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Abstract

The goals are to understand the primary genetic mechanisms that cause Sick Sinus Syn-
drome and to identify potential modifiers that may result in intrafamilial variability within a
multigenerational family. The proband is a 63-year-old male with a family history of individu-
als (>10) with sinus node dysfunction, ventricular arrhythmia, cardiomyopathy, heart failure,
and sudden death. We used exome sequencing of a single individual to identify a novel
LMNA mutation and demonstrated the importance of Sanger validation and family studies
when evaluating candidates. After initial single-gene studies were negative, we conducted
exome sequencing for the proband which produced 9 gigabases of sequencing data. Bioin-
formatics analysis showed 94% of the reads mapped to the reference and identified
128,563 unique variants with 108,795 (85%) located in 16,319 genes of 19,056 target
genes. We discovered multiple variants in known arrhythmia, cardiomyopathy, or ion chan-
nel associated genes that may serve as potential modifiers in disease expression. To iden-
tify candidate mutations, we focused on ~2,000 variants located in 237 genes of 283 known
arrhythmia, cardiomyopathy, or ion channel associated genes. We filtered the candidates to
41 variants in 33 genes using zygosity, protein impact, database searches, and clinical
association. Only 21 of 41 (51%) variants were validated by Sanger sequencing. We
selected nine confirmed variants with minor allele frequencies <1% for family studies. The
results identified LMNA ¢.357-2A>G, a novel heterozygous splice-site mutation as the pri-
mary mutation with rare or novel variants in HCN4, MYBPC3, PKP4, TMPO, TTN, DMPK
and KCNJ10 as potential modifiers and a mechanism consistent with haploinsufficiency.
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Introduction

Sick Sinus Syndrome (SSS) is a group of conditions caused by the abnormal pacing of electrical
activity via the sinus node; the defect results in atrial bradyarrhythmias (sinus bradycardia and
sinus arrest), atrial tachyarrhythmias (atrial fibrillation and atrial flutter), and alternating bra-
dycardia and tachycardia (bradycardia-tachycardia syndrome) [1,2]. Patients may present with
fatigue, syncope, and palpitations or may be asymptomatic. Complications include an
increased risk for embolic stroke, cardiac dysfunction, and sudden death [1,2].

SSS primarily affects the elderly with an average onset age of 68; however, early onset and
familial forms have been documented [1,3]. Inherited forms of SSS are associated with DNA
mutations in voltage-gated ion channel genes including SCN5A and HCN4 [4,5]. Compound
heterozygous mutations in SCN5A were found in three unrelated individuals with congenital
SSS; functional studies demonstrated significant defects in sodium channel gating [4]. A het-
erozygous mutation in HCN4 was found in a family with sinus bradycardia; functional studies
found decreased activity of pacemaker channels [5]. Despite this knowledge, specific mecha-
nisms in how these genetic defects result in heart dysfunction, clinical variability, and disease
progression remain unknown.

In this report, we describe a multigenerational family with adult-onset Sick Sinus Syndrome.
The goals of this study were first to identify the primary mutation and then to find potential
secondary factors that may result in the clinical variation that includes not only sinus node dys-
function but also dilated cardiomyopathy (DCM), ventricular tachycardia (VT), sudden death,
and heart failure (HF). We used exome sequencing [6] on a single individual to identify a novel
LMNA splice-site mutation and demonstrated the importance of validation and co-segregation
studies to evaluate the set of candidates. We found multigenic heterozygosity of novel or rare
variants as potential secondary factors that may serve a role in intrafamilial variability of
LMNA disease. In addition, fibroblast studies revealed monoallelic expression of the normal
allele which is consistent with haploinsufficiency.

Materials and Methods

Study family and ethics statement

We studied a multigenerational family with Sick Sinus Syndrome (Fig 1). The family has Scot-
tish, German, and Manx ancestry. Informed written consent of all 24 participants (proband
and 23 family members) was obtained in accordance with the UC Irvine Institutional Review
Board (2007-5577 and 2011-8030) that specifically approved this study. A pedigree, completed
questionnaire on health history, medical records, and biological samples were collected for
each individual and available medical records reviewed for four deceased individuals (III-8, IV-
1,IV-4,1V-6).

Each individual was classified by clinical status as affected, unaffected, or unknown.
Affected individuals required documented: 1. arrhythmia including features of SSS (sinus bra-
dycardia, sinus arrest, atrial flutter, atrial fibrillation, or bradycardia-tachycardia syndrome) by
standard electrocardiogram (EKG), Holter monitoring, or electrophysiological studies [1,2];
and/or 2. cardiac dysfunction (DCM or HF) without other causes. The diagnosis of DCM was
based on systolic dysfunction (ejection fraction (EF) < 45% and/or fractional shortening (FS)
<25%) and left ventricular dilation (increased left ventricular end-diastolic diameter
(LVEDD)) by echocardiography, radionuclide scanning, or angiography [7]. Heart failure was
defined as EF of <40%. Since the age of presentation varied (late 20s to early 50s) in the
affected family members (Table 1), we classified an individual as unaffected if the person was
at least 60 years old with no signs or symptoms of cardiac disease and/or documentation of
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Fig 1. Pedigree. Squares represent males and circles represent females with current age. Short horizontal lines denote individuals consented in the study.
Diagonal lines indicate deceased individuals with age of death (d). The proband (l1I-5) is designated with an arrow. Solid shapes (black) are affected
individuals. Unfilled shapes (white) are unaffected individuals defined as those at least 60 years old with no signs/symptoms of cardiac arrhythmia or
dysfunction and/or normal cardiac studies. Shapes with a question mark (?) are individuals classified as unknown clinical status. Individual V-7 died as a
neonate; details are not known.

doi:10.1371/journal.pone.0155421.g001

normal EKG and/or echocardiography studies. The remaining family members were classified
as unknown clinical status.

