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Abstract Congenital heart defects (CHDs) are the most

common birth defect and a major contributor to mortality,

morbidity, and healthcare costs throughout the world.

Although improvements in surgical advances and cardiac

care have increased the lifespan of individuals with CHDs,

the underlying etiologies of disease remain elusive and

there have been no interventions that decrease disease

incidence. Genetic, epigenetic, and environmental factors

all influence the development of CHDs, and an improved

understanding of causation is a prerequisite for prevention.

Genetic causes of CHDs include both structural chromo-

some abnormalities and single gene disorders. Copy num-

ber variation (CNV), or submicroscopic chromosomal

deletions or duplications, has emerged as an important

contributor to congenital genetic disorders, including

CHDs, and has identified critical dosage sensitive genes

important for cardiac development. Common CNVs asso-

ciated with highly penetrant CHDs were first identified in

genomic disorders such as 22q11.2 deletion syndrome and

Williams–Beuren syndrome. More recently, research

investigations and clinical diagnostic testing support a role

for CNVs in CHDs with extracardiac abnormalities (ECAs)

as well as isolated CHD. It is estimated that CNVs con-

tribute to 3–25 % of CHDs with ECAs and 3–10 % of

isolated CHDs. While somewhat less clear, new evidence

suggests that there is an increase in rare, large, genic CNVs

in patients with CHDs, indicating that the overall CNV

burden may also be an important factor in disease. As

genetic testing for CHDs moves forward, CNVs will play

an important role in diagnosis and gene discovery.

Keywords Cardiovascular malformation � Dosage

sensitive gene � Chromosome microarray � Genetic testing

Introduction

Congenital heart defects (CHDs) are among the most

common birth defects, affecting 8 in 1000 live births in the

USA [1]. Congenital cardiovascular defects are the most

common cause of infant death resulting from birth defects,

and 24 % of infants who die of a birth defect have a heart

defect [1]. The underlying causes of CHDs are varied and

can include chromosome abnormalities, single gene dis-

orders, environmental etiologies, or most commonly,

multifactorial etiologies. The full impact of copy number

variation (CNV) as a genetic mechanism in CHDs is not

known with certainty, but both research investigations and

clinical genetic testing indicate an important role that

merits further investigation.

CHDs can occur as isolated findings, as part of a well-

defined syndrome, or in conjunction with additional ex-

tracardiac anomalies (ECAs) not formally recognized as a

syndrome. The designation of CHDs as isolated can be

difficult since many important distinguishing features of

syndromic conditions, such as developmental delay or

dysmorphic features, may not be apparent at initial
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evaluation. For the purposes of this review, ‘‘CHD with

ECA’’ is used to describe patients with CHD and additional

abnormalities or malformations not delineated as a well-

characterized genetic syndrome. Likewise, the phrase

‘‘isolated CHD’’ is used to identify those patients in whom

the only major phenotype at the time of diagnosis is a

cardiovascular malformation.

In a scientific statement from the American Heart Asso-

ciation, Pierpont et al. cite four reasons it is important to

determine the genetic cause of a child’s congenital heart

defect: (1) there may be other important organ system

involvement; (2) there may be prognostic information for

clinical outcomes; (3) there may be important genetic

reproductive risks the family should know about; and (4)

there may be other family members for whom genetic testing

is appropriate [2]. As the number of individuals with CHD

who are living to adulthood increases (about 1 in 150 adults

in the USA has a congenital heart defect) [3], the reproduc-

tive implications are extended to the patient as well as family

members. Thus, it is important to more precisely delineate

disease-causing and disease-associated genetic contribu-

tions in order to begin to impact the incidence of CHDs.

The genetic etiology of CHDs can range from a single

nucleotide variant (SNV) to complex genomic rearrange-

ments to inheritance as a complex trait. Genetic copy number

variations (CNVs) have emerged over the past two decades

as an important cause of disease, including neuropsychiatric

disorders [4–6] and developmental delay [7••]. CNVs are

generally defined as genetic deletions or duplications that are

not identifiable on traditional chromosome analysis. CNVs

arise from recombination within the genome. One of the

major mechanisms of CNV generation is through nonallelic

homologous recombination and may be mediated by flank-

ing low copy repeat regions or repeat regions from similar

sequences in highly homologous genes. When this recom-

bination occurs during meiosis, the result can be unequal

distribution of genetic elements to the gametes, resulting in

CNVs in the offspring. Nonallelic homologous recombina-

tion is most highly associated with large CNVs. Recombi-

nation can also occur among tandem arrays of variable

numbers of tandem repeats (VNTR), typically leading to

smaller CNVs [8, 9]. CNVs hold substantial potential to

create variation throughout the genome and the de novo

mutation rate of CNVs is higher than that of SNVs [10]. As

opposed to SNVs, which are limited to four potential varia-

tions (A, C, G, T), CNVs can vary in size and gene content,

allowing for more extensive genetic changes.

