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Abstract

Background

Ebstein anomaly (EA) is a rare congenital defect characterized by apical displacement of

the septal tricuspid leaflets and atrialization of the right ventricle. The etiology of EA is

unclear; however, recurrence in families and the association of EA with genetic syndromes

and copy number variants (CNVs) suggest a genetic component.

Objective

We performed a population-based study to search for recurrent and novel CNVs in a previ-

ously unreported set of EA cases.

Methods

We genotyped 60 EA cases identified from all live births (2,891,076) from selected California

counties (1991–2010) using the Illumina HumanOmni2.5–8 array. We identified 38 candi-

date CNVs in 28 (46%) cases and prioritized and validated 11 CNVs based on the genes

included.

Results

Five CNVs (41%) overlapped or were close to genes involved in early myocardial development,

including NODAL, PDLIM5, SIX1, ASF1A and FGF12. We also replicated a previous associa-

tion of EA with CNVs at 1p34.1 and AKAP12. Finally, we identified four CNVs overlapping or in

close proximity to the transcription factors HES3, TRIM71, CUX1 and EIF4EBP2.
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Conclusions

This study supports the relationship of genetic factors to EA and demonstrates that defects

in cardiomyocytes and myocardium differentiation may play a role. Abnormal differentiation

of cardiomyocytes and how genetic factors contribute should be examined for their associa-

tion with EA.

Introduction

Ebstein anomaly (EA) is a rare congenital malformation of the tricuspid valve and right ventri-

cle characterized by apical displacement of the origin of septal tricuspid leaflets and atrializa-

tion of the right ventricle [1]. Additional cardiac defects such as patent foramen ovale (PFO),

atrial septal defect, ventricular septal defect, pulmonary outflow obstruction, patent ductus

arteriosus (PDA), accessory conduction pathways, bicuspid aortic valve and left heart lesions

like mitral valve prolapse and left ventricular noncompaction have been associated with EA

[1–4]. In fact, in 39% of EA cases, a left heart defect has been reported [4]. The estimated prev-

alence of EA is 1 in 20,000 live births [5–7]. Although diagnosis and treatment for EA have

improved greatly, still many symptomatic neonates with EA do not survive beyond the first

decade of life [2, 8].

The majority of infants with EA appear to occur sporadically; however, reports of familial

recurrence, [9–15] as well as of genetic mutations associated with EA, [16] show evidence of a

genetic background. Mutations in sarcomeric protein, myosin heavy chain cardiac muscle

beta (MYH7) have been linked with EA and cardiomyopathy [17]. EA has also been identified

in association with rare mutations, various syndromes, chromosomal abnormalities and copy

number variants (CNVs) [18]. In our previous study we linked EA with CNVs, specifically,

duplication of 1p34.1 and 8q21.13, genes related to myocardial development, BMP signaling,

histone modification and cardiomyocyte differentiation, supporting the involvement of the

developing myocardium in the etiology of EA [18].

Although a genetic factor has been identified in a small percentage of EA cases, the number

of studies examining genetic factors in association with EA is limited; thus, the genetic compo-

nents contributing to the development of EA remains largely unclear. In this population-based

study, we searched for potentially causal CNVs in EA cases without accompanying major

defects.

Materials and methods

Ethics statement

The California Department of Public Health (IRB 13-03-1164), the New York State Depart-

ment of Health (IRB 07–007), and the NIH Office of Human Subjects Research (OHSRP

11631) reviewed and approved this study. Prior to genotyping and analysis, cases were given a

random identification number and all personally identifying information was removed.

Cases

EA cases were identified via the California Birth Defects Monitoring Program (CBDMP), a

population-based, active ascertainment birth defects surveillance program. The methods have

been described in detail previously [19]. In brief, trained staff collected diagnostic and demo-

graphic information. Each diagnosis was coded using a modification of the British Paediatric
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Association (BPA) Classification of Diseases. Modifications to the BPA codes were developed

by the CDC and the CBDMP [19]. A study performed on the CBDMP registry determined

that the completeness of ascertainment exceeded 93% [20].

EA cases were identified from all live births (N = 2,891,076) from 1991 to 2002 with mater-

nal residence in San Francisco, Los Angeles, Santa Clara and San Joaquin Valley County

(Fresno, Kern, Kings, Madera, Merced, San Joaquin, Stanislaus and Tulare), excluding births

at military facilities. Infants with co-occurring syndromes, other major congenital heart defects

(CHD) defects or other major non-CHD defects were excluded. Infants with PDA, PFO and

bicuspid aortic valve were not excluded from the case group. These exclusions were done to

establish a more homogeneous phenotypic EA group for genetic interrogation. A total of 60

cases met the inclusion criteria and we located archived newborn screening dried blood spots

(DBS) for the all 60 cases along with eight unaffected live births to serve as controls.

To ensure that the identified CNVs were rare in the unaffected population, we investigated

their frequencies in an unaffected group of infants. We randomly selected 165 infants without

birth defects derived from the same population (county and year of birth) as the cases, obtained

their bloodspots, and performed qPCR copy-number assays using at least one probe per CNV

region. Demographic data for all live births in the study counties from 1991 to 2002 were obtained

from birth records and compared with the 60 EA cases using Fisher’s exact test or t test.

DNA extraction

GenSolve DNA recovery kit (GenTegra, Pleasanton, CA) was used to extract DNA from two 3

mm punches from each infant’s dried blood spot. Punches were incubated at 56˚C in 620μL

freshly prepared GenSolve Recovery Solution A (1% LiDS, Solution A and Proteinase K) with

gentle shaking for 1 hour. Following incubation, the blood spots were transferred to a spin bas-

ket in a tube containing 20μL of GenSolve Recovery Solution B and centrifuged to collect

extracted DNA from the punches. The flow through containing extracted DNA was purified

using a QIAamp DNA Mini Kit (QIAGEN, VALENCIA, CA) following the manufacturer’s

standard protocol. Final elution volume was 50μL.

CNV detection, selection, and validation

The 60 EA cases, 42 cases of unrelated phenotype, eight controls, (one in duplicate), and one

HapMap sample were batched and genotyped. The methods have been described previously

[21]. In brief, samples were genotyped using the Illumina HumanOmni2.5-8v1-3_A1 bead

arrays and the Infinium LCG assay protocol. The mean sample call rate ± SD (range) was

99.85 ± 0.25 (97.31–99.93). The mean log R ratio deviation was 0.103 ± 0.026 (0.078–0.291).

Single nucleotide polymorphism genotype reproducibility was 100% for the duplicated con-

trol. Genotype clusters were defined based on the data generated in this project. Genotypes

and clusters were manually reviewed and cleaned by re-clustering, editing, and excluding

where appropriate. A total of 2,303,118 autosomal markers were included in the CNV analysis.

CNVs were called and annotated using pennCNV (version 2011/05/03).

CNVs were excluded if they were shorter than 20 kb, contained fewer than ten SNP probes,

overlapped more than 20% with common CNVs in HapMap or CHOP, or overlapped more

than 20% with same-type CNVs in an in-house reference CNV database compromised of unaf-

fected controls and cases of other unrelated birth defects. The remaining CNVs were uploaded

to DGV (build37/hg19, DGV release date 2016-05-15, and date accessed 2016-12-10) and ana-

lyzed for overlap. A CNV was selected for further analysis if it had minimal overlap with variants

present in DGV or if the CNV overlapped a gene with no DGV entries significantly overlapping

it. Although the DGV is a very valuable resource, some studies in the database have very small
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sample sizes and all could potentially include false positives. Furthermore, breakpoint determi-

nation is not precise. For these reasons, we chose to ignore overlap with low confidence in the

DGV browser and overlap with variants from studies using similar methods.