Proband: The proband (III-5, Fig 1) is a 63-year-old male who was healthy until age 54
when his EKG showed atrial flutter during evaluation for non-cardiac surgery. Subsequent
evaluations led to the diagnosis of SSS. At 54 years old, echocardiogram showed mild systolic
dysfunction and left ventricle dilation (EF 45%, LVEDD 58 mm). Myocardial perfusion
study showed exercise intolerance but no signs of ischemia. At presentation, he felt well not-
ing mild exercise intolerance for the past year with no palpitations or chest pain; he took no
medications. At age 49, he had normal systolic function and LV dilation by echocardiogram
(EF 53%, LVEDD 61 mm) and a normal myocardial perfusion study. He had a normal EKG
at age 53. Past medical history included nephrectomy and splenectomy after trauma as a
child. He has hyperlipidemia. He denied the use of alcohol, tobacco, or drugs. He had a nor-
mal birth and development with no signs or symptoms of neuromuscular disease. Serum cre-
atine phosphokinase (CK) levels were normal (CK = 192, 128, and 118 IU/L; normal: 60-
400 IU/L).

Affected family members: There are 14 affected family members (Fig 1): six living (three
sisters II1-1, III-4, ITI-6 and three nieces IV-5, IV-15, IV-16) and eight deceased individuals
(I-3,1I-8, I1-13, I1I-8, I1I-10, IV-1, IV-4, IV-6). The main clinical features are provided in
Table 1.
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Table 1. Clinical features of the proband and 14 affected family members.

ID
.1-3%
1-82
1-132
-1

. l-4

. I-5

. I-6

No o s op =

8. 11l-8

9. 1I-10®
10. IV-1
11.1V-4
12.1V-5
13. IV-6
14. IV-152
15. 1IV-16

Relationship Sex Currentage (y) Pxage(y) Cardiac history (age at diagnosis)

Mat GF
mother
Mat aunt
sister
sister
proband
sister

first cousin

first cousin
nephew
nephew
niece
nephew
niece
niece

M

mm T L

d.58 40s Cardiomyopathy
d.52 40s Arrhythmia & cardiomyopathy; pacemaker and died from CVA(52)
d.58 40s Arrhythmia & cardiomyopathy
71 49 Bradycardia & AF(49); atrial flutter, sinus arrest & pacemaker(52); DCM & HF(61)
65 49 Atrial flutter, pacemaker & NSVTx1(49); AF(50); DCM(55); NSVTx1(62)
63 54  Atrial flutter(54), VT & ICD(57); CVA(58) & DCM(58); HF(59)
61 46 AF, SVT, bradycardia & sinus arrest(46); pacemaker & atrial flutter(49); NSVTx1
(58&59)
d.54 41 Bradycardia(43); AF(44); atrial flutter(45); SSS & NSVT(47) pacemaker(51); DCM, HF,
VF & SCD(54)
d.54 54 Bradycardia, pacemaker, SCD(54)
d.42 38 DCM, HF & PVCs(38); bradycardia & SVT(39); VT & ICD(40); SCD(42)
d.35 35 Acute CVA, AF, cardiomyopathy & SCD(35)
39 36 Bradycardia, PVCs, NSVT, mild cardiomyopathy and pacemaker(36)
d.40 28 DCM, HF, VT & ICD(28); end-stage HF, LVAD & heart transplant(33)
41 32 Sick sinus syndrome(35); pacemaker(38)
38 34  Atrial flutter & AF(34); bradycardia and possible CVA(35)

&Information obtained by family history only; medical records were not available for review.

Abbreviations: Px, Presentation; y, years old; Mat, Maternal; GF, grandfather; d., died; CVA, cerebrovascular accident; AF, atrial fibrillation; DCM, dilated
cardiomyopathy; HF, heart failure; NSVT, nonsustained ventricular tachycardia; SCD, sudden cardiac death; VF, ventricular fibrillation; VT, ventricular
tachycardia; ICD implantable cardiac defibrillator; SVT, supraventricular tachycardia; PVC, premature ventricular complex; LVAD, left ventricular assist

device.

doi:10.1371/journal.pone.0155421.t001

Molecular studies

Sanger sequencing: To identify the primary mutation in the proband, we conducted DNA
sequencing for the 27 exons of SCN5A and seven exons of RYR2 (exons 8, 15, 44, 47, 49, 90,
94). PCR primers sequences were obtain from literature [8] or designed using Primer3. The
sequencing data was compared to reference genes using DNA Sequencher (Gene Codes, Ann
Arbor, MI). To identify potential mutations from polymorphisms, all DNA variations were
analyzed using existing databases including NCBI dbSNP, UCSC Genome Browser, NHLBI
ESP Exome Variant Server, and OMIM.