CNV Pathogenicity

CNVs occur relatively frequent, making up about 12 % of

the genome of the average individual [8]. Many CNVs are

common among the general population, and likely have

little to no contribution to disease. Determining which

CNVs contribute to disease has been a matter of intense

investigation. Clinicians and researchers have converged

on criteria to define CNV pathogenicity. In the context of

an individual with a cardiovascular malformation, charac-

teristics of a pathogenic CNV may include: (1) overlap

with a known dosage sensitive CHD gene that causes a

similar phenotype, (2) overlap with a known disease-

associated region, (3) de novo CNV or segregation with

phenotype within a family, (4) location in a gene-rich

region, (5) large deletion or duplication size, and/or (6) rare

(occurring in \1 % of healthy controls). Studies prioritize

these attributes somewhat differently, but generally agree

that pathogenic CNVs share a combination of the above

qualities. In 2011, the American College of Medical

Genetics (ACMG) released guidelines designed to assist in

the clinical interpretation of potentially pathogenic CNVs

[11]. It is important to note that the inheritance pattern of a

CNV is not sufficient for making a determination of its

pathogenicity. Many CNVs exhibit incomplete penetrance

and/or variable expressivity. Therefore, the presence of a

CNV in a healthy individual (including a parent) is not

adequate to rule out a CNV as pathogenic, nor is the de

novo nature of a CNV proof of pathogenicity. Vermeeschs

et al. [12] illustrate this principle by showing de novo

CNVs that were attributed as disease causing, but sub-

sequent analysis identified that the phenotype resulted from

point mutations in different genes [12–16]. Finally, when

considering the gene content of a CNV, the ACMG warns

against using data solely derived from model systems [11].

Mechanisms of CNV Effect

As discussed above, most CNVs are common in the healthy

population and likely have little to no phenotypic conse-

quence. However, when a dosage sensitive gene resides

within the CNV region, deletion or duplication results in

substantial effects on gene function. Disruption of critical

genetic regulatory elements can also result in over- or

under-expression of accompanying genes. Furthermore,

CNVs do not respect genetic boundaries, and the rear-

rangement of DNA can result in the truncation or partial

duplication of some genes, often resulting in a nonfunc-

tional product. The mechanisms of CNVs in disease have

been discussed in more depth elsewhere [17–20].

There is also evidence that some disease phenotypes are

associated with higher numbers of total CNVs in the gen-

ome [21], indicating that the overall burden of CNVs may

contribute to disease processes independent of any specific

CNV. For example, a case–control study of patients with

schizophrenia identified an increased number of novel rare
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CNVs in patients with adult-onset (15 %) or childhood-

onset (20 %) disease compared with controls (5 %) [22].

Several studies have investigated the potential importance

of CNV burden in CHDs. In studies that compared total

numbers of CNVs in individuals with or without CHDs, the

most common finding was that the genomes of individuals

with CHDs were enriched for large, rare, and/or gene-

containing CNVs [23, 24•, 25•, 26•, 27••]. This pattern was

observed for both CHDs with ECAs and isolated CHDs.

Interestingly, however, the number of total CNVs was

frequently similar between groups with CHDs and control

groups. This suggests that for CHDs, novel CNVs in large,

gene-containing regions are more likely to collectively

contribute to pathogenicity.

Analyses of CNVs in Congenital Heart Defects

Syndromic CHDs Caused by CNVs (Genomic

Disorders)

Gene dosage is known to play a critical role in CHDs as

exemplified by a number of genomic disorders which are

strongly associated with CHDs. The most common genetic

syndrome associated with CHD that is caused by a submi-

croscopic chromosome abnormality is 22q11.2 deletion

syndrome. This multiple gene deletion syndrome occurs in

approximately one in 4,000 livebirths and is most frequently

caused by a common deletion from chromosome 22 mediated

by nonallelic homologous recombination. Cardiovascular

malformations are highly penetrant and include conotruncal

malformations such as truncus arteriosus, tetralogy of Fallot,

and interrupted aortic arch type B (Table 1). Additional

CHD-associated deletion or duplication syndromes are

shown in Table 1. Many of these syndromes are not identi-

fiable by conventional chromosome analysis and require

FISH or chromosome microarray analysis for diagnosis.

However, a number of genomic disorders have variable

breakpoints such that a subset is detectable by karyotyping.

