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Abstract Congenital heart disease (CHD) is the most

common congenital malformation, with evidence of a

strong genetic component. We analyzed data from 223

consecutively ascertained families, each consisting of at

least one child affected by a conotruncal defect (CNT) or

hypoplastic left heart disease (HLHS) and both parents.

The NimbleGen HD2-2.1 comparative genomic hybrid-

ization platform was used to identify de novo and rare

inherited copy number variants (CNVs). Excluding 10

cases with 22q11.2 DiGeorge deletions, we validated de

novo CNVs in 8 % of 148 probands with CNTs, 12.7 % of

71 probands with HLHS and none in 4 probands with both.

Only 2 % of control families showed a de novo CNV. We

also identified a group of ultra-rare inherited CNVs that

occurred de novo in our sample, contained a candidate

gene for CHD, recurred in our sample or were present in an

affected sibling. We confirmed the contribution to CHD of

copy number changes in genes such as GATA4 and NODAL

and identified several genes in novel recurrent CNVs that

may point to novel CHD candidate loci. We also found

CNVs previously associated with highly variable pheno-

types and reduced penetrance, such as dup 1q21.1, dup

16p13.11, dup 15q11.2-13, dup 22q11.2, and del 2q23.1.

We found that the presence of extra-cardiac anomalies was

not related to the frequency of CNVs, and that there was no

significant difference in CNV frequency or specificity

between the probands with CNT and HLHS. In agreement

with other series, we identified likely causal CNVs in

5.6 % of our total sample, half of which were de novo.

Introduction

Congenital heart disease (CHD) is the most common

human congenital malformation, occurring in approxi-

mately 1 in 100 livebirths. Evidence for a genetic contri-

bution to etiology is based on a sib recurrence risk 2–4

times higher than the overall incidence (Loffredo et al.
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2004), the common occurrence of CHD in children with

complete or partial aneuploidy (van Karnebeek and

Hennekam 1999), the existence of several micro-deletion

syndromes that include CHD (e.g., DiGeorge [MIM

188400], Williams [MIM 194050] and Alagille [MIM

118540]) and the documentation in CHD patients of point

mutations in several genes known to be involved in heart

development (Goldmuntz et al. 2001; Yang et al. 2012).

Recent studies have also shown that rare de novo and

inherited copy number variants (CNVs) occur in 5–10 % of

probands with CHD, classified in a variety of ways

(Breckpot et al. 2010, 2011; Erdogan et al. 2008; Greenway

et al. 2009; Hitz et al. 2012; Lalani et al. 2013; Silversides

et al. 2012; Soemedi et al. 2012b). This evidence points to

great heterogeneity among the genetic factors implicated in

CHD. So far the only single common cause identified is the

1–3 Mb 22q11.2 deletion that leads to the DiGeorge-

velocardio-facial syndrome.

Our study was designed to provide an unbiased estimate

of the contribution of de novo and rare inherited CNVs to

two types of CHD, conotruncal anomalies (CNT) and

hypoplastic left heart syndrome (HLHS). We selected these

two because they are commonly considered to arise by

discrete developmental mechanisms (Restivo et al. 2006;

Grossfeld 2002). We hypothesized that different genetic

pathways might be revealed by identifying CNVs. For both

types of anomaly our sample is unique in analyzing only

complete trios and including complete ascertainment of

newborns irrespective of family history or presence of

other malformations.

CNTs arise during the formation of the outflow vessels

from the heart and include six defects, not mutually

exclusive: (1) double outlet right ventricle (DORV), where

both the aorta and the pulmonary artery arise from the right

ventricle; (2) tetralogy of Fallot (TOF), where an anterior

malalignment ventricular septal defect results in an over-

riding aorta, pulmonary stenosis and right ventricular

hypertrophy (3) interrupted aortic arch (IAA), where the

aorta is subdivided and cannot deliver blood efficiently to

the body; (4) transposition of the great arteries (TGA),

where the pulmonary artery and the aorta arise from the

inappropriate ventricle; (5) truncus arteriosus (TA), where

a single great vessel leaves the heart and gives rise to the

aorta and pulmonary artery; and (6) conoventricular septal

defect (CVSD) where a defect in the conoventricular por-

tion of the interventricular septum results in malalignment.