Exome sequencing: DNA was extracted from the proband’s blood using the Gentra Pure-
gene protocol (QIAGEN, Valencia, CA). DNA was sent to Otogenetics (Norcross, GA) for
enrichment using the NimbleGen SeqCap EZ Human Exome Library v2.0 (Roche NimbleGen,
Madison, WI) and Illumina HiSeq2000 paired-end sequencing (Illumina, San Diego, CA).
NimbleGen enrichment targeted 19,056 genes consisting of 194,954 exons; design and annota-
tion files are available online (www.nimblegen.com).

Bioinformatic analysis: The DNAnexus system (DNAnexus, Mountain View, CA) was used
to align the data to the human genome reference (hgl9). The number of targeted exons
sequenced and average read coverage for each exon was determined with DNAnexus Exome
Analysis. DNAnexus Nucleotide Level Variation Analysis was utilized to identify DNA vari-
ants: single-nucleotide, multi-nucleotide, small insertions, and small deletions and to deter-
mine potential zygosity of each variant. A potential heterozygous variant was defined as a
nucleotide difference in at least two mapped reads and a potential homozygous variant as a
nucleotide difference in all mapped reads.
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Variant filtering: The list of variants was filtered in a step-wise approach (Fig 2) to identify
potential mutations and possible modifiers from benign polymorphisms. First, we filtered by
location, either as a variant found within or outside of a protein-coding gene (gene or non-
gene). Second, we filtered by gene type focusing on variants found in a list of 283 candidate

All variants

128,563
Location s !
Gene Non-gene
108,795 )L 19,768
Gene Type .
Candidate gene ) [ Non-candidate
2,077 ) L 106,718
Zygosity v 1
i Heterozygous Homozygous
E522 ) 555
Protein
Impact p y . v
Protein change No change
] 141 ] 1,381
Allele
Frequency y v
MAF <1% MAF >1%
30 111
Cllnlf:a! | —
Association
Yes No
11 100
Candidates
41

Fig 2. Step-wise approach to identify candidate mutations and potential modifiers. We filtered the 128,563 variants identified
from exome sequencing to 41 candidates using six criteria: location (gene or non-gene), gene type (283 arrhythmia, cardiomyopathy
or ion channel associated genes), zygosity, predicted protein impact, allele frequency, and clinical association. Types of variants
filtered out are marked with a circle with a diagonal line. Abbreviations: MAF, minor allele frequency.

doi:10.1371/journal.pone.0155421.9002
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genes (Appendix A in S1 File) that included 158 genes associated with arrhythmia or cardio-
myopathy and 125 genes that encoded for ion channels. These variants were filtered by poten-
tial zygosity (heterozygous or homozygous) and then by predicted protein impact (change or
no change). Variants that were predicted to alter the protein included non-synonymous amino
acid changes (missense), truncation of the polypeptide (nonsense), or potentially altered RNA
splicing (splice-site). Splice-site variants were classified as those located in the splice consensus
sequences (C/A)AGgt(a/g)agt and cagG for donor and acceptor sites, respectively [9]. Variants
that were predicted to result in no change to the encoded protein included those found in an
intron, 5" or 3’ untranslated regions (UTR), and upstream or downstream of the gene. Each
variant was classified by allele frequencies. We defined “novel” variants as those absent from
databases as described for Sanger sequencing. For known variants, population allele frequen-
cies from NCBI dbSNP (build 135) and NHLBI ESP Exome Variant Server (ESP5400) were
used to identify rare variants (minor allele frequencies (MAF) <1%) from low-frequency/com-
mon variants (MAF >1%). Finally, we used OMIM, Pubmed, and Google searches to find
reported clinical associations for known variants.

Validation and family studies: The candidate mutations were validated using Sanger
sequencing as described above. The “confirmed variants” were defined as those validated by
Sanger sequencing in at least two experiments. To identify the primary mutation, family studies
were conducted by Sanger sequencing to determine co-segregation of the confirmed variants
and the condition. The presence (+) or absence (-) of the variant was detected by using saliva
or blood DNA for nine individuals: four affected (III-1, III-4, III-5, IT1I-6) and five unaffected
(I1-7, II-11, I1-14, I1I-2, ITI-3) individuals.

Fibroblast collection and LMNA genomic sequencing: After informed consent of the family
members (Patients: III-1, ITI-5, and IV-5 and Family Controls: III-2 and III-3) two dermal
punch biopsies were obtained and primary cultures were established using standard proce-
dures. In addition, human dermal fibroblast from two healthy individuals (Non-family Con-
trols) (Lonza Group Ltd, Basel, Switzerland: catalog #CC-2511) were used as unrelated
controls. All fibroblasts were cultured in MEM media containing 10% Fetal Bovine Serum
(Sigma Aldrich, St. Louis, MO) and 1X HyClone Antibiotic Antimycotic Solution (Thermo Sci-
entific, Waltham, MA). Fibroblasts were harvested at approximately 80-100% confluency for
DNA and RNA studies.

Genomic DNA was isolated from fibroblasts using the Blood and Cell Culture DNA Mini
Kit (Qiagen, Valencia, CA). Sanger sequencing was conducted for the 12 exons of LMNA to
confirm the presence of a single mutation in patient fibroblasts and the absence in control
fibroblasts and to evaluate for exonic variants. PCR primer sequences were obtained from liter-
ature [10] or designed using Primer3 [11] (Table A in S1 File).