In total, 38 CNVs were considered candidate CNVs for EA. We selected 11 CNVs for valida-

tion based on whether they contained biologically relevant genes, or overlapped CNVs that had

been previously reported in EA cases. CNV validation studies were performed using one to three

quantitative real-time polymerase chain reaction (qPCR) TaqMan assays (Applied Biosystems,

Carlsbad, CA, USA) per CNV region. Validations were performed as previously described. [21]

All 60 EA cases and four control subjects were included in each assay. We subsequently screened

all validated CNVs against an additional 165 control samples from unaffected California live

births using at least one assay targeting each area of interest. Therefore, a total of 169 unaffected

controls were screened using at least one assay in each candidate CNV region.

Results

Demographic data

Of the 2,891,076 live births, 60 met our case definition and inclusion criteria. Maternal age,

maternal race/ethnicity or parity did not differ statistically between cases and the general pop-

ulation. Mothers of cases (44.66%) were more likely than mothers of controls (34.16%) to have

more than a high school education (P = 0.04). Cases had significantly shorter gestation (mean

of 268 vs. 274 days; P = 0.012). Select demographic characteristics of mothers and EA cases

and the California source population are shown in Table 1.

Genetic analysis

The 60 EA cases genotyped resulted in 2864 PennCNV calls in the microarray analysis. After

applying the selection criteria described in the Material and Methods section, we identified 38

CNVs in 28 (46%) cases. We selected 11 CNVs in 10 cases for qPCR confirmation based on the

genes included and their functions. All 11 CNVs were validated: seven duplications and four

heterozygous deletions ranging from 22 Kb to 331 Kb (Table 2). One validated duplication at

3q28 had overlap with a heterozygous deletion detected in one control, the validated heterozy-

gous deletion at 7q22.1 had overlap with a heterozygous deletion detected in two control sam-

ples and the validated deletion at 10q22.1 had overlap with a heterozygous deletion detected in

one control sample. Precise breakpoint studies were not performed, so it is unknown whether

the CNVs detected in controls are the same size as those detected in our cases.

Genes implicated in cardiac development were present in five validated CNVs. Four CNVs

previously associated with cardiac defects were also identified. Two variants identified in this

study, a duplication overlapping AKAP12 in one case and a duplication at 1p34.1 in another

case, had also been identified in cases with EA in our previous study [18].

Four CNVs were identified that overlapped or were close to transcription factors HES3,

TRIM71, CUX1 and EIF4EBP2 which are important in cardiac development. HES3 and CUX1
have been reported to interact with Notch and Wnt pathways [22, 23] and dysregulation of

these signaling pathways is known to lead to congenital heart defects [24, 25]. In case 1 a 22 Kb

deletion was identified at 10q22.1, 19 Kb upstream of NODAL, which is a factor in cardiac pro-

genitor differentiation [26] and an inducer of Sox17, an endoderm-specific gene regulating

paracrine signals in cardiogenesis [27]. A 240 Kb duplication intersecting PDLIM5 was identi-

fied at 4q22 in case 4. PDLIM5 is involved in cardiomyocyte development, differentiation and

survival as well as heart development in general [28, 29]. Loss of PDLIM5 has also been associ-

ated with dilated cardiomyopathy [30]. In case 9 a 238 Kb duplication was identified at

14q23.1 encompassing SIX1, a gene that is transiently expressed in cardiac progenitor cells and
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Table 1. Select demographic characteristics of EA cases and the California reference population.

Characteristic Ebstein cases (n = 60) CA live births (n = 2,891,076) P value

Maternal age, years (%) 0.80

<20 8 (13.33) 342,386 (11.84)

20–34 43 (71.66) 2,142,022 (74.09)

�35 9 (15.00) 405,980 (14.04)

Maternal race/ethnicity, n (%) 0.30

Non-Hispanic white 16 (26.66) 705,857 (24.42)

African American 1 (1.66) 233,872 (8.09)

Hispanic 34 (56.66) 1,571,379 (54.35)

Asian 8 (13.33) 340,561 (11.78)

Other 1 (1.66) 29,404 (1.02)

Maternal education, years (%) 0.04

<12 23 (38.33) 1,084,417 (37.51)

12 9 (15.00) 792,778 (27.42)

>12 28 (46.66) 987,669 (34.16)

Parity, n (%) 0.90

Nulliparous 24 (40.00) 1,132,626 (39.18)

Multiparous 36 (60.00) 1,756,322 (60.75)

Infant sex, n (%) 0.70

Male 29 (48.33) 1,477,612 (51.11)

Female 31 (51.66) 1,413,423 (48.89)

Infant gestational age

(mean days ± SD)

268 ± 18 274 ± 16 0.012

Infant birth weight

(mean grams ± SD)

3195 ± 638 3340 ± 568 0.08

https://doi.org/10.1371/journal.pone.0188168.t001

Table 2. Validated CNVs present in individuals with EA.

Locus Genomic Coordinates (hg19) Sizea

(Kb)

Type Case ID Candidate Genes/Transcriptsb

1p34.1 44264435.. 44420754c 156 DUP 10 ST3GAL3, ARTN, IPO13, DPH2, ATP6V0B, B4GALT2, SLC6A9, KLF17

1p36.31 6319898..6347728 27 DUP 6 HES3, GPR153, ACOT7, ICMT

3q28e 191795892..191986049d 190 DUP 5 FGF12

3p22.3 32953920..32985486 31 DEL 5 TRIM71, CCR4, GLB1

4q22-4q22.3 95254575.. 95494126 240 DUP 4 SMARCAD1, PDLIM5 (or ENH1), HPGDS

6q22 119319524..119441955 122 DEL 8 MCM9, ASF1A, FAM184A, MIR548B, MAN1A1

6q25.1 151334976..151666605 331 DUP 7 MTHFD1L, AKAP12, ZBTB2, RMND1, CCDC170, C6orf211

7q22.1e 101671721..101903016 231 DEL 2 CUX1, MIR4285, SH2B2, SPDYE6

14q23.1 60961735..61200391 238 DUP 9 SIX6, SIX1, SIX4

10q22.1e 72151028..72173388 22 DEL 1 LRRC20, EIF4EBP2, NODAL, PALD1

22q11.1 17893850..18055605 161 DUP 3 CECR3, CECR2, SLC25A18, ATP6V1E1, BCL2L13, BID

a Size and coordinates estimated from array data (pennCNV calls, hg19).

b Genes in bold are discussed in the manuscript.

c This variation was called as two CNVs by pennCNV. qPCR analysis showed it is likely one large duplication.

d PennCNV called this variation as three CNVs. CNV Partition called it as one.

e These CNVs had overlap with CNVs identified in controls.

Kb, kilobase pairs; DEL, heterozygous deletion; DUP, heterozygous duplication

https://doi.org/10.1371/journal.pone.0188168.t002
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has been reported to function as a regulator of cardiovascular morphogenesis [31]. In case 8 a

122 Kb deletion was identified at 6q22 downstream of ASF1A, a factor required for heart devel-

opment [32]. In case 5 a 190 Kb duplication at 3q28 intersected FGF12, a gene that has been

suggested to perform embryonic functions during atrial development [33]. FGF12 is a candi-

date gene for Brugada syndrome [34] and has been described in association with posterior ure-

thral valves with duplication/triplication in FGF12 [35]. In case 7 a 331Kb duplication was

identified overlapping AKAP12, a gene that we have previously linked to EA and cardiomyopa-

thy after identifying a deletion intersecting AKAP12 in one EA case. [18] A 156 Kb duplication

at 1p34.1 was identified in case 10. This duplication overlaps with the 234 Kb duplication at

1p34.1 that we have previously described in association with EA [18]. A 161Kb duplication in

case 3 was detected at 22q11, a genetic locus where variations have previously been reported in

some congenital heart defect cases [36, 37]. The validated CNVs are described in more detail

in Table 2 and the other candidate CNVs that were not selected for validation are reported in

Table 3.

Table 3. Other candidate CNVs in EA cases.