For example, approximately 60 % of patients with Wolf-

Hirschhorn syndrome have deletions that are cytogenetically

visible, whereas 40 % are submicroscopic chromosome

deletions. Well-characterized genomic disorders featuring

CHDs have been the subject of frequent reviews [2, 28–30].

It is worth noting that chromosome microarray analysis

has increased the identification of syndromic disease in

patient populations previously thought to have isolated

CHDs. For example, Erdogan et al. [31] identified three

individuals in their analysis of patients with reportedly

isolated CHD who had syndromic CNVs for which the

clinical manifestations were not yet fully present or

appreciated. One patient harbored a 17p11.2 deletion, the

critical region for Smith- Magenis Syndrome. A deletionT
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and duplication of 22q11.2 were identified in the other two

patients. Because early diagnosis of a genetic syndrome

allows patients to be monitored and treated proactively,

identifying a genetic syndrome at an early age in patients

with apparent isolated cardiovascular malformations pro-

vides an opportunity to improve management and outcome.

Similarly, many CNVs listed in Table 1 have been iden-

tified both in patients with isolated CHD and in patients

with syndromic CHD or CHD with ECA. For example,

8p23.1 deletion syndrome and 1q21.1 deletion syndrome

are both phenotypically delineated. Characteristic syn-

dromic features include intellectual disability, specific

dysmorphic features, and microcephaly. However, a num-

ber of reports have also identified these CNVs in patients

with isolated CHDs. Further investigation will be required

to better understand whether this reflects differences in

deletion or duplication sizes between patients, incomplete

penetrance of ECA, or a need for deep phenotyping.

Congenital Heart Defects with Extracardiac Anomalies

CNVs have been shown to play an important role in the

pathogenicity of complex birth defects [32–35], and the

majority of CNV studies performed thus far in patients

with CHDs analyze cohorts of patients with CHDs and

ECAs. Table 1 highlights CNVs (either deletion or dupli-

cation) described in at least 4 patients with CHDs. While

some analyses discussed below focused on one or a few

subtypes of CHD, those here include patients with the full

spectrum of CHDs. A summary of the findings and diag-

nostic yield from each study is shown in Table 2.

Approximately 22 % of CHDs are accompanied by ex-

tracardiac manifestations, including developmental delay,

dysmorphic features, and/or additional developmental

anomalies [36, 37]. Several studies have investigated the

importance of CNVs in CHDs and extracardiac anomalies

(ECAs) [38–43]]. Collectively, they estimate that CNVs

contribute to approximately 3–25 % of cases of CHDs with

ECAs, with several studies falling in the range of 17–20 %

[38, 40, 41]. These data are consistent with a role for CNVs

in patients with CHDs and extracardiac anomalies. As a

point of reference, pathogenic CNVs have been identified

in about 18.2 % of cases of autism spectrum disorder [44]

and 19 % of patients with developmental delay/intellectual

disability [45]. CNV analysis has been implemented as a

first-line diagnostic tool in both of these populations. A

significant proportion of the patients with ECAs in whom

pathogenic CNVs were identified had a neurological

abnormality (developmental delay, intellectual disability,

autism, seizures, microcephaly, etc.). While neurological

disorders did not completely segregate with CNVs (patients

with neurological abnormalities were found to not have

pathogenic CNVs, and patients without neurological

disorders were found to have pathogenic CNVs), the pre-

sence of a neurological disorder with a CHD should prompt

further evaluation and genetic testing.

Isolated Congenital Heart Defects

In most instances, CHDs occur in isolation, without any

extracardiac abnormalities. While the above data demon-

strated an important role for CNVs in CHDs with extracar-

diac anomalies, the question still remains whether CNVs

contribute to isolated CHDs. One of the challenges in iden-

tifying isolated CHDs is that additional features may not

have been identified, or may not have presented at the time of

diagnosis (such as developmental delay). This is particularly

true in instances where infants or young children are among

the study population. There is a need for longitudinal studies

with careful phenotyping for further investigation of this

issue. Table 1 includes CNVs described in four or more

patients with isolated CHDs or CHDs with ECA.