Qualitative RNA Analysis of Fibroblasts: To evaluate the impact of the LMNA splice site
mutation, total RNA was isolated from fibroblasts using the QIAshredder and RNeasy Mini
Kit (Qiagen, Valencia, CA) and quantified with a NanoDrop 1000 Spectrophotometer
(Thermo Scientific, Waltham, MA). cDNA was synthesized using 100 ng of RNA with the
QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA). Targeted sequences between
LMNA exons 1-4, 1-10, and 10-11 were PCR amplified from the cDNA with cDNA specific
primers designed using NCBI Primer-BLAST [12] (Table A in S1 File). PCR products were
resolved using a 2% Gene Pure LE Agarose (ISC BioExpress, Kaysville, UT) gel containing
ethidium bromide and imaged with a Universal Hood II Gel Doc (Bio-Rad Laboratories,
Irvine, CA).
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Results

The primary goal of this work was to investigate the genetic mechanisms that can contribute to
SSS. This work was previously presented in abstract form at the ASHG 2012 meeting: http://
www.ashg.org/2012meeting/abstracts/fulltext/f120122793.htm.

Sanger sequencing: no SCN5A and RYRZ2 mutations

To accomplish this, we first performed Sanger sequencing and found four previously reported
exonic variants in SCN5A (1s6599230, rs1805124, rs7430407) and RYR2 (rs3765097). Of these,
the SCN5A rs1805124 (p.His558Arg) was the only non-synonymous variant. SCN5A
rs1805124 was also found by exome sequencing and was analyzed further as a potential modi-
fier (Table 2).

Exome sequencing and variant filtering: 41 candidates

To expedite mutation discovery and find potential modifiers, we conducted exome sequencing
instead of additional single-gene studies. Based on the pedigree (Fig 1), we hypothesized that
the primary mutation was a heterozygous, autosomal dominant variant found in the proband

Table 2. Confirmed variants (n =21) in 18 of 283 genes-known arrhythmia, cardiomyopathy or ion channel genes.

Gene

ACADS
ALMS1°¢
CACNA1S
DMPK®
FGA
HCN4°
HFE
KCNJ10°
KCNJ12
10. KCNK15
11. KCNMB1
12. LMNA®
13. LMNA
14. MYBPC3°
15. MYH7
16. PKP4°
17. SCN5A
18. SCN5A
19. TMPO®
20. TTN®

21. TTN

(S o o1 [ES (00 IS

©

Position (hg19)
chr12:121176083
chr2:73675231
chr1:201044748
chr19:46274624
chr4:155507590
chr15:73615097
chr6:26091336
chr1:160012270
chr17:21319654
chr20:43378770
chr5:169810796
chr1:156100406
chr1:156107534
chr11:47357479
chr14:23900794
chr2:159519581
chr3:38645420
chr3:38647642
chr12:98928103
chr2:179587949
chr2:179582537

MAF (%)?
Variant Predicted impact dbSNP ID NCBI EVS Clinical association®
c.625G>A Gly209Ser; splicing  rs1799958 18 26 Risk allele for SCAD deficiency
¢.1579_1580insCTC  Leu527ProLeu rs34628045 nd nd -
c.1828-5T>C Splicing rs1998721 25 22 -
c.1616C>T Thr544Met rs146680240 09 13 -
c.991A>G Thr331Ala rs6050 33 25 Risk allele for thromboembolism in AF
c.3337A>G Met1113Val rs142735148 nd 1.3 Mutation or risk allele for bradycardia
€.340+4T>C Splicing rs2071303 46 33 -
c.53G>A Arg18GIn rs115466046 0.5 1.6 Mutation or risk allele for autism
€.997_999delGAG Glu333delGilu rs142879302 nd nd -
c.284A>G Glu95Gly; splicing rs1111032 40 50 -
c.193G>A Glu65Lys rs11739136 9.8 10 Risk allele for hypertension (protective)
c.357-2A>G Splicing rs113610699 nd nd -
c.1698C>T His566His; splicing rs4641 20 25 -
€.2686G>A Val895Met rs35078470 0.3 0.5 Mutation or modifier for HCM
c.732C>T Phe244Phe; splicing rs2069542 23 18 -
€.2384G>A Arg795Lys rs139221917 0.1 0.1 -
c.1673A>G His558Arg rs1805124 21 23 Risk allele or modifier of arrhythmia
c.1141-3C>A Splicing rs41312433 15 19 Risk allele for longer QT interval
c.2068C>T Arg690Cys rs17028450 0.1 0.1 Mutation for DCM
¢.18053G>C Thr6018Ser novel nd nd -
€.21332C>A Ala7111Gilu; splicing  rs2627043 39 20 -

@Population allele frequencies obtained from NCBI dbSNP (build 135) and NHLBI ESP Exome Variant Server (ESP5400, EA cohort only)
bPDetermined by OMIM, Pubmed, and Google searches to find reported clinical associations for known variants.

®Variants selected for family studies(n = 9).
Abbreviations: MAF, Minor Allele Frequency; SCAD, Short-chain acyl-CoA dehydrogenase; IVS, intervening sequence; SS, splice site; nd, no data; AF,
atrial fibrillation; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy.

doi:10.1371/journal.pone.0155421.1002
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and tracked with all affected family members. We then considered potential mutations that did
not track completely with the disease as potential modifiers.

We obtained 9,051,019,760 bases of raw data from 97 million reads. DN Anexus Exome
Analysis showed that 94% of reads mapped to hgl19 and 98% (191,866 of 194,954) of target
exons were sequenced completely. Average mean read coverage of each exon was 129X + 109X
(range: 0 to 7108X), and 92% of the exons had mean coverage above 30X. For the 283 candidate
genes, the average mean read coverage of each exon was 109X + 46X (range: 0 to 1990X)
(Table B in S1 File).

