNNI3

Demographic and AF population ~ Control population P
clinical feature
Number of study 1127 1583
subjects
Gender (number of 477 (42.30 %) 725 (45.8 %) >0.05
females and %)
Age (mean =+ SD 66.57 (£14.57)  60.84 (£10.1) <0.01
years)
AF 1127 0
Lone AF 380 (33.7 %) 0
Hypertension 605 (53.7 %) 792 (50.0 %) >0.05
CAD/MI 433 (38.4 %) 356 (22.5 %) <0.01
Stroke 246 (21.8 %) 360 (22.8 %) >0.05
Diabetes 143 (12.7 %) 276 (17.4 %) <0.01
Heart failure 342 (30.3 %) T4 (4.7 %) <0.01

SD standard deviation

R186Q was first reported in a French patient with HCM
(Richard et al. 2003) and later in two families with incom-
plete penetrance of HCM (Mogensen et al. 2004). In one
Caucasian family, four of the seven R186Q carriers devel-
oped HCM, whereas in the other Asian family, one of the
four mutation carriers developed the disease (Mogensen
et al. 2004). Similarly, in the large Chinese family studied
here, nine family members were found to carry the R186Q

Patient 1

Fig.3 S ing data fa
ig. equencing data for e eac

mutations of TNNI3 identified
in four different AF patients c G G G

Glu —> Gly

G G

v

mutation, but three of them (III:2, III:9, and IV:7) were
not affected with HCM or AF. This can be explained by
reduced, age-dependent penetrance of the R186Q mutation.
Since individual III:9 and IV:7 were still at a young age of
22 and 6 years, respectively, they may not reach the age of
onset.

Mutation R186Q was associated with a particularly
severe outcome. The proband of the Caucasian family with
R186Q died suddenly at the age of 32 years (Mogensen
et al. 2004). Individual III:1 in the Chinese family studied
here (Fig. 2; Table 2) died suddenly at the age of 43 years.
Identification of the responsible mutations in this family
provides important information to facilitate appropriate
medical management for mutation carriers and their off-
spring. Moreover, since the carriers with mutation R186Q
are at a high risk of sudden death, living carriers in the Chi-
nese family should be monitored closely.

Three mutation carriers in our Chinese family, includ-
ing II-1 (obligate carrier), 1I-2, and III-1 (obligate carrier),
were affected by both HCM and AF (Table 2; Fig. 2). In
contrast, none of the previously reported 12 carriers of
the R186Q mutation was affected with AF (Richard et al.
2003; Mogensen et al. 2004). It remains to be investigated
whether the causal role of the R186(Q mutation in troponin
I'in AF is limited to the Chinese population.

To further establish the association between troponin
I mutations and AF, we sequenced all exons and exon—
intron boundaries of the TNNI3 gene in 1127 AF patients.
We identified four novel genomic variants (E64G, M154L,

Patient 3
TNNI3 E187G

Glu —> Gly

Patient 2
TNNI3 M154L Met —> Leu

Patient 4
TNNI3 D196G Asp —> Gly

A T G T Cc G A T G Cc

G
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Fig. 4 Schematic structure of cardiac troponin I. a Structure of car-
diac troponin I with the location of the mutations identified in this
study indicated. b Schematic structure showing interactions among
troponin I, troponin T, and troponin C in the calcium saturated thin
filament. Cardiac troponin I is marked in red. a-Helices are shown
with cylinders (Wang et al. 2012) (color figure online)

E187G, and D196G) in TNNI3. The four variants did not
exist in 1583 non-AF controls. Moreover, we also screened
all exons and exon—intron boundaries of the TNNI3 gene
in 1583 non-AF controls, but no TNNI3 variants were
identified in the controls. Thus, a significant association
was found between TNNI3 mutations and AF (P = 0.03)
by statistical genetic association analysis. Variants E64G,
M154L, E187G, and D196G did not exist in the NHLBI
6500 Exome database, the EXAC Browser database with
60,706 exomes and other existing databases.

It is interesting to note that E64G is the first troponin
I variant identified in the helices 1 and 2 region. All four
variants occur at amino acid residues with a high degree of
conservation across species, indicating that these residues
were important for cardiac troponin I function. Bioinfor-
matic analysis predicts that all four variants may be damag-
ing to the function of troponin L.