Several studies have studied CNVs in TOF only, further

defined by family history or extra-cardiac defects, but only

one (Soemedi et al. 2012b) has studied TOF without any

restrictions. No study has considered CNT as a single

group.

HLHS is characterized by severe stenosis or atresia of

the mitral and/or aortic valves, a small left ventricle and

aortic arch hypoplasia. Restricted flow into or out of the

left ventricle leads to diminished ventricular blood and

thereafter poor growth and development of the left ven-

tricle and outflow tract. Because of its rarity (*1 % of

CHD) only one study has reported CNVs in a substantial

number of HLHS trios (Hitz et al. 2012), but that study

focused on cases with a positive family history for CHD.

To detect CNVs we performed comparative genomic

hybridization (CGH) on family trios that comprised a

proband and both parents. We also studied affected sibs

when available. Our primary analysis consisted of com-

parison of CGH microarray ratio data in probands and

parents to detect de novo CNVs. Following validation of

candidate de novo events, we assessed the genes involved

for known or potential function in heart development. We

also examined ultra-rare inherited variants to identify those

that overlapped de novo events, recurred in our sample or

included candidate genes. Secondary analyses compared

the frequency and nature of CNVs between probands with

CNT and HLHS, and between male and female probands.

Finally, we assessed the genes found in CNVs for a role in

CHD using both the literature and Ingenuity Pathway

analysis.

Methods

Recruitment and protocol

We identified all infants \1 month with CNT and all

children \5 years with HLHS seen in the Division of

Cardiology of the Morgan Stanley Children’s Hospital of

New York. The majority were inpatients. The difference in

age range for the two diagnostic classes was necessary to

achieve our sample size goals because HLHS is less

common than CNT. We also recruited families with pre-

natal echocardiographic diagnoses of a CNT or HLHS,

although only those infants delivered live at our hospital

were eligible for the study. We identified cases from the

end of November of 2006 to the end of May 2010. Initial

cardiac classification was based on the diagnosis in the

medical record. Our team cardiologist (IW) reviewed all

echocardiograms and determined the research diagnosis. If

diagnoses were inconsistent, the data were reviewed with a

second cardiologist to reach a consensus.

This study was approved by the Institutional Review

Boards of Columbia University Medical Center and Cold

Spring Harbor Laboratory (CSHL). To be eligible for the

study, we required that both biological parents be available

and consent. Participation involved permission to review

the medical records of parents and child, to interview both

parents about demographic, medical, reproductive and

family history, to obtain a blood sample from the child and
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parents, to carry out a genetic examination of the child for

dysmorphic features and to perform standardized research

echocardiograms on both parents to assess for previously

undetected cardiac anomalies such as right aortic arch or

bicuspid aortic valve. Information on developmental status

at age C2 years was available on some patients via medical

records, parental discussion or the genetic exam for HLHS

patients ascertained at age two or older.

Sample collection and cytogenetics

Two blood samples were drawn from the proband and each

parent: one in EDTA for DNA extraction and one in

sodium heparin for chromosome preparations. Three-day

PHA-stimulated cultures were set up and the fixed cells

were stored at -20 �C for possible future metaphase

preparations or fluorescence in situ hybridization (FISH).

On rare occasions we used saliva samples from parents.

Karyotype analysis and FISH to detect the 22q11.2

DiGeorge deletion were carried out on most CNT patients

and some HLHS patients as part of routine patient care in

the Cytogenetics Laboratory at New York Presbyterian

Hospital. On occasion, when a child’s blood sample was

difficult to obtain or low in volume, we used a discarded

blood sample from the clinical laboratory to set up a PHA-

stimulated culture and isolate DNA. When no karyotype

information was available from laboratory or hospital

records, we used the saved fixed cells to prepare Giemsa-

banded karyotypes and carry out FISH with the TUPLE or

N25 (Abbot Molecular USA, LSI TUPLE: Vysis D22S75

LSI N25) probe to determine DiGeorge status.

The disposition of the original 400 families ascertained

with CNT or HLHS is shown in Table 1. Families in which

there was an affected sibling (including twins) are counted

only once. Of the 400 cases ascertained, 56 were ineligible

for study. We list reasons for ineligibility, which includes

complete aneuploidy, in the footnote of Table 1. Cases

with unbalanced rearrangements were considered eligible

since partial aneuploidies detectable by karyotype would

still be informative. Cases with the 22q11.2 DiGeorge

deletion detected by FISH were included so we could

confirm that the microarray detected all known cases and to

permit a detailed phenotype–genotype analysis, if desired.