We identified 128,563 unique variants with 108,795 (85%) variants located in 16,319 genes
of 19,056 target genes (Fig 2). We found 2,077 (1.6%) variants located in 237 of 283 genes in
our panel of arrhythmia, cardiomyopathy, and ion channel associated genes. Of these 2,077
variants, we found 1,522 heterozygous variants including 296 coding and 1,258 non-coding
variants located in 211 genes. Two variants were in a region that was coding and non-coding in
two different isoforms. Of the 1,522 heterozygous variants, we found 141 variants that were
predicted to impact the protein. Of these 141 variants, 21 were novel and 120 were known vari-
ants. We then filtered the candidates to 41 variants in 33 genes consisting of the 21 novel vari-
ants and an additional 20 known variants that were rare (MAF <1%) and/or had a previously
reported clinical association.

Validation and family studies

We confirmed 21 of 41 (51%) candidates by Sanger sequencing (Table 2 and Fig 3). Compared
to known variants, the majority of the novel variants were exome sequencing artifacts. All 20
(100%) known variants were validated compared to only one of 21 (5%) novel variants. The
KCNJI12 variant (¢.997_999delGAG) was excluded from further analysis since the result may
be due to sequencing of KCNJ12-like pseudogenes [13]. Next, family studies were conducted
for nine confirmed variants with MAF <1% and/or with previously reported clinical associa-
tion (Table 2 and Fig 4). These results identified LMNA ¢.357-2A>G (p.N120Lfs*5)
(NM_170707.3), a novel heterozygous splice-site mutation as the primary mutation that is pre-
dicted to form an aberrant mRNA with an out of frame deletion of exon 2 and introduction of
a premature termination codon (Fig 5). The aberrant mRNAs transcribed from the mutated
allele would be predicted to be eliminated by nonsense-mediated mRNA decay (NMD). In
addition, we found rare or novel heterozygous variants in HCN4, MYBPC3, PKP4, TMPO,
TTN, DMPK, and KCNJ10 as potential modifiers (Table 2).

RNA studies: no aberrant splicing and monoallelic expression

Our qualitative analysis comparing LMNA mRNA in fibroblast derived from three patients
and four controls (unaffected family members and commercial lines) did not reveal any aber-
rant splice products (Fig 6a). The sequence analysis of LMNA cDNA fragments containing a
region between Exon 1-4 indicated that Exon 2 is present in both control and mutant fibroblast
lines (Fig 6b). In addition, the sequence analysis of LMNA cDNA fragments containing a
region between Exon 1-10 did not reveal any other splicing defects.

To determine which LMNA allele was expressed, we took advantage of an exonic variant
detected in our genomic DNA studies. While these results confirmed the presence of a single
heterozygous LMNA mutation in all three patient fibroblasts and the absence of LMNA protein
encoding mutations in all four control fibroblasts, we also found all three patients were hetero-
zygous for a C/T variant located in exon 10 (rs4641: NM_1701707.3:c.1698C>T). These find-
ings are consistent with the LMNA splice-site mutation in intron 1 being in cis with rs4641
variant T. When we compared LMNA genomic and cDNA sequences at exon 10 for the three
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Fig 3. Sanger validation of candidates. Of the filtered 41 candidates, 21 variants were confirmed by Sanger sequencing. Two examples are
provided: TMPO p.Arg690Cys variant (C>T) for a confirmed variant and an LDB variant (A>T) for an unconfirmed variant (artifact). Exome
sequencing reads (top) are represented as horizontal lines (forward reads in blue and reverse reads in green); variant nucleotides are shown in red.

Sanger sequencing chromatograms (bottom) are provided.

doi:10.1371/journal.pone.0155421.9003

patients, the cDNA sequence contained C at rs4641 indicating only monoallelic expression of

the normal LMNA allele (Fig 6c¢).

Discussion

Discovery of the primary mutation by exome sequencing

Due to vast genetic heterogeneity in human cardiomyopathies, traditional “single-gene”
approaches are limited when used to identify the primary disease-causing mutation, and new
genomic technologies including whole exome sequencing (WES) are now being used [14].
WES uses high-throughput sequencing to catalogue an individual’s DNA variation in over
20,000 protein-encoding genes allowing identification of the primary mutation in patients and
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Fig 4. Family studies. We conducted Sanger sequencing for nine family members (top row) to follow the segregation of nine confirmed candidates (first
column). The studies included four affected individuals: proband and three sisters and five unaffected individuals: paternal aunt, maternal aunt, maternal
uncle, and two siblings. Results depicted as the presence (+) or absence (-) of the DNA variant. Only LMNA ¢.357-2A>G (marked in gray) was present in all
affected and absent in all unaffected individuals.

doi:10.1371/journal.pone.0155421.9g004

families with inherited disease including mitochondrial, dilated, and hypertrophic cardiomy-
opathies [6,15].