Locus Genomic Coordinates

(hg19)

Sizea

(Kb)

Type Case ID Candidate Genes/Transcripts

1p35.3 29603999..29649189 45 DUP 11 PTPRU

1p31.1 70731885..71028815 2 DUP 12 LRRC40, SRSF11, ANKRD13C, HHLA3, CTH

1p31.1 71194705..71251704 57 DUP 12 PTGER3

1p31.1 75380989..75414243 33 DEL 13

1p21.3 98953664..99063658 109 DEL 14

1p21.1 103673437..103715386 41 DUP 15

1p13.1 116397910..116422557 24 DUP 16

1q25.1 173205777..173272047 66 DUP 18 LOC100506023

1q42.12 225088997..225114987 25 DEL 3 DNAH14, CNIH3

3q11.2 95215277..95244641 29 DEL 19

3q26.31 171372590..171419209 46 DUP 20 PLD1

4q22.3 97727113..97844528 117 DUP 21

4q24 104663644..104793185 129 DUP 22 TACR3

5q12.3;

q13.1

66557363..67070474 513 DUP 23 MAST4, CD180

5q22.2 111862156..111915902 53 DEL 24 EPB41L4A-AS2, LOC102467214, LOC102467216, APC

10p12.31 21621057..21681278 60 DEL 25 NEBL, NEBL-AS1, CASC10, MIR1915, SKIDA1, MLLT10

11p14.2 26824992..26847310 22 DUP 21 SLC5A12

11p13 31091431..31513810 422 DUP 26 DCDC5, DCDC1, DNAJC24, IMMP1L, ELP4

11p11.2 44880092..44938643 58 DUP 27 TSPAN18, TP53I11,

15q26.2 95405405..95500573 95 DEL 28 LOC440311

17q11.1 25532171..25715198 183 DUP 29 MIR4522, WSB1, TBC1D3P5, KSR1

19p13.3 1608372..1630678 22 DEL 19 UQCR11, TCF3

19q13.32 47822138..47845042 23 DUP 5 C5AR1, C5AR2, DHX34

20p12.1 14327758..14352641 25 DEL 30 MACROD2, FLRT3

20p13 2538422..2618508 80 DEL 19 TMC2, TGM6, SNRPB, SNORD119, ZNF343, NOP56, MIR1292, IDH3B, EBF4,

PCED1A, CPXM1

20p13 4994115..5080382 86 DUP 20 SLC23A2, RASSF2, TMEM230, PCNA, CDS2

a Size and coordinates estimated from array data (pennCNV calls, hg19).

Kb, kilobase pairs; DEL, heterozygous deletion; DUP, heterozygous duplication.

https://doi.org/10.1371/journal.pone.0188168.t003
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Discussion

To our knowledge, this is only the second study to perform a genome wide investigation on

CNVs in infants with isolated, non-syndromic, EA, following only our previous work. Thus,

our study contributes meaningfully to supporting the role of genetic factors in EA. We identi-

fied rare, potentially pathogenic CNVs in almost one half of the EA cases. The candidate

CNVs that were identified and validated were prioritized because they included genes linked

to early heart development and cardiomyocyte differentiation.

In 5 out of 10 cases with rare CNVs, we identified CNVs overlapping, or being in close

proximity to, genes linked to early cardiac development including NODAL, PDLIM5, SIX1,

ASF1A and FGF12. Each of these genes plays an important role in cardiomyocyte differentia-

tion, cardiac development and morphogenesis.

NODAL is a TGFβ family member and a key factor in cardiac progenitor differentiation

[26]. NODAL induces SOX17 which is an endoderm-specific gene that regulates paracrine sig-

nals in cardiogenesis [27]. Studies in mice have shown that lack of Nodal co-receptor results in

failure of embryonic stem (ES) cells to differentiate into cardiomyocytes [38, 39]. Nodal has

also been shown to activate heart formation in both avian and amphibian embryos [40–46]. In

humans, high levels of Activin, a mimic of NODAL, have been demonstrated to activate endo-

derm formation in ES cells [47–50]. Thus, a deletion causing dysregulation of NODAL expres-

sion could result in defective differentiation of cardiomyocytes and myocardial defects

contributing to the cardiac anomaly seen in EA.

PDLIM5, also known as Enigma homolog 1 (ENH1/PDLIM5), is a member of the PDZ-LIM

protein group that is highly expressed in the myocardium and plays an important role in dif-

ferentiation via activation of protein kinases and transcription factors [29]. Specifically, ENH1
overexpression has been shown to upregulate MyoD and myogenin as well as myogenic tran-

scription factors such as bHLH [29]. Previous studies in mice and C2C12 cells suggest that

ENH1 is involved in cardiomyocyte development and differentiation, heart development in

general and embryonic survival [28, 29]. These studies suggest that ENH1 has an important

role in normal development and differentiation of cardiomyocytes; therefore, defective expres-

sion could lead to myocardial defects that are associated with EA.

In addition to its importance in development and differentiation, loss of ENH1 has been

linked to dilated cardiomyopathy [30]. The proposed mechanism is destabilization of the

ENH-CypherS-Calsarcin protein complex at the Z-line [30]. Recent studies also show that

ENH1, acting at cardiomyocytes through binding partners, has a pivotal role in the cardiovas-

cular system as a modulator in sustaining contractile activity [51]. All these findings suggest a

complex, yet unclear, role of ENH1 in the developing heart at the level of cardiomyocytes that

could potentially explain abnormal myocardial and structural development similar to what is

seen in EA.

SIX1 is a transcription factor that is transiently expressed in cardiac progenitor cells.

Together with its canonical coactivator EYA1, it is active in mammalian organogenesis [52]

and is linked to congenital cardiac abnormalities [53–55]. The SIX1/EYA1 transcription com-

plex has been suggested to function as a regulator of cardiovascular morphogenesis working as

part of the Tbx1-Six1/Eya1-Fgf8 regulatory cascade [31]. TBX1 and FGF8 are well established

regulators of heart morphogenesis [56, 57]. A variant affecting expression of SIX1 could result

in dysregulation of the Tbx1-Six1/Eya1-Fgf8 regulatory cascade and lead to cardiac structural

malformations.

ASF1A is a conserved histone chaperone that interacts with histones H3 and H4 [58]. Previ-

ous studies have reported the crucial role of histone chaperone activity in normal heart devel-

opment and our previous work has also underscored the potential role of histone-modifying
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genes in CHD and EA [18, 32]. ASF1A is a member of the HIRA/UBN1/ASF1a complex, a

chromatin remodeling complex that interacts with NKX2-5 and regulates gene expression

dynamics in ES cells [32]. NKX2-5 is a well-established transcription factor, vital for cardiac

development and morphogenesis, especially of the right heart [59]. A deletion affecting ASF1A
could result in an ineffective HIRA/BUN1/ASF1a complex formation that could lead to defec-

tive expression of transcription factors and genes necessary for normal heart development.

Finally, Fgf12 is a gene that is highly expressed in the mouse myocardium, especially the

atrium, during embryogenesis [33]. FGF12 has also been suggested as a candidate gene for

Brugada syndrome, a cardiac arrhythmia channelopathy [34].

Our results extend previous reports indicating a genetic component to EA [16–18, 60–62].

Several theories have been proposed to explain the cause of the tricuspid valve abnormality in

EA. Suggested mechanisms include failure of the valve to delaminate from the myocardium

and abnormal myocardial development or myocardial arrest leading to valve anomalies [2,

63–65].

In our study, 5 out of the 11 validated CNVs identified include genes related to cardiomyo-

cyte development, differentiation and myocardial morphogenesis which may contribute to

abnormal right heart development. These findings show that early myocardial development

could in fact play a very important role in EA.

Interestingly, a 331 Kb duplication was identified in case 7 overlapping AKAP12. We have

previously identified a deletion in one EA case in this region overlapping the duplication iden-

tified in this study (Fig 1) [18]. AKAP12 (Gravin) is an A-kinase anchoring protein that targets

protein kinase A, protein kinase C, calcineurin and other signaling molecules to the beta2-ad-

renergic receptor. It has been shown that disruption of Gravin leads to augmented contractility

and increased baseline cardiac function [66]. In mice homozygous for an Akap12 mutation,

there was increased phosphorylation of Cardiac myosin-binding protein C (cMyBPC) [66]

which is a known factor in cardiomyopathy in humans [67].