Of the 344 eligible cases, we obtained DNA samples from

the proband, mother and father (a trio) in 238 (69.2 %):

microarray analysis was successful in 223. Reasons for

non-participation or microarray failure are given in the

footnotes of Table 1.

Table 1 also shows the distribution of heart defects, sex

ratio, and the frequency of the DiGeorge deletion among

the 223 families with successful microarrays. CNT pro-

bands comprise 66.4 % of the sample. The overall male:

female ratio is 2.0 and similar in both defect classes, in

agreement with other reports (Loffredo 2000). Known

DiGeorge syndrome cases made up 4.5 % of the sample

(all had CNT). The distribution of heart defects, sex ratio

and DiGeorge patients did not differ between the 121 eli-

gible trios who did not complete the study and the 223 trios

who had complete microarrays.

Microarray testing and data analysis

Blood or saliva samples were kept refrigerated and pro-

cessed within 3 days. Genomic DNAs were isolated using

Qiagen Flexigene kits (Qiagen Sciences, Germantown,

MD, USA) and aliquots were sent to CSHL. Each sample

was labeled with a unique identifier different from the

family number and the laboratory was blind to all data

except cardiac diagnosis, sex, ethnicity, and year of birth.

We used CGH (Iafrate et al. 2004; Sebat et al. 2004) to

analyze copy number variation. As control trios unaffected

with CHD we used 750 trios from the Simons Simplex

Collection (SSC), each consisting of a father, mother and

unaffected child (Levy et al. 2011). These families were

ascertained through an autistic child.

Table 1 Derivation and composition of the analytical sample

Percent

Ascertained with CNT or HLHS (n) 400

Eligible for study (n)a 344 86.0 % of ascertained

Trios completing the study (n)b 238 69.2 % of eligible

Trios with completed microarrays

(n)c,d
223 93.7 % of trios

CNT (n) 148 66.4 % of analytic

sample

Male:female ratio 1.9

HLHS (n) 71 31.8 % of analytic

sample

Male:female ratio 2.1

HLHS ? CNT (n) 4 1.8 % of analytic

sample

Male:female ratio 3.0

Male:female ratio in all CHD cases 2.0

DiGeorge by FISH (n) 10 6.8 % of CNT

a The reasons for ineligibility are hierarchical: aneuploidy (n = 18),

cardiac diagnosis change (n = 16), donor egg or sperm (n = 5),

pregnancy loss (n = 1), delivered elsewhere (n = 2), partner

unavailable (n = 14)
b Reasons for not completing the study are: no physician permission

to approach (n = 6), refused or withdrew (n = 93), child died before

we could request a blood sample (n = 2), not located (n = 5)
c Among trios, DNA was insufficient for three, hybridization was

incomplete for eight, and the trio did not form a biologic unit for four
d The analytic sample is comprised of the 223 trios with completed

microarrays
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All samples were hybridized on the NimbleGen HD2

2.1-million probe microarray platform (http://www.

nimblegen.com/products/cgh/wgt/human/2.1m/index.html)

with oligonucleotides optimized for both hybridization

performance and uniform genome coverage. Genomic

DNAs were sent to NimbleGen’s Icelandic facility and

hybridized against a male reference genome using a two-

color protocol. CHD samples were labeled with Cy3 and

the reference was labeled with Cy5.

Hybridization data underwent extensive processing

before determining segments of altered copy number (Lee

et al. 2012). We extracted signal and noise parameters from

each hybridization, and used these for quality control and

to model integer copy number states. To detect non-bio-

logical families we computed a relatedness measure for

each pair of hybridizations, according to the same protocol

as Levy et al. (2011), where the scoring methods are

described in depth. For partitioning the genome into

intervals of constant copy number, we used KS segmen-

tation, minimization of variance and Kolmogorov–Smirnov

statistics to establish significance (Grubor et al. 2009). We

also employed a trio-based hidden Markov Model (HMM)

to build databases of high-confidence events and trans-

missions. High-confidence events from 1500 control par-

ents from the SSC (Levy et al. 2011) were utilized to

determine the frequency of copy number variation for all

regions represented on the HD2 microarray. We restricted

calls to autosomal probes that did not have known extra

mappings to the human genome (hg18 build) outside the

event region, as well as probes that were rarely polymor-

phic (occurred in no more than 5 parents) in the parental

database. We then relaxed these probe restrictions to con-

sider lower quality trios, probes on the X-chromosome, and

probes with higher frequencies of polymorphism in the

controls (but not[20/1,500 parents), and de novo events of

lower significance (p value \10-7). We then curated the

resulting list by manual inspection of the graphics. The

reasons for not using microarray data are shown in the

footnote of Table 1.