In this work, WES of a single affected individual was applied to find the primary disease-
causing mutation in a family with SSS, DCM, and sudden death. Recently, three other studies
used WES of multiple individuals to identify LMNA mutations in families with similar clinical
features. WES of six members (five affected and one unaffected) identified a novel LMNA non-
sense mutation (p.Arg225X) in a Japanese family [16], and WES of four members (three
affected and one unaffected) found a known LMNA missense mutation (p.Lys219Thr) in an
Italian family [17]. WES of five members (three affected and two unaffected) identified a novel
LMNA missense mutation (p.Gly232Val) in a Chinese family [18]. In these three studies, WES
of multiple family members had several advantages compared to WES of only a single individ-
ual. One advantage is the reduction of WES artifacts by focusing on shared variants among
affected family members [6].
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Fig 5. Novel LMNA mutation ¢.357-2A>G (p.N120Lfs*5). Left panel shows the exome sequencing reads of the proband represented as horizontal lines
(forward reads in blue and reverse reads in green). Variant nucleotides are shown in red. Right top panel shows the Sanger sequencing chromatograms:
normal allele ¢.357-2A for unaffected individuals and heterozygous mutation ¢.357-2A>G / ¢.357-2A for the proband and affected family members. The right
bottom panel shows the predicted mRNA and amino acid sequences for the normal and mutated sequences. The mutation is predicted to result in skipping of
exon 2 and premature truncation.

doi:10.1371/journal.pone.0155421.9005

Our study demonstrated WES of a single affected individual can be done successfully to
identify the primary mutation with two critical steps: validation and family studies. Validation
was necessary in this study because of the high level of WES false-positive variants. After filter-
ing, 41 WES variants were candidates with only 21 validated by Sanger sequencing. Indeed,
nearly all novel candidate variants were WES artifacts; in contrast, all known variants were vali-
dated. These false-positive variants have been seen previously with such techniques and may
be due to a number of factors in variant calling including read coverage, data quality, enrich-
ment method, sequence alignment, and bioinformatics pipeline [6,19,20]. In retrospect, the
number of false-positives might have been reduced if we used increased stringency for data
quality, read coverage, and heterozygosity calling [21]. While WES of additional individuals
may have reduced the number of artifacts; however, false-positive variants cannot be elimi-
nated completely [18]. Until there is accurate and consistent variant calling for WES, our
results demonstrate the value of validation especially for all novel variants identified in a single
individual.

The second critical step to identify the primary mutation was family studies to investigate
co-segregation and to properly identify the primary mutation among multiple candidates that
included reported putative mutations. We used Sanger analysis of candidate variants in
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Fig 6. Qualitative Analysis of LMNA mRNA in Patient and Control Fibroblasts. (A) Electrophoresis: cDNA fragment analysis of Exon 1-4
of LMNA isolated from fibroblasts of unaffected age-matched family member I1I-2 (HOM Normal (F): lane 2), proband with mutation ¢.357-
2A>G (HET Mutation: lane 3), and non-family control (HOM Normal (NF): lane 4). Genomic DNA from a non-family control fibroblast line
served as a negative control (lane 5). (B) cDNA Sequences: Sequencing of cDNA fragments showing exon junctions between Exon 1-2 and
Exon 2-3 for the proband (HET Mutation) and an unaffected age-matched family member (HOM Normal). (C) Allelic Expression: Sequences
from genomic DNA and cDNA from patient with mutation showing single nucleotide polymorphism rs4641 in exon 10. The top panel shows the
monoallelic expression with nucleotide C in the cDNA while the bottom panel shows heterozygosity for C/T in the genomic DNA.

doi:10.1371/journal.pone.0155421.9006

multiple affected individuals (three siblings) but also five unaffected individuals (>>60 years
old). We found only the LMNA ¢.357-2A>G variant completely segregated with the phenotype
and was not found in all five unaffected individuals.

In contrast to previous reports, our study does not support the role of TMPO p.Arg690Cys
[22], MYBPC3 p.Val895Met [23,24], and HCN4 p.Met1113Val [25] as highly penetrant, pri-
mary mutations. We excluded TMPO p.Arg690Cys as the primary mutation in our family
although this variant was implicated as a DCM mutation [22]. Since the lamin A protein inter-
acts with Thymopoietin (TMPO), now designated as lamina-associated polypeptide 2 (LAP2),
a DCM cohort was screened for TMPO mutations. The TMPO p.Arg690Cys variant was found
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in two brothers with severe DCM; functional studies supported pathogenicity that showed
reduced lamin A binding of the TMPO p.Arg690Cys protein in vitro [22]. Our family studies
showed that two of three affected siblings and three unaffected family members (79-year-old
paternal aunt and two older siblings), had the variant; therefore, we concluded that TMPO p.
Arg690Cys variant was not the primary mutation in our family. This may suggest that addi-
tional factors may contribute to the expression of TMPO/LAP2-associated DCM.

Our study also does not support the role of MYBPC3 p.Val895Met as a highly penetrant,
primary mutation. MYBPC3 mutations have been known to contribute hypertrophic cardio-
myopathy (HCM); however, the role of the MYBPC3 p.Val895Met variant is not clear. As evi-
dence for pathogenicity, pVal895Met was found in a single “white” patient [23] and five
patients from two unrelated Chinese families [24]. The variant also was considered a potential
modifier of HCM after it was found in a European HCM family with a second variant MYH7
A355T; one affected individual had only the MYH?7 variant and three affected had both vari-
ants including one patient with a severe phenotype [26]. Since only the proband and his
69-year-old unaffected brother had the MYBPC3 p.Val895Met variant, we concluded that the
variant is not the primary cause for disease in our family.