An important finding of this study is a 156 Kb duplication at 1p34.1 in one CA EA case that

overlaps a 234 Kb duplication at the same locus, previously detected in a NY EA case (Fig 2)

[18]. Both cases were Black/African American. This finding narrows down the region of inter-

est and the genes overlapped by the intersection of the CNVs at 1p34.1 in both studies include

ST3GAL3, ARTN and IPO13. IPO13, also known as importin13, is highly expressed in heart

Fig 1. 6q25.1 duplication in case 7 (C7_Dupl) overlapping a deletion identified in our previous study

(C43_EB_NY_Pub_HetDel).

https://doi.org/10.1371/journal.pone.0188168.g001
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tissue and it has been shown to act as a carrier of myopodin [68]. Myopodin is a synaptopodin

gene family member that is expressed in heart muscle and has been suggested to function as a

regulatory protein in signaling pathways between nucleus and the Z-disc during development

[69]. According to the integrated regulation from ENCODE tracks in UCSC, the locus of inter-

est is rich in DNaseI hypersensitivity clusters suggesting that 1p34.1 is a regulatory region

functionally related to transcriptional activity [70]. Various transcription factors that act at the

duplicated part of 1p34.1 including MAX, C-Fos, YY1, SIX5, FOSL2, EGR-1, and AP-2

gamma, have been suggested to play important roles in development and differentiation. In

fact, Ap-2 gamma and SIX5 act during embryogenesis and organogenesis. Replicating the

association between duplication of 1p34.1 and EA adds additional evidence of a strong associa-

tion between this region and EA and suggests that 1p34.1 represents an important locus for

follow-up genetic and functional studies.

This study has several strengths and weaknesses. First, it is a population-based study, with a

representative set of cases from California live births. The data available through the California

Birth Defects Monitoring Program (CBDMP) registry have been collected and coded by well-

trained staff and provide excellent and unbiased ascertainment of cases. Another strength is

our validation of 11 CNVs ensuring that no false positives are present in our final candidate

EA-associated CNV list. Our CNV selection criteria included filtering against the DGV data-

base to assure that the detected CNVs were absent or extremely rare in unaffected subjects.

Fig 2. 1p34.1 duplication in case 10 (C10_Dupl) overlapping a duplication identified in our previous

study (C4_EB_NY_Pub_Case_Dupl).

https://doi.org/10.1371/journal.pone.0188168.g002
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Furthermore, to rule out CNVs specific to our study population, we screened the CNVs in 165

control subjects from the California population. Due to the nature of the CNV validation

method (TaqMan copy-number assays), we are unable to determine the exact breakpoints of

CNVs. Using one assay per CNV region, we are effectively ruling out the presence of CNVs

with breakpoints matching those detected in the cases in the 165 control subjects. The study

population included only liveborn infants and thus fetuses with EA that were spontaneously

lost or electively terminated were not represented. Such EA cases might have a different

genetic etiology. The CNVs identified in EA cases could not be further explored for their ori-

gin, i.e., inherited or arose de novo, owing to a lack of data from parents. EA phenotypic pre-

sentation and severity can vary considerably, however clinical and treatment data are rarely

available from such birth defects registries. Moreover, stratifying based on phenotype and

severity, if such data were available, would lead to a very small sample size, inadequate to esti-

mate risk. Our objective was to examine a possible genetic profile in an initial set of EA

patients and lay the foundation for larger and more refined investigations.

Conclusion

Our study identified CNVs affecting crucial signaling pathways for cardiomyocyte differentia-

tion and cell-fate determination. In addition, CNVs were identified in loci that overlap, or are

in close proximity to, transcription factors. We also replicated, in an independent population,

associations of EA with AKAP12 as well as with 1p34.1duplication. Abnormal differentiation

of cardiomyocytes, AKAP12 and duplication of 1p34.1 are important areas for future investiga-

tion into the etiology of EA.

Acknowledgments

This research was supported by the Intramural Research Program of the Eunice Kennedy Shri-
ver National Institute of Child Health and Human Development of the National Institutes of
Health.

We thank the California Department of Public Health, Maternal Child and Adolescent

Health Division for providing surveillance data from California for this study. The findings

and conclusions in this report are those of the authors and do not necessarily represent the

official position of the California Department of Public Health.

We would like to thank Ahmad Shabbir, DMV, MS, PhD from California Maternal Quality

Care Collaborative for his valuable assistance. We thank Michael Tsai and Natalie Weir at the

Minnesota Core Laboratories and the staff at the Biomedical Genomics Center Facility at the

University of Minnesota for microarray genotyping; and Nathan Pankratz, University of Min-

nesota, and Karl G. Hill, Social Development Research Group, University of Washington, for

generously sharing population B-allele frequency and GC content files for pennCNV software.

This study makes use of data generated by the DECIPHER Consortium. A full list of centers

that contributed to the generation of the data is available from http://decipher.sanger.ac.uk

and via email from decipher@sanger.ac.uk. Those who carried out the original analysis and

collection of the data bear no responsibility for the further analysis or interpretation. Some

data used for comparison in this article were obtained from the International Standards for

Cytogenomic Arrays Consortium database (http://www.iscaconsortium.org), which generates

this information using the National Center for Biotechnology Information’s database of geno-

mic structural variation (dbVar, http://www.ncbi.nlm.nih.gov/dbvar/), study nstd37. Speci-

mens and associated phenotype data were provided by International Standards for

Cytogenomic Arrays Consortium member laboratories.

Copy number variants in Ebstein anomaly

PLOS ONE | https://doi.org/10.1371/journal.pone.0188168 December 7, 2017 10 / 15

http://decipher.sanger.ac.uk/
http://www.iscaconsortium.org/
http://www.ncbi.nlm.nih.gov/dbvar/
https://doi.org/10.1371/journal.pone.0188168


Author Contributions

Conceptualization: Paul Romitti, Marilyn L. Browne, Michele Caggana, Lawrence C. Brody,

Laura Jelliffe-Pawlowski, Gary M. Shaw, James L. Mills.

Data curation: Marilyn L. Browne, Laura Jelliffe-Pawlowski.

Formal analysis: Andreas Giannakou, Robert J. Sicko, Wei Zhang.

Funding acquisition: James L. Mills.

Resources: James L. Mills.

Supervision: Denise M. Kay, James L. Mills.

Validation: Robert J. Sicko.

Writing – original draft: Andreas Giannakou, Robert J. Sicko, Denise M. Kay, James L. Mills.

Writing – review & editing: Andreas Giannakou, Robert J. Sicko, Wei Zhang, Paul Romitti,

Michele Caggana, Lawrence C. Brody, Gary M. Shaw, James L. Mills.

References
1. Booker OJ, Nanda NC. Echocardiographic assessment of Ebstein’s anomaly. Echocardiography

(Mount Kisco, NY). 2015; 32 Suppl 2:S177–88. Epub 2014/06/04. https://doi.org/10.1111/echo.12486

PMID: 24888693.

2. Attenhofer Jost CH, Connolly HM, Edwards WD, Hayes D, Warnes CA, Danielson GK. Ebstein’s anom-

aly—review of a multifaceted congenital cardiac condition. Swiss medical weekly. 2005; 135(19–

20):269–81. Epub 2005/06/30. PMID: 15986264.

3. Sumner RG, Jacoby WJ Jr., Tucker DH. EBSTEIN’S ANOMALY ASSOCIATED WITH CARDIOMYOP-

ATHY AND PULMONARY HYPERTENSION. Circulation. 1964; 30:578–87. Epub 1964/10/01. PMID:

14211820.

4. Attenhofer Jost CH, Connolly HM, O’Leary PW, Warnes CA, Tajik AJ, Seward JB. Left heart lesions in

patients with Ebstein anomaly. Mayo Clinic proceedings. 2005; 80(3):361–8. Epub 2005/03/11. PMID:

15757018.