Because E187G is next to the R186Q mutation, it is
located in a functionally important domain, which provides
support that E187G may be a pathogenic mutation for AF.
For variant D196G, it is interesting that at the same amino
acid residue 196, one missense mutation, R196N was pre-
viously reported in a French patient with HCM (Richard
et al. 2003). Thus, R196G identified in a patient with AF in
this study may be a pathogenic mutation.

Fig. 5 All five AF mutations R186Q
in cardiac troponin I occur on ) )
amino acid residues that are Cardiac Troponin I E64G M154L E187G D196G
highly conserved among dif- Homo sapiens EREAEERRGE  DAMMQALLGA  REVGDWRKNIDALS
ferent species during evolution.
The location of each mutated Bos taurus EREAEERRGE DAMMQALLGA REVGDWRKNIDALS
amino acid residue is marked in sus scrofa EREAEERRGE  DAMMQOALLGA  REVGDWRKNIDALS
red (color figure online)
Canis lupus familiaris EREAEERRGE DAMMQALLGT REVGDWRKNIDALS
Rattus norvegicus EREAEERRGE DAMMQALLGT REVGDWRKNIDALS
Mus musculus EREAEERRGE DAMMQALLGT REVGDWRKNIDALS
Xenopus laevis EHEEEERALE DAMMRALLGT REVGDWRKNVDALS
Equus caballus EREAVERRGE DAMMQALLGT REVGDWRKNIDALS
Gallus gallus EREEQERAGE DAMMAALLGS REVGDWRKNVDALS
Table 6 Bioinformatic analysis of the potential effects of TNNI3 mutations on the function of troponin I
Patient Mutation (nucleotide change) Mutation (amino acid change) SIFT PROVEAN
1 c.334A>G p-E64G Damaging-0 Deleterious-6.352
2 c.603A>T p-M154L Damaging-0.01 Deleterious-2.717
3 c.703A>G p-E187G Damaging-0.03 Deleterious-4.042
4 ¢.730A>G p.D196G Damaging-0 Deleterious-4.411
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Table 7 Clinical characteristics of AF patients with TNNI3 mutations

&

ECG feature

AF

Lung infection, AF, hypertensive heart disease, NYHA cardiac functional AF, anterior mediastina Infarction, flattened T waves

AF, hypertension, diabetes mellitus
classification 3, hypoproteinemia

Female/61

p-M154L Male/59

p.E64G

Patient Mutation Gender/diagnose age Diagnose

1

2

Springer

AF, left ventricular high voltage, ischemic ST-T changes, complete right

Chronic bronchitis, rheumatic heart disease, mitral regurgitation, AF,

CAD, pleural effusion, cardiac insufficiency

p-E187G Male/90

bundle branch block
AF, complete left bundle branch block

AF, CAD, ischemic cardiomyopathy, rheumatic heart disease, mitral

p-D196G Male/73

4

regurgitation, mitral stenosis, aortic valve regurgitation, aortic valve

stenosis

NYHA the New York Heart Association for classification of heart failure

The three-dimensional structure of the 52 kDa core
domain of human cardiac troponin I was determined
(Takeda et al. 2003). Helices 1 and 2 (residues 40-80
and 90-130, respectively), of troponin I interacts with
troponin T and forms the “IT-arm”, which interacts with
the C-lobe of troponin C (Fig. 4a) (Wang et al. 2012).
The E64G mutation is located in the first critical region
(32-79) in the first a-helix that interacts with troponin C.
Amino acid residues 150-159 form the third a-helix that
binds to the N-lobe of troponin C. The M154L mutation
is located in the troponin I-C interaction domain. The
fact that both E64G and M154L are located in the critical
domain of cardiac troponin I that interacts with troponin
C provides additional support that both variants may be
pathogenic to AF. Moreover, based on the analysis, it
is likely that E64G and M154L variants of cardiac tro-
ponin I may cause a functional effect on the interaction
between troponin I and troponin C, leading to the devel-
opment of AF. Together, these data and follow-up statisti-
cal analysis suggest that variants in TNNI3 in aggregate
are associated with risk of AF (P = 0.03 by Fisher’s
exact text). Our results are consistent with a gene expres-
sion profiling study of chronic AF, which showed that
TNNI3 expression was regulated in AF and this may be
one of the particularly characteristic of AF (Lamirault
et al. 2006).