Finally, HCN4 p.Met1113Val was another interesting candidate since HCN4 mutations con-
tribute to familial sinus bradycardia [5] with preliminary evidence for an association of HCN p.
MI1113V and post-partum sinus bradycardia [25]. Among 15 affected women; one subject had
a previously published HCN4 mutation and two subjects had the HCN p.M1113V variant [25].
In our family, we found the lack of segregation for the HCN p.M1113V and heart disease; only
one affected sibling but also two unaffected family members had this variant including a
healthy 79-year-old paternal aunt.

Lamin A/C and the predicted impact of LMNA ¢.357-2A>G

Primary mutations in LMNA are well-documented causes of inherited diseases collectively
called the “laminopathies” that include isolated cardiac disease with arrhythmia and DCM
[10,27,28]; skeletal myopathies: Emery-Dreifuss muscular dystrophy and limb-girdle muscular
dystrophy; premature aging syndromes as Hutchinson-Gilford progeria syndrome (HGPS);
and lipodystrophies. LMNA is located at chromosome 1q22, contains 12 exons, and encodes
multiple isoforms through differential splicing including lamin A and lamin C. The protein
structure for lamin A includes an N-terminal globular head, a long central alpha helical rod
domain with four segments (1A, 1B, 2A, and 2B), and a C-terminal tail that contains an immu-
noglobulin-like fold region, nuclear translocation signal, and CAAX box used for post-transla-
tional modifications [29]. The lamin proteins assemble into intermediate filaments and higher
order structures to form the nuclear lamina, the structural matrix of the nuclear envelope that
interacts with both the cell nucleus and cytoskeleton [30]. Through these interactions, lamin
A/C plays key roles in nuclear architecture and stability, cytoskeletal mechanics, and multiple
nuclear functions including signal transduction and chromatin regulation [30].

We report LMNA ¢.357-2A>G, a novel transition at the splice acceptor site in the first
intron as the primary mutation in a family with SSS and DCM. A mutation at the adjacent
nucleotide in the same splice acceptor site, LMNA ¢.357-1G>T was reported in three patients
with arrhythmia and DCM [31,32]. In a cohort of 324 DCM patients, LMNA ¢.357-1G>T was
detected in one family that consisted of a 64 year-old proband with heart transplantation at age
61, atrial fibrillation, and a pacemaker/ICD and his 33 year-old son diagnosed with heart fail-
ure at age 28, premature ventricular contractions (PVCs), and a pacemaker/ICD [31]. LMNA
¢.357-1G>T also was found in one French patient with sporadic DCM, a 34 year-old male
with NYHA class III heart failure, LBBB and atrial fibrillation [32].
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To investigate the molecular mechanism by which LMNA ¢.357-2A>G leads to adult-onset
SSS and DCM in our family, we conducted RNA studies on patient and control fibroblast. Our
results are consistent with haploinsufficiency due to monoallelic expression of the normal
LMNA allele in mutant fibroblast. Although the LMNA ¢.357-2A>G mutation is predicted to
result in transcription of aberrant mRNAs with an out of frame deletion of exon 2 and intro-
duction of a premature termination codon (PTC), we found no evidence for aberrant LMNA
splicing. These results suggest that the aberrant mRNAs transcribed from the mutated allele
were eliminated by nonsense-mediated mRNA decay (NMD) as described for other LMNA
mutations [33-35].

Surprisingly, our findings were consistent with haploinsufficiency due to NDM that con-
flicted with the RNA studies conducted for the LMNA ¢.357-1G>T family [31]. Since both
mutations are at the same splice site, we expected LMNA ¢.357-1G>T and LMNA c.357-
2A>G to both produce the same aberrant products that would be subject to NMD. However,
for the LMNA ¢.357-1G>T, RNA studies showed skipping of exon 2 in the explanted heart of
the proband and expression of the aberrant transcript [31]. The lack of elimination by NMD
and subsequent translation would result in a truncated mutant lamin A protein (124 amino
acids) that might have dominant-negative effects on the structural matrix of the nuclear enve-
lope and cytoskeletal mechanics. Evidence for this mechanism by protein studies was not pro-
vided [31].

One possible explanation for these conflicting results may be due to tissue-specific differ-
ences: the RNA analysis of LMNA ¢.357-1G>T was performed in heart tissue compared to our
studies in fibroblasts. Differences in NMD mRNA decay efficiency have been found between
various tissues in a mouse model [36]. Human studies have also shown PTC mutations that
result in NMD in one tissue and transcription of aberrant RNAs in a different tissue [37]. This
includes RNA studies from explanted heart tissue and cultured fibroblasts from a family with a
LMNA nonsense mutation [38]. The role of “incomplete NMD” was suggested after a weak
reduction of mutant transcripts was observed in heart tissue compared to skin fibroblasts.
Thus, it is possible that there are tissue-specific differences in the efficiency of NMD in the
heart and fibroblasts that result in different mRNA surveillance outcomes. As heart and muscle
tissue are not available from our family, our future studies will include RNA and protein analy-
sis of cardiomyocytes differentiated from patient-derived induced pluripotent stem cells. These
studies may provide additional evidence for haploinsufficiency in fibroblast and a dominant
negative effect in the heart resulting from tissue-specific differences in NMD efficiency.

Intrafamilial variability and potential LMNA modifiers

The clinical features, phenotypic spectrum, and types of LMNA mutations have been well-doc-
umented for isolated cardiac disease with arrhythmia and DCM [10,27-29]. Our family dis-
played the typical features of conduction system disease, DCM, risk for death, and an absence
of skeletal muscle disease. Affected individuals also had typical disease course that began in
middle age [10] and often progressed with age: atrial enlargement and bradyarrhythmias in the
2nd-3rd decades, AV heart block in the 3rd-4th decades, atrial flutter and atrial fibrillation in
the 4th-5th decade, and then left ventricular enlargement, systolic dysfunction, heart failure,
ventricular arrhythmias, and thromboembolism [28,39,40].