5. Lupo PJ, Langlois PH, Mitchell LE. Epidemiology of Ebstein anomaly: prevalence and patterns in

Texas, 1999–2005. American journal of medical genetics Part A. 2011; 155a(5):1007–14. Epub 2011/

04/06. 10.1002/ajmg.a.33883. https://doi.org/10.1002/ajmg.a.33883 PMID: 21465650.

6. Correa-Villasenor A, Ferencz C, Neill CA, Wilson PD, Boughman JA. Ebstein’s malformation of the tri-

cuspid valve: genetic and environmental factors. The Baltimore-Washington Infant Study Group. Tera-

tology. 1994; 50(2):137–47. Epub 1994/08/01. https://doi.org/10.1002/tera.1420500208 PMID:

7801301.

7. Pradat P, Francannet C, Harris JA, Robert E. The epidemiology of cardiovascular defects, part I: a

study based on data from three large registries of congenital malformations. Pediatric cardiology. 2003;

24(3):195–221. Epub 2003/03/13. https://doi.org/10.1007/s00246-002-9401-6 PMID: 12632215.

8. Oxenius A, Attenhofer Jost CH, Pretre R, Dave H, Bauersfeld U, Kretschmar O, et al. Management and

outcome of Ebstein’s anomaly in children. Cardiology in the young. 2013; 23(1):27–34. Epub 2012/03/

16. https://doi.org/10.1017/S1047951112000224 PMID: 22417890.

9. Gueron M, Hirsch M, Stern J, Cohen W, Levy MJ. Familial Ebstein’s anomaly with emphasis on the sur-

gical treatment. The American journal of cardiology. 1966; 18(1):105–11. Epub 1966/07/01. PMID:

5938901.

10. Donegan CC Jr., Moore MM, Wiley TM Jr., Hernandez FA, Green JR Jr., Schiebler GL Familial

Ebstein’s anomaly of the tricuspid valve. American heart journal. 1968; 75(3):375–9. Epub 1968/03/01.

PMID: 5638476.

11. Simcha A, Bonham-Carter RE. Ebstein’s anomaly. Clinical study of 32 patients in childhood. British

heart journal. 1971; 33(1):46–9. Epub 1971/01/01. PMID: 5100365; PubMed Central PMCID:

PMCPMC487138.

12. Balaji S, Dennis NR, Keeton BR. Familial Ebstein’s anomaly: a report of six cases in two generations

associated with mild skeletal abnormalities. British heart journal. 1991; 66(1):26–8. Epub 1991/07/01.

PMID: 1854572; PubMed Central PMCID: PMCPMC1024561.

Copy number variants in Ebstein anomaly

PLOS ONE | https://doi.org/10.1371/journal.pone.0188168 December 7, 2017 11 / 15

https://doi.org/10.1111/echo.12486
http://www.ncbi.nlm.nih.gov/pubmed/24888693
http://www.ncbi.nlm.nih.gov/pubmed/15986264
http://www.ncbi.nlm.nih.gov/pubmed/14211820
http://www.ncbi.nlm.nih.gov/pubmed/15757018
https://doi.org/10.1002/ajmg.a.33883
http://www.ncbi.nlm.nih.gov/pubmed/21465650
https://doi.org/10.1002/tera.1420500208
http://www.ncbi.nlm.nih.gov/pubmed/7801301
https://doi.org/10.1007/s00246-002-9401-6
http://www.ncbi.nlm.nih.gov/pubmed/12632215
https://doi.org/10.1017/S1047951112000224
http://www.ncbi.nlm.nih.gov/pubmed/22417890
http://www.ncbi.nlm.nih.gov/pubmed/5938901
http://www.ncbi.nlm.nih.gov/pubmed/5638476
http://www.ncbi.nlm.nih.gov/pubmed/5100365
http://www.ncbi.nlm.nih.gov/pubmed/1854572
https://doi.org/10.1371/journal.pone.0188168


13. Margalit-Stashefski R, Lorber A, Margalit E. [Familial occurrence of Ebstein anomaly]. Harefuah. 1998;

134(10):762–4, 832. Epub 2000/07/26. PMID: 10909632.

14. Uyan C, Yazici M, Uyan AP, Akdemir R, Imirzalioglu N, Dokumaci B. Ebstein’s anomaly in siblings: an

original observation. The international journal of cardiovascular imaging. 2002; 18(6):435–8. Epub

2003/01/23. PMID: 12537411.

15. Fesslova V, Brankovic J, Lalatta F, Villa L, Meli V, Piazza L, et al. Recurrence of congenital heart dis-

ease in cases with familial risk screened prenatally by echocardiography. Journal of pregnancy. 2011;

2011:368067. Epub 2011/10/07. https://doi.org/10.1155/2011/368067 PMID: 21977323; PubMed Cen-

tral PMCID: PMCPMC3184425.

16. Yuan SM. Ebstein’s Anomaly: Genetics, Clinical Manifestations, and Management. Pediatrics and neo-

natology. 2016. Epub 2016/12/27. https://doi.org/10.1016/j.pedneo.2016.08.004 PMID: 28017577.

17. Walsh R, Rutland C, Thomas R, Loughna S. Cardiomyopathy: a systematic review of disease-causing

mutations in myosin heavy chain 7 and their phenotypic manifestations. Cardiology. 2010; 115(1):49–

60. Epub 2009/10/30. https://doi.org/10.1159/000252808 PMID: 19864899.

18. Sicko RJ, Browne ML, Rigler SL, Druschel CM, Liu G, Fan R, et al. Genetic Variants in Isolated Ebstein

Anomaly Implicated in Myocardial Development Pathways. PloS one. 2016; 11(10):e0165174. Epub

2016/10/28. https://doi.org/10.1371/journal.pone.0165174 PMID: 27788187; PubMed Central PMCID:

PMCPMC5082909.

19. Croen LA, Shaw GM, Jensvold NG, Harris JA. Birth defects monitoring in California: a resource for epi-

demiological research. Paediatric and perinatal epidemiology. 1991; 5(4):423–7. Epub 1991/10/01.

PMID: 1754501.

20. Schulman J, Hahn JA. Quality control of birth defect registry data: a case study. Public health reports

(Washington, DC: 1974). 1993; 108(1):91–8. Epub 1993/01/01. PMID: 8434104; PubMed Central

PMCID: PMCPMC1403336.

21. Rigler SL, Kay DM, Sicko RJ, Fan R, Liu A, Caggana M, et al. Novel copy-number variants in a popula-

tion-based investigation of classic heterotaxy. Genetics in medicine: official journal of the American Col-

lege of Medical Genetics. 2015; 17(5):348–57. Epub 2014/09/19. 10.1038/gim.2014.112. https://doi.

org/10.1038/gim.2014.112 PMID: 25232849.

22. Katoh M, Katoh M. Integrative genomic analyses on HES/HEY family: Notch-independent HES1, HES3

transcription in undifferentiated ES cells, and Notch-dependent HES1, HES5, HEY1, HEY2, HEYL tran-

scription in fetal tissues, adult tissues, or cancer. International journal of oncology. 2007; 31(2):461–6.

Epub 2007/07/06. PMID: 17611704.

23. Martinez-Jacobo L, Cordova-Fletes C, Ortiz-Lopez R, Rivas F, Saucedo-Carrasco C, Rojas-Martinez

A. Delineation of a de novo 7q21.3q31.1 Deletion by CGH-SNP Arrays in a Girl with Multiple Congenital

Anomalies Including Severe Glaucoma. Molecular syndromology. 2013; 4(6):285–91. Epub 2013/10/

30. https://doi.org/10.1159/000353510 PMID: 24167464; PubMed Central PMCID: PMCPMC3776397.

24. Niessen K, Karsan A. Notch Signaling in Cardiac Development. Circulation research. 2008; 102

(10):1169–81. https://doi.org/10.1161/CIRCRESAHA.108.174318 PMID: 18497317

25. Cohen ED, Tian Y, Morrisey EE. Wnt signaling: an essential regulator of cardiovascular differentiation,

morphogenesis and progenitor self-renewal. Development (Cambridge, England). 2008; 135(5):789–

98. Epub 2008/02/12. https://doi.org/10.1242/dev.016865 PMID: 18263841.

26. http://pathcards.genecards.org/card/cardiac_progenitor_differentiation.