Several studies have investigated CNVs in mixed cohorts

of patients: those with isolated CHD as well as patients with

CHD and ECA. Tomita-Mitchell et al. [27••] performed

CNV analysis on 945 patients and, after excluding those with

chromosomal abnormalities associated with a known syn-

drome, identified potentially causative CNVs in 4.9 % of

their population. Additionally, Sorensen et al. [46] analyzed

CNVs specifically in regions of the genome known to contain

CHD-associated genes and found likely causal variants in

3.2 % of their study cohort. This translates to 2.9 % of their

isolated CHD cohort and 8.3 % of their patients with CHDs

with ECAs. Connor et al. [47••] and Bachman et al. [48•] both

analyzed the utility of CNV analysis in a clinical setting for

infants with CHDs. Both studies reported a high rate of CNV

detection in their patients, 29 % in the study by Connor et al.,

and 22 % in Bachman et al. These numbers did not include

patients with positive results on classical cytogenetic testing,

indicating the rate of genetic diagnoses in newborns with

CHD is quite high. While the study cohort used by Connor

was larger (n = 121 patients vs. n = 45), both studies

included similar numbers of patients with apparently isolated

CHDs (36 % in Connor, 28 % in Bachman). Interestingly,

however, these two analyses detected different rates of

CNVs in their isolated CHD population. In Connor et al.,

nearly half of the CNVs detected were in patients with

apparently isolated CNVs, whereas in Bachman et al., all of

the CNVs were in patients with CHD and ECAs. It is possible

that differing patient populations, hospital practices, or

definitions of ‘‘isolated’’ could account for some of the dif-

ferences in results.

The majority of studies on isolated CHD have focused on

specific subtypes of cardiovascular malformations. Only two

studies published thus far have investigated patients with all

types of isolated CHD. A study of 105 patients with varying
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types of CHD performed by Erdogan et al. [31] found de

novo pathogenic CNVs in 3 % of their patients with isolated

CHD. Zhao et al. [49] examined CNVs in 100 Han Chinese

adults with simple- to moderate-isolated CHD. They found

large, rare CNVs in 39 % of their patients, compared with

21 % of the control group. Both of these numbers are sub-

stantially higher than those seen in other studies, possibly

due to differences in study design. CNVs with genes impli-

cated in cardiac development were present in three individ-

uals. If we include only these three with the most likely

pathogenic CNVs, these data agree with the study by Erdo-

gan et al. [31]. Additional studies discussed below have

focused on specific subtypes of cardiovascular malforma-

tions, and may be more informative regarding the utility of

CNV analysis in isolated CHDs.

Tetralogy of Fallot

Tetralogy of Fallot (ToF) is a type of conotruncal cardio-

vascular malformation that is identified in both syndromic

(notably 22q11.2 deletion syndrome) and nonsyndromic

CHDs. Greenway et al. [23] focused exclusively on patients

with isolated ToF and investigated 114 trios (the proband and

both parents), identifying rare, de novo, gene-containing

CNVs in 10 % of their patients. Soemedi et al. [24] analyzed

283 ToF trios and identified rare, de novo, gene-containing

CNVs in 5 % of their cohort. When they combined this data

with analysis of an additional 2,256 CHD patients, they

estimate that rare genic deletions contribute approximately

4 % of the population-attributable risk of sporadic CHD.

These two studies suggest that pathogenic CNVs contribute

to approximately 4–10 % of isolated ToF.

Two other groups investigated the role of CNVs in ToF

using cohorts that also included patients with ECAs. Der-

wińska et al. [50] analyzed 150 patients, 122 of whom had

ToF, and found rare, gene-containing CNVs in eight of their

patients. Based on gene content, they presumed that three of

these would be pathogenic for CHDs. The three presumed

pathogenic CNVs were identified in two patients with ToF

and developmental delay and one patient with aortic arch

anomalies. Additionally, the cohort analyzed by Silversides

et al. [25•] analyzed 433 adults with ToF. Of these, they

defined 57 as having ‘‘syndromic CHD’’ based on the pre-

sence of particular ECAs. This study identified rare, large

([500 kb) CNVs in 43 (*10 %) of their patients. These

studies support the hypothesis that pathogenic CNVs play an

important role in the pathogenesis of ToF.

Hypoplastic Left Heart Syndrome and Other Left-sided

Cardiac Lesions

Hypoplastic left heart syndrome (HLHS) is among the most

severe congenital heart defects, requiring multiple complex

surgeries for survival, with 50–70 % survival at 5 years of

age [51, 52]. While there is substantial evidence for the

underlying genetic contribution to HLHS, and left ven-

tricular outflow tract obstructive defects (LVOTO) [53–

57], only a few genes have been identified as important

contributors [58, 59]. Several studies have investigated the

potential role of CNVs in the pathogenicity of HLHS.