We also noted considerable intrafamilial variability amongst affected individuals in our
family. Intrafamilial variability has been reported within large multigenerational LMNA fami-
lies [39-43]. One of the largest families is a German family with a LMNA mutation
(c.906_907delCT) consisting of nine generations and nearly 500 family members [39,40,44].
Although the disease progressed in distinct stages, there was considerable variation in
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pacemaker implantation [39], age of onset [40], and disease severity [43] among affected indi-
viduals. In addition, sudden death clustered in the different family lineages; more than half of
the individuals with sudden death had a parent who died by the same way [39]. Our family
showed considerable intrafamilial variability that involved an earlier age of presentation and
increased severity of disease in the generation after the proband (Table 1). The average age of
presentation for affected individuals in generation III (33.8 + 3.5 years old, n = 6) was lower
compared to that in generation II (48.8 £ 5.0 years old, n = 6). The earlier disease presentation
may be due to early clinical screening in subsequent generations due to the family history.
However, sudden death also occurred younger in generation III (39 years old versus 54 years
old). Therefore, additional factors need to be considered.

Intrafamilial variability has been attributed to a number of factors: early clinical screening,
environmental factors, age, gender, response to therapies, and genetic factors; however, the role
of these factors in the relationship between genotype and phenotype is not understood [44-
46]. By WES, we identified rare and novel variants in other cardiomyopathy/arrhythmia-asso-
ciated genes, and we speculate that these may serve as potential genetic modifiers. Genetic
modifiers are defined as secondary DNA variants that change the phenotypic outcome of the
primary mutation in another gene [47]. The secondary DNA variant(s) may modulate the
effects of the primary mutation through altered penetrance, dominance modification, or
changing expressivity [47].

Only a few examples of genetic modifiers have been described in humans; thus, their mecha-
nisms are poorly understood [48,49]. This includes a possible “digenic” mechanism to explain
variability within a family with the LMNA R644C mutation and a second mutation in Desmin
(DES) [50] and in another family with a de novo LMNA S326T mutation and a second muta-
tion in the X-linked Emerin (EMD) gene [51]. Individuals with two “single-gene” mutations,
one in LMNA and a second in DES or EMD had early-disease onset and increased severity
[50,51]. More recently, a family with variability for DCM was discovered to have a LMNA
K219T mutation and a second mutation in Titin (TTN) [17]. Family members with two “sin-
gle-gene” mutations had an earlier age of heart transplantation compared to those with only
the LMNA mutation which suggests TTN may act as modifier of LMNA DCM [17].

By WES studies, we found many potential modifiers that will require further analysis
(Table 2) including a novel TTN p.Thr6018Ser variant, the rare variants reported as putative
mutations including TMPO p.Arg690Cys [22] and p.MYBPC3 Val895Met [23,24,26], and
common variants including p.SCN5A His558 Arg associated with increased risk for arrhythmia
[52]. In addition, we found PKP4 p.Arg795Lys in all four affected members and in one unaf-
tected member (III-2). Digenic heterozygosity of mutations in desmosomal genes such as
PKP4 gene has been found to play a role in the variable phenotype in arrhythmogenic right
ventricular cardiomyopathy [53]. Further studies are needed to determine the role of digenic
heterozygosity of LMNA and each potential modifier gene in the variable phenotype of our
family.

We also need to consider that interfamilial variability may involve complex multigenic
interactions [44-46]. For each individual in population studies, a vast amount of DNA varia-
tion was seen that includes >1 million variants throughout the genome, >20,000 variants in
the protein encoding regions that include hundreds of rare nonsynonymous and potentially
damaging variants at highly conserved positions [6,54]. With these observations, new models
are emerging in which the primary mutation is insufficient, and a combination of variants, an
individual’s “unique composition of his or her genome-wide mutation burden,” may serve to
modulate age of onset and severity of disease [46,55]. Therefore, a unique composition of vari-
ants would be expected using high-throughput sequencing as observed in our study and other
studies in patients with arrhythmia and cardiomyopathy [56,57].

PLOS ONE | DOI:10.1371/journal.pone.0155421 May 16,2016 15/19



@’PLOS ‘ ONE

Exome Sequencing Identifies LMNA Mutation and Potential Modifiers

Conclusions

We identified a novel LMNA splice-site mutation by exome sequencing in a family with DCM
and arrhythmia. The fibroblast studies that were conducted showed monoallelic expression of
the normal allele which is consistent with a haploinsufficient mechanism. In addition to that
mutation, we also discovered multigenic heterozygosity of novel/rare variants in known
arrhythmia, cardiomyopathy, or ion channels associated genes that may serve as potential sec-
ondary factors in the intrafamilial variability of the disease. We emphasize that the approach in
this present study was used to facilitate the selection of potential modifiers. Future studies will
focus on the development of functional models to test tissue-specific differences in the NMD
efficiency and potential LMNA modifiers that may influence age of onset (early versus late-
onset) and disease severity between generations. We hope that the results will help us to under-
stand the molecular basis of the clinical variability in LMNA cardiomyopathy and arrhythmia.
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