Validation of CGH detected changes

We used FISH and real-time quantitative PCR (qPCR) to

confirm de novo CNVs detected by microarray analysis.

FISH was performed according to our previously published

protocol (Jobanputra et al. 2005) using home-labeled

probes obtained from BAC PAC Resources, CA. For qPCR

we used a relative quantitation method (Kindich et al.

2005), which uses SYBR Green I to compare DNA copy

number in the research sample relative to a reference

sample.

Statistical and gene function analyses

Differences in the frequencies of CNVs by diagnosis or

gender were tested by Chi square analysis. We imported

the list of genes present in de novo and rare inherited

CNVs into the Ingenuity pathway analysis (IPA, Ingenu-

ity Systems, http://www.ingenuity.com) Web server. We

chose human as the species option. We used the right-

tailed Fisher’s exact test, corrected for multiple hypothe-

sis testing, to calculate alpha levels for the genes that

enriched in biological functions, canonical pathways or

networks. A maximum of 35 molecules by default was set

in each network and all evidence of experimentally

observed, predicted high or moderate confidence was

used. Gene networks were algorithmically generated

based on their connectivity to the Ingenuity knowledge

base.

Results

Karyotype analysis

Of the 223 probands with completed CGH, only one

sample did not have a completed G-banded karyotype (this

case had no detectable de novo CNVs). There were three

cases with a non-exclusionary abnormal karyotype. One

had a de novo unbalanced translocation, 46,XY,

add(13)(p11.2), which the CGH and FISH data showed was

an 18-Mb duplication of chromosome 1q42.2-q44. Another

had an inherited balanced translocation, 46,XY,t(3;14)

(p21;q22)mat, which had no CNVs at the breakpoints of

the translocation (or elsewhere) and likely represents a

truly balanced event. The third had a non-mosaic small

marker, 47,XY,?M but no detectable CNVs indicating that

the marker contained only repetitive DNA or a region

heavily filtered in the CGH data analysis.

DiGeorge syndrome

Nine of the 223 probands had a de novo[2 Mb deletion of

22q11.2 in the DiGeorge region, as detected by both FISH

and CGH: six of these patients had TOF, two had TA and

one had IAA. A tenth case, a member of a set of mono-

zygotic twins with a maternally inherited deletion, had TA;

the twin had TOF. All cases previously diagnosed by FISH

were confirmed on microarray. DiGeorge syndrome cases

made up 4.5 % of the total sample and 6.8 % of all CNT

cases. This rate is somewhat lower than that found in

previous series (Goldmuntz et al. 1998), possibly because

our ascertainment was only through CHD.
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Parental echocardiograms

We obtained parental echocardiograms because the liter-

ature suggested that clinically undetected heart defects

were increased in parents of children with CHD. In par-

ticular, right-sided aortic arch has been reported among

parents of children with CNT and bicuspid aortic valve has

been reported among parents with HLHS (Loffredo et al.

2004). Among the 223 trios, we carried out echocardio-

grams in 416 parents (208 mothers, 208 fathers). No parent

had a right-sided aortic arch. Three fathers had a bicuspid

aortic valve. Two of their offspring had DORV and the

other TGA.

De novo CNVs detected by microarray analysis

Our first analysis examined trios to find de novo deletions

or duplications. We classified 33 changes as probable de

novo rare events. Only one of these changes, the 16p13.11

duplication, was seen once in a control SSC trio. De novo

CNVs other than 22q11.21 deletions ranged in size from 6

to 18 Mb. All 12 CNVs C100 kb were confirmed by FISH

with BAC probes. All but one CNV B100 kb were con-

firmed by qPCR using primers specific to the region. The

32 remaining de novo CNVs are described in Table 2.