27. Stefanovic S, Abboud N, Desilets S, Nury D, Cowan C, Puceat M. Interplay of Oct4 with Sox2 and

Sox17: a molecular switch from stem cell pluripotency to specifying a cardiac fate. The Journal of Cell

Biology. 2009; 186(5):665–73. Epub 2009/09/09. https://doi.org/10.1083/jcb.200901040 PMID:

19736317; PubMed Central PMCID: PMCPMC2742180.

28. Mu Y, Jing R, Peter AK, Lange S, Lin L, Zhang J, et al. Cypher and Enigma homolog protein are essen-

tial for cardiac development and embryonic survival. Journal of the American Heart Association. 2015; 4

(5). Epub 2015/05/07. https://doi.org/10.1161/jaha.115.001950 PMID: 25944877; PubMed Central

PMCID: PMCPMC4599425.

29. Ito J, Takita M, Takimoto K, Maturana AD. Enigma homolog 1 promotes myogenic gene expression and

differentiation of C2C12 cells. Biochemical and biophysical research communications. 2013; 435

(3):483–7. Epub 2013/05/18. https://doi.org/10.1016/j.bbrc.2013.05.016 PMID: 23680663.

30. Cheng H, Kimura K, Peter AK, Cui L, Ouyang K, Shen T, et al. Loss of enigma homolog protein results

in dilated cardiomyopathy. Circulation research. 2010; 107(3):348–56. Epub 2010/06/12. https://doi.

org/10.1161/CIRCRESAHA.110.218735 PMID: 20538684; PubMed Central PMCID:

PMCPMC3684396.

31. Guo C, Sun Y, Zhou B, Adam RM, Li X, Pu WT, et al. A Tbx1-Six1/Eya1-Fgf8 genetic pathway controls

mammalian cardiovascular and craniofacial morphogenesis. The Journal of clinical investigation. 2011;

Copy number variants in Ebstein anomaly

PLOS ONE | https://doi.org/10.1371/journal.pone.0188168 December 7, 2017 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/10909632
http://www.ncbi.nlm.nih.gov/pubmed/12537411
https://doi.org/10.1155/2011/368067
http://www.ncbi.nlm.nih.gov/pubmed/21977323
https://doi.org/10.1016/j.pedneo.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28017577
https://doi.org/10.1159/000252808
http://www.ncbi.nlm.nih.gov/pubmed/19864899
https://doi.org/10.1371/journal.pone.0165174
http://www.ncbi.nlm.nih.gov/pubmed/27788187
http://www.ncbi.nlm.nih.gov/pubmed/1754501
http://www.ncbi.nlm.nih.gov/pubmed/8434104
https://doi.org/10.1038/gim.2014.112
https://doi.org/10.1038/gim.2014.112
http://www.ncbi.nlm.nih.gov/pubmed/25232849
http://www.ncbi.nlm.nih.gov/pubmed/17611704
https://doi.org/10.1159/000353510
http://www.ncbi.nlm.nih.gov/pubmed/24167464
https://doi.org/10.1161/CIRCRESAHA.108.174318
http://www.ncbi.nlm.nih.gov/pubmed/18497317
https://doi.org/10.1242/dev.016865
http://www.ncbi.nlm.nih.gov/pubmed/18263841
http://pathcards.genecards.org/card/cardiac_progenitor_differentiation
https://doi.org/10.1083/jcb.200901040
http://www.ncbi.nlm.nih.gov/pubmed/19736317
https://doi.org/10.1161/jaha.115.001950
http://www.ncbi.nlm.nih.gov/pubmed/25944877
https://doi.org/10.1016/j.bbrc.2013.05.016
http://www.ncbi.nlm.nih.gov/pubmed/23680663
https://doi.org/10.1161/CIRCRESAHA.110.218735
https://doi.org/10.1161/CIRCRESAHA.110.218735
http://www.ncbi.nlm.nih.gov/pubmed/20538684
https://doi.org/10.1371/journal.pone.0188168


121(4):1585–95. Epub 2011/03/03. https://doi.org/10.1172/JCI44630 PMID: 21364285; PubMed Cen-

tral PMCID: PMCPMC3069777.

32. Dilg D, Saleh RN, Phelps SE, Rose Y, Dupays L, Murphy C, et al. HIRA Is Required for Heart Develop-

ment and Directly Regulates Tnni2 and Tnnt3. PloS one. 2016; 11(8):e0161096. Epub 2016/08/16.

https://doi.org/10.1371/journal.pone.0161096 PMID: 27518902; PubMed Central PMCID:

PMCPMC4982693.

33. Hartung H, Feldman B, Lovec H, Coulier F, Birnbaum D, Goldfarb M. Murine FGF-12 and FGF-13:

expression in embryonic nervous system, connective tissue and heart. Mechanisms of development.

1997; 64(1–2):31–9. Epub 1997/06/01. PMID: 9232594.

34. Hennessey JA, Marcou CA, Wang C, Wei EQ, Wang C, Tester DJ, et al. FGF12 is a candidate Brugada

syndrome locus. Heart rhythm. 2013; 10(12):1886–94. Epub 2013/10/08. https://doi.org/10.1016/j.

hrthm.2013.09.064 PMID: 24096171; PubMed Central PMCID: PMCPMC3870051.

35. Boghossian NS, Sicko RJ, Kay DM, Rigler SL, Caggana M, Tsai MY, et al. Rare copy number variants

implicated in posterior urethral valves. American journal of medical genetics Part A. 2016; 170(3):622–

33. Epub 2015/12/15. https://doi.org/10.1002/ajmg.a.37493 PMID: 26663319.

36. Laitenberger G, Donner B, Gebauer J, Hoehn T. D-transposition of the great arteries in a case of micro-

duplication 22q11.2. Pediatric cardiology. 2008; 29(6):1104–6. Epub 2007/11/29. https://doi.org/10.

1007/s00246-007-9150-7 PMID: 18043858.

37. Trost D, Engels H, Bauriedel G, Wiebe W, Schwanitz G. [Congenital cardiovascular malformations and

chromosome microdeletions in 22q11.2]. Deutsche medizinische Wochenschrift (1946). 1999; 124(1–

2):3–7. Epub 1999/02/10. https://doi.org/10.1055/s-2008-1062601 PMID: 9951451.

38. Xu C, Liguori G, Adamson ED, Persico MG. Specific arrest of cardiogenesis in cultured embryonic stem

cells lacking Cripto-1. Developmental biology. 1998; 196(2):237–47. Epub 1998/05/13. https://doi.org/

10.1006/dbio.1998.8862 PMID: 9576836.

39. Parisi S, D’Andrea D, Lago CT, Adamson ED, Persico MG, Minchiotti G. Nodal-dependent Cripto sig-

naling promotes cardiomyogenesis and redirects the neural fate of embryonic stem cells. The Journal of

Cell Biology. 2003; 163(2):303–14. Epub 2003/10/29. https://doi.org/10.1083/jcb.200303010 PMID:

14581455; PubMed Central PMCID: PMCPMC2173524.

40. Yatskievych TA, Ladd AN, Antin PB. Induction of cardiac myogenesis in avian pregastrula epiblast: the

role of the hypoblast and activin. Development (Cambridge, England). 1997; 124(13):2561–70. Epub

1997/07/01. PMID: 9216998.

41. Matsui H, Ikeda K, Nakatani K, Sakabe M, Yamagishi T, Nakanishi T, et al. Induction of initial cardio-

myocyte alpha-actin—smooth muscle alpha-actin—in cultured avian pregastrula epiblast: a role for

nodal and BMP antagonist. Developmental dynamics: an official publication of the American Associa-

tion of Anatomists. 2005; 233(4):1419–29. Epub 2005/06/25. https://doi.org/10.1002/dvdy.20477

PMID: 15977172.