In 2012, Payne et al. [60] analyzed 43 patients with

HLHS, 10 of whom also demonstrated ECAs. While they

found an increased number of small (*60 kb) CNVs in their

HLHS patients, they did not detect any difference in likely

pathogenic CNVs in their HLHS cohort as compared to their

control population. Based on their data, they concluded that

CNVs did not play a substantial role in the pathogenicity of

HLHS. Subsequent to this study, however, additional reports

indicate a potential important role for CNVs in HLHS and

related disorders. Carey et al. [61••] investigated CNVs in

223 patients with isolated single ventricle defects, 76 % of

whom had HLHS. They found putatively pathogenic CNVs

in 13.9 % of their patients, compared with only 4.4 % of the

control group. When comparing HLHS patients with puta-

tively pathogenic CNVs to those without pathogenic CNVs

at 14 months of age, the presence of a CNV was associated

with worse neurodevelopmental and somatic growth out-

comes. Warburton et al. [62••] also investigated the role of

CNVs in patients with either conotruncal defects or HLHS.

Among their 71 HLHS patients, they identified de novo

CNVs in nine individuals (12.7 %). They found a similar

percentage of de novo CNVs in patients with conotruncal

defects. When filtered for regions and genes implicated in

CHDs, CNVs potentially explained CHDs in 5.6 % of their

total cohort. Interestingly, even though isolated CHD and

CHD with ECA were included in this study, no differences in

CNV number were identified between these two groups.

HLHS is often considered to be the more severe end of a

spectrum of LVOTO defects that also includes aortic ste-

nosis, bicuspid aortic valve, and coarctation of the aorta.

Hitz et al. [63] performed CNV analysis on 67 families

with left-sided cardiac defects, including 464 total indi-

viduals with 174 affected family members. After screening

CNVs for gene content and inheritance pattern, they

identified 17 individuals with CNVs that were likely

pathogenic for CHD, accounting for about 10 % of their

population. Thus, three of the four studies investigating

CNVs in left-sided cardiac defects implicate CNVs in

10 % or more of the patients in their cohorts, indicating

that this subgroup may benefit substantially from chro-

mosome microarray analysis.

Heterotaxy Syndrome

Heterotaxy results when developmental processes regulat-

ing left–right patterning in the embryo are disrupted [64].
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This results in organ misalignment and malformation. The

developing heart is particularly sensitive to left–right pat-

terning cues as it loops and partitions the different cham-

bers. Congenital heart defects are the most common

manifestation of heterotaxy, and frequently also the most

severe. Fakhro et al. [26•] investigated the role of CNVs in

patients with heterotaxy. In a cohort of 262 patients, 45

novel CNVs in 39 patients were identified. When compared

to a control population, CNVs occurred at a higher rate in

patients with heterotaxy (14.5 % of patients with hetero-

taxy had rare, genic CNVs vs 7.4 % of the control popu-

lation). Several of these CNVs contained genes that have

been shown in animal studies to be essential for left–right

patterning, indicating that CNV analysis can also be a

valuable tool in gene discovery.

CNVs in Fetal CHDs

Historically, prenatal genetic testing has relied on analysis

of chromosomes by traditional karyotyping or fluorescence

in situ hybridization (FISH). In 2009, Van den Veyver et al.

analyzed the potential utility of CNV analysis in cases of

advanced maternal age or abnormal ultrasound findings.

They found pathogenic CNVs in 5 % of 300 cases and

gained important new information by chromosome micro-

array in 2.3 % [65]. A few studies have investigated the

utility of chromosome microarray analysis specifically for

detection of CNVs in fetuses with CHDs. Schmid et al.

[66] analyzed 12 fetuses who had CHDs and multiple

anomalies with a normal chromosome analysis and FISH

for 22q11.2 deletion. They reported causative CNVs in

3/12 fetuses (25 %) and CNVs of uncertain significance in

another 25 %. Bao et al. [67] also performed an analysis on

seven fetuses with particularly complex malformations

(two aneuploid and five euploid). Two rare CNVs identi-

fied contained genes that were related to cardiac develop-

ment. In a larger study, Yan et al. [68] analyzed 76 fetuses

in the second trimester, all of whom had negative results on

traditional G-band karyotype analysis and FISH for

22q11.2 deletion. Among their study cohort were 49 fetu-

ses with apparently isolated CHDs and 27 with additional

anomalies detectable by ultrasound analysis. Overall, they

detected pathogenic CNVs in 6.6 % of their study popu-

lation. An additional 5.3 % carried variants of unknown

significance defined as de novo CNVs containing poten-

tially important functional genes. Their data did not indi-

cate a difference in CNV pathogenicity between patients

with isolated CHD versus CHD with ECAs. As mentioned

previously, however, the ability to detect ECAs early in life

and particularly during gestation is limited may not be

detectable using current fetal imaging technology. These

studies indicate that pathogenic CNVs can be detected in

fetuses both with isolated CHDs and CHD with ECAs.