Previously reported disease-causing mutations were
identified mostly in patients with lone AF, i.e. AF without
structural heart disease and other diseases. However, it is
well known that risk of AF is significantly increased by
advancing age, male sex, hypertension, coronary artery dis-
ease, myocardial infarction, heart failure, congenital heart
disease, valvular disease, diabetes mellitus, obesity, rheu-
matic heart disease, hyperthyroidism, and sleep apnea. In
fact, the majority of AF cases occur in the context of other
diseases. It is interesting to note that all four AF-associated
TNNI3 variants, i.e. E64G, M154L, E187G, and D196G,
were identified in patients with both AF and other common
cardiovascular risk factors (Table 7). Variant E64G was
identified in an AF patient with hypertension and diabetes
mellitus, M154L was found in an AF patient with hyperten-
sion and heart failure, and E187G and D196G were identi-
fied in AF patients with coronary artery disease (Table 7).
Therefore, troponin I mutations are associated with the
typical, common form of AF. The underlying heart diseases
may act as potential trigger or substrate for AF, which pro-
mote atrial remodeling of AF and increase risk of AF. The
four missense variants in TNNI3 may account for stress-
induced AF under the background of other cardiovascular
diseases. However, the detailed molecular mechanism by
which troponin I mutations cause AF in the context of other
cardiovascular diseases should be investigated in detail in
the future.
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GWAS have identified genomic variants at more than
10 loci for AF. However, the TNNI3 locus was not among
the loci identified by GWAS. GWAS examine relatively
common variants for association with human diseases.
Moreover, the TNNI3 variants identified in this study are
all private mutations which do not exist in any public data-
base, including the largest genomic variant database with
60,706 exomes. Due to the minor allele frequency of 0 %,
no association can be performed with each single mutation
alone with the population-based studies. Therefore, previ-
ous GWAS failed to identify the TNNI3 locus for AF. This
highlights one of the unique advantages for next genera-
tion sequencing (either whole exome sequencing or whole
genome sequencing), which can uncover rare and/or private
genomic variants that are associated with a human disease.
With regard to the methodology, we performed genome-
wide linkage analysis for the Chinese AF/HCM family with
the R186Q mutation using more than 400 markers which
span the entire human genome by every 10 cM before the
whole exome sequencing technology became available.
We failed to identify a positive locus. No positive linkage
was found with markers spanning the TNNI3 locus (LOD
score = 0.20 and —3.42 at D19S418 and D19S210, respec-
tively), or other candidate variants identified by whole
exome sequencing listed in Table 4 (LOD scores = —4.41
to 0.89). The reason for the failure of linkage analysis is
because two unaffected family members II1-9 and IV-7
turned to be mutation carriers (Fig. 2), which dramatically
reduced LOD scores. This again highlights a unique advan-
tage of next generation sequencing, which can identify a
potential pathogenic mutation in a family first, and then
genotype—phenotype analysis in the family can identify the
true causal mutation.

There are several limitations with the present study.
First, one major limitation of this study is that unfortu-
nately, family members declined further genetic analysis
so that we were unable to perform co-segregation analy-
sis in families for the four TNNI3 variants. Second, lack of
functional studies is another limitation. Future functional
studies are needed to show whether these variants have
any functional effect on the function of troponin I. Third,
the number of internal reference ancestry of 1583 controls
is low. The significant association between aggregated
TNNI3 variants and AF needs to be replicated in another
independent population, ideally in a non-Chinese popula-
tion, in the future. Fourth, although the Fisher’s exact test
detected a significant association between TNNI3 vari-
ants in aggregate and risk of AF in the cohort (P = 0.03),
SNP-set (Sequence) Kernel Association Test (SKAT) (Ion-
ita-Laza et al. 2013) failed to yield a significant P value
(0.23 before adjustment of covariates, 0.33 after adjusting
for age and gender, and 0.46 after adjusting for sex, age,
coronary artery disease, type 2 diabetes and hypertension).

The discrepancy may be due to the minor allele frequency
of 0 % for all four missense variants and the small sample
size. Future studies with a much larger population may be
needed to resolve the issue.

In conclusion, the novel finding of this study is that
mutation R186Q in TNNI3 causes both AF and HCM
in a large Chinese family. Moreover, four novel muta-
tions in TNNI3 were identified in patients with AF alone,
including E64G, M154L, E187G, and D196G. These
data expand the clinical spectrum of TNNI3 mutations.
Moreover, the data in this study revealed an unexpected
finding that variants in troponin I involved in contrac-
tion-relaxation control of the heart are associated with
risk of common AF, a disease with electrical defects in the
heart, which may reveal a new biological pathway for the
pathogenesis of AF. Finally, this study provides evidence
to support the ‘rare variants, common disease’ hypothesis
to explain missing heritability for common human disease
like AF.
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