42. Ladd AN, Yatskievych TA, Antin PB. Regulation of avian cardiac myogenesis by activin/TGFbeta and

bone morphogenetic proteins. Developmental biology. 1998; 204(2):407–19. Epub 1999/01/12. https://

doi.org/10.1006/dbio.1998.9094 PMID: 9882479.

43. Sugi Y, Lough J. Activin-A and FGF-2 mimic the inductive effects of anterior endoderm on terminal car-

diac myogenesis in vitro. Developmental biology. 1995; 168(2):567–74. Epub 1995/04/01. https://doi.

org/10.1006/dbio.1995.1102 PMID: 7729588.

44. Mangiacapra FJ, Fransen ME, Lemanski LF. Activin A and transforming growth factor-beta stimulate

heart formation in axolotls but not rescue cardiac lethal mutants. Cell and tissue research. 1995; 282

(2):227–36. Epub 1995/11/01. PMID: 8565053.

45. Osada SI, Wright CV. Xenopus nodal-related signaling is essential for mesendodermal patterning dur-

ing early embryogenesis. Development (Cambridge, England). 1999; 126(14):3229–40. Epub 1999/06/

22. PMID: 10375512.

46. Foley AC, Korol O, Timmer AM, Mercola M. Multiple functions of Cerberus cooperate to induce heart

downstream of Nodal. Developmental biology. 2007; 303(1):57–65. Epub 2006/11/25. https://doi.org/

10.1016/j.ydbio.2006.10.033 PMID: 17123501; PubMed Central PMCID: PMCPMC1855199.

47. D’Amour KA, Agulnick AD, Eliazer S, Kelly OG, Kroon E, Baetge EE. Efficient differentiation of human

embryonic stem cells to definitive endoderm. Nature biotechnology. 2005; 23(12):1534–41. Epub 2005/

11/01. https://doi.org/10.1038/nbt1163 PMID: 16258519.

48. Gadue P, Huber TL, Paddison PJ, Keller GM. Wnt and TGF-beta signaling are required for the induction

of an in vitro model of primitive streak formation using embryonic stem cells. Proceedings of the National

Academy of Sciences of the United States of America. 2006; 103(45):16806–11. Epub 2006/11/02.

https://doi.org/10.1073/pnas.0603916103 PMID: 17077151; PubMed Central PMCID:

PMCPMC1636536.

Copy number variants in Ebstein anomaly

PLOS ONE | https://doi.org/10.1371/journal.pone.0188168 December 7, 2017 13 / 15

https://doi.org/10.1172/JCI44630
http://www.ncbi.nlm.nih.gov/pubmed/21364285
https://doi.org/10.1371/journal.pone.0161096
http://www.ncbi.nlm.nih.gov/pubmed/27518902
http://www.ncbi.nlm.nih.gov/pubmed/9232594
https://doi.org/10.1016/j.hrthm.2013.09.064
https://doi.org/10.1016/j.hrthm.2013.09.064
http://www.ncbi.nlm.nih.gov/pubmed/24096171
https://doi.org/10.1002/ajmg.a.37493
http://www.ncbi.nlm.nih.gov/pubmed/26663319
https://doi.org/10.1007/s00246-007-9150-7
https://doi.org/10.1007/s00246-007-9150-7
http://www.ncbi.nlm.nih.gov/pubmed/18043858
https://doi.org/10.1055/s-2008-1062601
http://www.ncbi.nlm.nih.gov/pubmed/9951451
https://doi.org/10.1006/dbio.1998.8862
https://doi.org/10.1006/dbio.1998.8862
http://www.ncbi.nlm.nih.gov/pubmed/9576836
https://doi.org/10.1083/jcb.200303010
http://www.ncbi.nlm.nih.gov/pubmed/14581455
http://www.ncbi.nlm.nih.gov/pubmed/9216998
https://doi.org/10.1002/dvdy.20477
http://www.ncbi.nlm.nih.gov/pubmed/15977172
https://doi.org/10.1006/dbio.1998.9094
https://doi.org/10.1006/dbio.1998.9094
http://www.ncbi.nlm.nih.gov/pubmed/9882479
https://doi.org/10.1006/dbio.1995.1102
https://doi.org/10.1006/dbio.1995.1102
http://www.ncbi.nlm.nih.gov/pubmed/7729588
http://www.ncbi.nlm.nih.gov/pubmed/8565053
http://www.ncbi.nlm.nih.gov/pubmed/10375512
https://doi.org/10.1016/j.ydbio.2006.10.033
https://doi.org/10.1016/j.ydbio.2006.10.033
http://www.ncbi.nlm.nih.gov/pubmed/17123501
https://doi.org/10.1038/nbt1163
http://www.ncbi.nlm.nih.gov/pubmed/16258519
https://doi.org/10.1073/pnas.0603916103
http://www.ncbi.nlm.nih.gov/pubmed/17077151
https://doi.org/10.1371/journal.pone.0188168


49. Tada S, Era T, Furusawa C, Sakurai H, Nishikawa S, Kinoshita M, et al. Characterization of mesendo-

derm: a diverging point of the definitive endoderm and mesoderm in embryonic stem cell differentiation

culture. Development (Cambridge, England). 2005; 132(19):4363–74. Epub 2005/09/06. https://doi.org/

10.1242/dev.02005 PMID: 16141227.

50. Yasunaga M, Tada S, Torikai-Nishikawa S, Nakano Y, Okada M, Jakt LM, et al. Induction and monitor-

ing of definitive and visceral endoderm differentiation of mouse ES cells. Nature biotechnology. 2005;

23(12):1542–50. Epub 2005/11/29. https://doi.org/10.1038/nbt1167 PMID: 16311587.

51. Ito J, Iijima M, Yoshimoto N, Niimi T, Kuroda S, Maturana AD. Scaffold protein enigma homolog acti-

vates CREB whereas a short splice variant prevents CREB activation in cardiomyocytes. Cellular sig-

nalling. 2015; 27(12):2425–33. Epub 2015/09/15. https://doi.org/10.1016/j.cellsig.2015.09.007 PMID:

26365342.

52. Li X, Oghi KA, Zhang J, Krones A, Bush KT, Glass CK, et al. Eya protein phosphatase activity regulates

Six1-Dach-Eya transcriptional effects in mammalian organogenesis. Nature. 2003; 426(6964):247–54.

Epub 2003/11/25. https://doi.org/10.1038/nature02083 PMID: 14628042.

53. Ai D, Fu X, Wang J, Lu MF, Chen L, Baldini A, et al. Canonical Wnt signaling functions in second heart

field to promote right ventricular growth. Proceedings of the National Academy of Sciences of the United

States of America. 2007; 104(22):9319–24. Epub 2007/05/24. https://doi.org/10.1073/pnas.

0701212104 PMID: 17519332; PubMed Central PMCID: PMCPMC1890492.

54. Schonberger J, Wang L, Shin JT, Kim SD, Depreux FF, Zhu H, et al. Mutation in the transcriptional

coactivator EYA4 causes dilated cardiomyopathy and sensorineural hearing loss. Nature genetics.

2005; 37(4):418–22. Epub 2005/03/01. https://doi.org/10.1038/ng1527 PMID: 15735644.

55. Shimasaki N, Watanabe K, Hara M, Kosaki K. EYA1 mutation in a newborn female presenting with car-

diofacial syndrome. Pediatric cardiology. 2004; 25(4):411–3. Epub 2004/10/20. https://doi.org/10.1007/

s00246-003-0271-3 PMID: 15493068.

56. Hutson MR, Zhang P, Stadt HA, Sato AK, Li YX, Burch J, et al. Cardiac arterial pole alignment is sensi-

tive to FGF8 signaling in the pharynx. Developmental biology. 2006; 295(2):486–97. Epub 2006/06/13.

https://doi.org/10.1016/j.ydbio.2006.02.052 PMID: 16765936.

57. Vitelli F, Zhang Z, Huynh T, Sobotka A, Mupo A, Baldini A. Fgf8 expression in the Tbx1 domain causes

skeletal abnormalities and modifies the aortic arch but not the outflow tract phenotype of Tbx1 mutants.