However, many CNVs are not fully understood and dem-

onstrate evidence of variable penetrance and/or expressiv-

ity, indicating that CNV analyses need to be undertaken

cautiously and should be paired with comprehensive

genetic counseling in order to empower prenatal decision-

making. A psychosocial analysis of 23 women who

received prenatal CNV analysis as part of their prenatal

care revealed that many women were unprepared for

uncertain results and that this increased the psychological

burden associated with the pregnancy [69]. Improvements

in understanding the postnatal implications of CNVs will

provide additional resources in the prenatal setting. Both

pretest and posttest counseling is essential for prenatal

chromosome microarray testing for CHD. Because differ-

ent types of cardiovascular malformations carry different

risks for association with syndromic versus isolated CHDs,

genetic counselors with specific expertise in cardiovascular

genetics are important resources.

Conclusions

CHDs are a complex set of disorders with varied causes

that include genetic, epigenetic, environmental, and mul-

tifactorial. As genetic testing technology continues to

expand, more opportunities are available to determine the

genetic contributors to disease. CNVs have been increas-

ingly appreciated as an important cause of birth defects,

including CHDs. Studies published thus far estimate that

CNVs contribute to disease burden in approximately

3–25 % of patients with CHDs with ECAs and 3–10 % of

patients with isolated CHDs, indicating that CNV analysis

can provide valuable diagnostic information in this patient

population. Notably, many of these studies performed

22q11.2 FISH prior to CNV analysis and excluded patients

with positive results suggesting that the actual yield of

chromosome microarray testing in the CHD population is

even higher. CNV analysis of patients with apparent iso-

lated CHD may reveal a genetic abnormality consistent

with a genetic syndrome [31] and allow for more proactive

monitoring and treatment for these patients. There is a need

for ongoing longitudinal studies and deep phenotyping in

patients with CNVs and CHDs in order to determine the

natural history, to better define the contribution to isolated

versus syndromic CHDs, and to delineate the degree to

which variable expressivity and incomplete penetrance

play important roles. As with other genetic tests, proper

counseling of patients and families before and after testing

is essential. Additionally, while common CNVs have been

identified in patients with CHDs (Table 1), most CNVs are

associated with a variety of cardiovascular malformations,

suggesting that CNVs may predispose an individual to

CHD while other genetic and environmental factors fine-
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tune the phenotype. Finally, determining which CNVs are

pathogenic is a dynamic process, and new findings will

likely influence our current understanding of CNV contri-

bution to disease. Despite these limitations, copy number

analysis has established itself as an important tool in the

genetic diagnosis of CHDs, and can provide valuable

information to patients and families with CHDs.

Acknowledgments Work on this project by S. M. W. is supported

by March of Dimes Research Foundation grant 6-FY13-167 and

Burroughs Wellcome Fund Clinical Scientist Award in Translational

Research #1008496.

Disclosure J Lander and SM Ware both declare no conflict of

interests.

Human and Animal Rights and Informed Consent All studies by

SM Ware involving animal and/or human subjects were performed

after approval of the appropriate institutional review boards. When

required, written informed consent was obtained from all participants.

References

Papers of particular interest, published recently, have been

highlighted as:
• Of importance
•• Of major importance

1. Roger VL, Go AS, Lloyd-Jones DM, et al. Heart disease and stroke

statistics–2012 update: a report from the American heart associa-

tion. Circulation. 2011; doi:10.1161/CIR.0b013e31823ac046.

2. Pierpont ME, Basson CT, Benson DW, et al. Genetic basis for

congenital heart defects: current knowledge: a scientific statement

from the American heart association congenital cardiac defects

committee, council on cardiovascular disease in the Young:

endorsed by the American academy of pediatrics. Circulation.

2007;115(23):3015–38. doi:10.1161/CIRCULATIONAHA.106.

183056.

3. Warnes CA, Williams RG, Bashore TM, et al. ACC/AHA 2008

guidelines for the management of adults with congenital heart

disease: a report of the American college of cardiology/American

heart association task force on practice guidelines (writing

committee to develop guidelines on the management of a. J Am

Coll Cardiol. 2008;52(23):e143–263. doi:10.1016/j.jacc.2008.10.

001.

4. Cook EH, Scherer SW. Copy-number variations associated with

neuropsychiatric conditions. Nature. 2008;455(7215):919–23.

doi:10.1038/nature07458.

5. Xu B, Roos JL, Levy S, van Rensburg EJ, Gogos J a, Karayiorgou

M. Strong association of de novo copy number mutations with

sporadic schizophrenia. Nat Genet. 2008;40(7):880–5. doi:10.

1038/ng.162.

6. Sebat J, Lakshmi B, Malhotra D, et al. Strong association of de

novo copy number mutations with autism. Science (80-).

2007;316(5823):445–9. doi:10.1126/science.1138659.Strong.