Developmental biology. 2006; 295(2):559–70. Epub 2006/05/16. https://doi.org/10.1016/j.ydbio.2006.

03.044 PMID: 16696966; PubMed Central PMCID: PMCPMC1850621.

58. Bowman A, Koide A, Goodman JS, Colling ME, Zinne D, Koide S, et al. sNASP and ASF1A function

through both competitive and compatible modes of histone binding. Nucleic acids research. 2017; 45

(2):643–56. Epub 2017/01/27. https://doi.org/10.1093/nar/gkw892 PMID: 28123037; PubMed Central

PMCID: PMCPMC5314797.

59. Black BL. Transcriptional pathways in second heart field development. Seminars in cell & developmen-

tal biology. 2007; 18(1):67–76. Epub 2007/02/06. https://doi.org/10.1016/j.semcdb.2007.01.001 PMID:

17276708; PubMed Central PMCID: PMCPMC1855211.

60. Bettinelli AL, Mulder TJ, Funke BH, Lafferty KA, Longo SA, Niyazov DM. Familial ebstein anomaly, left

ventricular hypertrabeculation, and ventricular septal defect associated with a MYH7 mutation. Ameri-

can journal of medical genetics Part A. 2013;161a(12):3187–90. Epub 2013/08/21. https://doi.org/10.

1002/ajmg.a.36182 PMID: 23956225.

61. Budde BS, Binner P, Waldmuller S, Hohne W, Blankenfeldt W, Hassfeld S, et al. Noncompaction of the

ventricular myocardium is associated with a de novo mutation in the beta-myosin heavy chain gene.

PloS one. 2007; 2(12):e1362. Epub 2007/12/27. https://doi.org/10.1371/journal.pone.0001362 PMID:

18159245; PubMed Central PMCID: PMCPMC2137931.

62. Postma AV, van Engelen K, van de Meerakker J, Rahman T, Probst S, Baars MJ, et al. Mutations in the

sarcomere gene MYH7 in Ebstein anomaly. Circulation Cardiovascular genetics. 2011; 4(1):43–50.

Epub 2010/12/04. https://doi.org/10.1161/CIRCGENETICS.110.957985 PMID: 21127202.

63. Sinkovec M, Kozelj M, Podnar T. Familial biventricular myocardial noncompaction associated with

Ebstein’s malformation. International journal of cardiology. 2005; 102(2):297–302. Epub 2005/06/29.

https://doi.org/10.1016/j.ijcard.2004.05.033 PMID: 15982500.

64. Zuberbuhler JR, Allwork SP, Anderson RH. The spectrum of Ebstein’s anomaly of the tricuspid valve.

The Journal of thoracic and cardiovascular surgery. 1979; 77(2):202–11. Epub 1979/02/01. PMID:

762960.

65. Song ZZ. A combination of right ventricular hypertrabeculation/noncompaction and Ebstein’s anomaly.

International journal of cardiology. 2010; 143(2):e30–3. Epub 2009/01/13. https://doi.org/10.1016/j.

ijcard.2008.12.024 PMID: 19136172.

66. Guillory AN, Yin X, Wijaya CS, Diaz Diaz AC, Rababa’h A, Singh S, et al. Enhanced cardiac function in

Gravin mutant mice involves alterations in the beta-adrenergic receptor signaling cascade. PloS one.

Copy number variants in Ebstein anomaly

PLOS ONE | https://doi.org/10.1371/journal.pone.0188168 December 7, 2017 14 / 15

https://doi.org/10.1242/dev.02005
https://doi.org/10.1242/dev.02005
http://www.ncbi.nlm.nih.gov/pubmed/16141227
https://doi.org/10.1038/nbt1167
http://www.ncbi.nlm.nih.gov/pubmed/16311587
https://doi.org/10.1016/j.cellsig.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26365342
https://doi.org/10.1038/nature02083
http://www.ncbi.nlm.nih.gov/pubmed/14628042
https://doi.org/10.1073/pnas.0701212104
https://doi.org/10.1073/pnas.0701212104
http://www.ncbi.nlm.nih.gov/pubmed/17519332
https://doi.org/10.1038/ng1527
http://www.ncbi.nlm.nih.gov/pubmed/15735644
https://doi.org/10.1007/s00246-003-0271-3
https://doi.org/10.1007/s00246-003-0271-3
http://www.ncbi.nlm.nih.gov/pubmed/15493068
https://doi.org/10.1016/j.ydbio.2006.02.052
http://www.ncbi.nlm.nih.gov/pubmed/16765936
https://doi.org/10.1016/j.ydbio.2006.03.044
https://doi.org/10.1016/j.ydbio.2006.03.044
http://www.ncbi.nlm.nih.gov/pubmed/16696966
https://doi.org/10.1093/nar/gkw892
http://www.ncbi.nlm.nih.gov/pubmed/28123037
https://doi.org/10.1016/j.semcdb.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/17276708
https://doi.org/10.1002/ajmg.a.36182
https://doi.org/10.1002/ajmg.a.36182
http://www.ncbi.nlm.nih.gov/pubmed/23956225
https://doi.org/10.1371/journal.pone.0001362
http://www.ncbi.nlm.nih.gov/pubmed/18159245
https://doi.org/10.1161/CIRCGENETICS.110.957985
http://www.ncbi.nlm.nih.gov/pubmed/21127202
https://doi.org/10.1016/j.ijcard.2004.05.033
http://www.ncbi.nlm.nih.gov/pubmed/15982500
http://www.ncbi.nlm.nih.gov/pubmed/762960
https://doi.org/10.1016/j.ijcard.2008.12.024
https://doi.org/10.1016/j.ijcard.2008.12.024
http://www.ncbi.nlm.nih.gov/pubmed/19136172
https://doi.org/10.1371/journal.pone.0188168


2013; 8(9):e74784. Epub 2013/09/24. https://doi.org/10.1371/journal.pone.0074784 PMID: 24058627;

PubMed Central PMCID: PMCPMC3776749.

67. https://www.omim.org/entry/600958, MYOSIN-BINDING PROTEIN C, CARDIAC; MYBPC3

68. Liang J, Ke G, You W, Peng Z, Lan J, Kalesse M, et al. Interaction between importin 13 and myopodin

suggests a nuclear import pathway for myopodin. Molecular and cellular biochemistry. 2008; 307(1–

2):93–100. Epub 2007/09/11. https://doi.org/10.1007/s11010-007-9588-1 PMID: 17828378.

69. Weins A, Schwarz K, Faul C, Barisoni L, Linke WA, Mundel P. Differentiation- and stress-dependent

nuclear cytoplasmic redistribution of myopodin, a novel actin-bundling protein. The Journal of Cell Biol-

ogy. 2001; 155(3):393–404. https://doi.org/10.1083/jcb.200012039 PMID: 11673475; PubMed Central

PMCID: PMCPMC2150840.

70. Rosenbloom KR, Armstrong J, Barber GP, Casper J, Clawson H, Diekhans M, et al. The UCSC

Genome Browser database: 2015 update. Nucleic acids research. 2015; 43(Database issue):D670–81.

Epub 2014/11/28. https://doi.org/10.1093/nar/gku1177 PMID: 25428374; PubMed Central PMCID:

PMCPMC4383971.

Copy number variants in Ebstein anomaly

PLOS ONE | https://doi.org/10.1371/journal.pone.0188168 December 7, 2017 15 / 15

https://doi.org/10.1371/journal.pone.0074784
http://www.ncbi.nlm.nih.gov/pubmed/24058627
https://www.omim.org/entry/600958
https://doi.org/10.1007/s11010-007-9588-1
http://www.ncbi.nlm.nih.gov/pubmed/17828378
https://doi.org/10.1083/jcb.200012039
http://www.ncbi.nlm.nih.gov/pubmed/11673475
https://doi.org/10.1093/nar/gku1177
http://www.ncbi.nlm.nih.gov/pubmed/25428374
https://doi.org/10.1371/journal.pone.0188168