7. •• Cooper GM, Coe BP, Girirajan S, et al. A copy number var-

iation morbidity map of developmental delay. Nat Genet. 2011.

doi:10.1038/ng.909. CNVs identified in a large cohort of children

with intellectual disability and congenital defects with an

estimate of that CNVs cause disease in 14.2 % of cases. CNVs

were enriched in individuals with craniofacial anomalies and

cardiovascular defects.

8. Redon R, Ishikawa S, Fitch KR, et al. Global variation in copy

number in the human genome. Nature. 2006;444(7118):444–54.

doi:10.1038/nature05329.

9. Conrad DF, Pinto D, Redon R, et al. Origins and functional

impact of copy number variation in the human genome. Nature.

2010;464(7289):704–12. doi:10.1038/nature08516.

10. Lupski JR. Genomic rearrangements and sporadic disease. Nat

Genet. 2007;39(7 Suppl):S43–7. doi:10.1038/ng2084.

11. Kearney HM, Thorland EC, Brown KK, Quintero-Rivera F,

South ST. American college of medical genetics standards and

guidelines for interpretation and reporting of postnatal constitu-

tional copy number variants. Genet Med. 2011;13(7):680–5.

doi:10.1097/GIM.0b013e3182217a3a.

12. Vermeesch JR, Balikova I, Schrander-Stumpel C, Fryns J-P,

Devriendt K. The causality of de novo copy number variants is

overestimated. Eur J Hum Genet. 2011;19(11):1112–3. doi:10.

1038/ejhg.2011.83.

13. Maas NMC, Van de Putte T, Melotte C, et al. The C20orf133

gene is disrupted in a patient with Kabuki syndrome. J Med

Genet. 2007;44(9):562–9. doi:10.1136/jmg.2007.049510.

14. Paulussen ADC, Stegmann APA, Blok MJ, et al. MLL2 mutation

spectrum in 45 patients with Kabuki syndrome. Hum Mutat.

2011;32(2):E2018–25. doi:10.1002/humu.21416.

15. Kuniba H, Tsuda M, Nakashima M, et al. Lack of C20orf133 and

FLRT3 mutations in 43 patients with Kabuki syndrome in Japan.

J Med Genet. 2008;45(7):479–80. doi:10.1136/jmg.2008.058503.

16. Ng SB, Bigham AW, Buckingham KJ, et al. Exome sequencing

identifies MLL2 mutations as a cause of Kabuki syndrome. Nat

Genet. 2010;42(9):790–3. doi:10.1038/ng.646.Exome.

17. Stankiewicz P, Lupski JR. Structural variation in the human

genome and its role in disease. Annu Rev Med. 2010;61:437–55.

doi:10.1146/annurev-med-100708-204735.

18. Riccardi VM, Lupski JR. Duplications, deletions, and single-

nucleotide variations: the complexity of genetic arithmetic. Genet

Med. 2013;15(3):172–3. doi:10.1038/gim.2012.124.

19. Zhang F, Carvalho CMB, Lupski JR. Complex human chromosomal

and genomic rearrangements. Trends Genet. 2009;25(7):298–307.

doi:10.1016/j.tig.2009.05.005.

20. Zhang F, Gu W, Hurles ME, Lupski JR. Copy number variation

in human health, disease, and evolution. Annu Rev Genomics

Hum Genet. 2009;10:451–81. doi:10.1146/annurev.genom.9.

081307.164217.

21. Shlien A, Tabori U, Marshall CR, et al. Excessive genomic DNA

copy number variation in the Li-Fraumeni cancer predisposition

syndrome. Proc Natl Acad Sci U S A. 2008;105(32):11264–9.

doi:10.1073/pnas.0802970105.

22. Walsh T, McClellan JM, McCarthy SE, et al. Rare structural

variants disrupt multiple genes in neurodevelopmental pathways

in schizophrenia. Science. 2008;320(5875):539–43. doi:10.1126/

science.1155174.

23. Greenway SC, Pereira AC, Lin JC, et al. De novo copy number

variants identify new genes and loci in isolated sporadic tetralogy

of fallot. Nat Genet. 2009;41(8):931–5. doi:10.1038/ng.415.

24. • Soemedi R, Wilson IJ, Bentham J, et al. Contribution of global

rare copy-number variants to the risk of sporadic congenital heart

disease. Am J Hum Genet. 2012;91(3):489–501. doi:10.1016/j.

ajhg.2012.08.003. This study assesses the contribution of CNVs to

CHDs in one of the largest CHD cohorts studied. It includes both

cases of sporadic CHD and trio CHD-affected families con-

cluding that rare genic deletions contribute 4 % of the population

attributable risk in the sporadic CHD population.

25. • Silversides CK, Lionel AC, Costain G, et al. Rare copy number

variations in adults with tetralogy of Fallot implicate novel risk

176 Curr Genet Med Rep (2014) 2:168–178

123

http://dx.doi.org/10.1161/CIR.0b013e31823ac046
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.183056
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.183056
http://dx.doi.org/10.1016/j.jacc.2008.10.001
http://dx.doi.org/10.1016/j.jacc.2008.10.001
http://dx.doi.org/10.1038/nature07458
http://dx.doi.org/10.1038/ng.162
http://dx.doi.org/10.1038/ng.162
http://dx.doi.org/10.1126/science.1138659.Strong
http://dx.doi.org/10.1038/ng.909
http://dx.doi.org/10.1038/nature05329
http://dx.doi.org/10.1038/nature08516
http://dx.doi.org/10.1038/ng2084
http://dx.doi.org/10.1097/GIM.0b013e3182217a3a
http://dx.doi.org/10.1038/ejhg.2011.83
http://dx.doi.org/10.1038/ejhg.2011.83
http://dx.doi.org/10.1136/jmg.2007.049510
http://dx.doi.org/10.1002/humu.21416
http://dx.doi.org/10.1136/jmg.2008.058503
http://dx.doi.org/10.1038/ng.646.Exome
http://dx.doi.org/10.1146/annurev-med-100708-204735
http://dx.doi.org/10.1038/gim.2012.124
http://dx.doi.org/10.1016/j.tig.2009.05.005
http://dx.doi.org/10.1146/annurev.genom.9.081307.164217
http://dx.doi.org/10.1146/annurev.genom.9.081307.164217
http://dx.doi.org/10.1073/pnas.0802970105
http://dx.doi.org/10.1126/science.1155174
http://dx.doi.org/10.1126/science.1155174
http://dx.doi.org/10.1038/ng.415
http://dx.doi.org/10.1016/j.ajhg.2012.08.003
http://dx.doi.org/10.1016/j.ajhg.2012.08.003


gene pathways. PLoS Genet. 2012;8(8):e1002843. doi:10.1371/

journal.pgen.1002843. This study includes a large population of

adults with CHD. As discussed in the review, the distinction

between isolated CHD and CHD with ECA can be challenging in

children as other symptoms may not have manifest yet. Subse-

quently, an analysis of adults allows for a more clear distinction

of isolated CHD and CHD with ECA.

26. • Fakhro KA, Choi M, Ware SM, et al. Rare copy number vari-

ations in congenital heart disease patients identify unique genes

in left-right patterning. Proc Natl Acad Sci U S A. 2011. doi:10.

1073/pnas.1019645108. This study assesses the contribution of

CNVs to heterotaxy spectrum cardiovascular malformations and

demonstrates that follow up validation of candidate genes in

model organisms is useful for identifying new genes contributing

to CHD.

27. •• Tomita-Mitchell A, Mahnke DK, Struble CA, et al. Human

gene copy number spectra analysis in congenital heart malfor-

mations. Physiol Genomics. 2012;44(9):518–41. doi:10.1152/

physiolgenomics.00013.2012. Identification of enriched CNVs in

the largest CHD cohort to date. Additional study strengths

include the deep cardiac phenotyping.

28. Ware SM, Jeffries JL. New genetic insights into congenital heart

disease. J Clin Exp Cardiolog. 2012;. doi:10.4172/2155-9880.S8-

003.New.

29. Richards AA, Garg V. Genetics of congenital heart disease. Curr

Cardiol Rev. 2010;6(2):91–7. doi:10.2174/157340310791162703.

30. Fahed AC, Gelb BD, Seidman JG, Seidman CE. Genetics of

congenital heart disease: the glass half empty. Circ Res.

2013;112(4):707–20. doi:10.1161/CIRCRESAHA.112.300853.

31. Erdogan F, Larsen LA, Zhang L, et al. High frequency of sub-

microscopic genomic aberrations detected by tiling path array

comparative genome hybridisation in patients with isolated con-

genital heart disease. J Med Genet. 2008;45(11):704–9. doi:10.

1136/jmg.2008.058776.

32. Boone PM, Bacino CA, Shaw CA, et al. Detection of clinically

relevant exonic copy-number changes by array CGH human

mutation. Hum Mutat. 2010;31(12):1326–42. doi:10.1002/humu.

21360.

33. Lu X-Y, Phung MT, Shaw CA, et al. Genomic imbalances in

neonates with birth defects: high detection rates by using chro-

mosomal microarray analysis. Pediatrics. 2008;122(6):1310–8.

doi:10.1542/peds.2008-0297.
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