Representative array diagrams are shown in Figure 1S

(Supplement).

Mosaicism

Validation studies identified three cases of mosaicism that

had not been detected in the CGH analysis. In one case (ID

5105), FISH with two BACs present in the deleted region

showed that about 10 % (8/82) of cells scored in the father

had the same 12q24.31 deletion found in 100 % of cells

from his son (Fig. 1). In another case (ID 5159) with a 7-kb

duplication in 7q22.1, qPCR gave a value in the father that

was intermediate between the son and the mother, sug-

gesting that the 7-kb duplication present in the son with

CHD was inherited from a mosaic father. Because of the

small size, this event could not be confirmed by FISH.

Although these lesions must have been inherited from the

father, we have still scored them as de novo because in

comparable studies without FISH (such as the control SSC

sample), parental mosaicism at this level would not be

identified. In a third case (ID 5144), we also detected that

the 49-kb deletion in 2q23.1 found by CGH was present by

FISH in only about 50 % of cells in the proband. An

artifact of the FISH probes causing variable signal is ruled

out because we ran FISH on each member of the trio,

providing a positive and negative control for each probe

(see Fig. 1).T
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FISH allowed us to see that the largest duplication was a

[18-Mb segment of terminal 1q visible in the karyotype as

additional non-heterochromatic material on chromosome

13p. In retrospect the 8.6-Mb terminal deletion in chro-

mosome 1q was also just visible on the karyotype, but had

been missed. The smallest verified lesion detected by CGH

was 7.4 kb.

Table 2 lists the 32 de novo CNVs, including those with

DiGeorge syndrome. Four de novo lesions contained no

genes. Six contained genes or regions previously associated

with pathology (see ‘‘Discussion’’ and Table 7)]. Alto-

gether we detected 12 de novo deletions and 11 de novo

duplications in 213 cases, excluding those with DiGeorge

syndrome. Three cases had two de novo deletions each,

giving a total of 20 (9.4 %) probands with at least one de

novo lesion. This is significantly higher than the rate of

2 % found in the SSC trios. Details on the de novo events

in the SSC families can be found in Levy et al. (2011),

supplementary materials.

Table 3 summarizes the frequency of de novo CNVs by

type of CHD and gender. The frequency of de novo CNVs

did not differ significantly between probands with CNT

(8 %) and probands with HLHS (12.7 %), nor between

male (10.6 %) and female (7 %) probands. For CNTs, we

show findings for probands with and without TOF because

TOF was analyzed separately in other reports (Greenway

et al. 2009; Soemedi et al. 2012a).

Ultra-rare inherited CNVs

We classified 224 CNVs in 163 trios, as ultra-rare inherited

because they were not seen in more than one instance in

1500 control SSC parents. The numbers of events per

family ranged from 0 to 5, with 122/224 (55 %) maternally

inherited. There were eight cases where an inherited lesion

was similar or identical to one occurring de novo. To

reduce these data to those most likely to be meaningful, we

focused on ultra-rare inherited CNVs that (1) overlapped

de novo events, (2) were identical in an affected sib, (3)

contained candidate genes for CHD, or (4) occurred in

more than one trio. ‘‘Recurrence’’ was defined as over-

lapping that involved at least one gene. Deletions and

duplications of the same region were considered different

Table 3 Frequency of de novo

copy number variants (CNVs)

among probands classified by

type of heart defect and gender

a Includes one inherited case

and nine de novo cases
b Percent among probands

without the DiGeorge deletion.

Among probands without the

DiGeorge deletion, the percent

with de novo CNVs does not

differ between probands with

CNT versus probands with

HLHS (p = 0.27). The percent

with de novo CNVs does not

differ with gender (p = 0.41)

Type of

defect, gender

Number of

probands

Probands with

DiGeorge

deletiona

Probands without

DiGeorge

deletion

Probands with one

or more de novo

CNVs

Percent with

de novo

CNVsb

CNT 148 10 138 11 8.0

Male 97 6 91 9 9.9

Female 51 4 47 2 4.3

TOF 39 6 33 2 6.1

Other CNT 109 4 105 9 8.6

HLHS 71 0 71 9 12.7

Male 48 0 48 6 12.5

Female 23 0 23 3 13.0

HLHS ? CNT 4 0 4 0 0.0

Male 3 0 3 0 0.0

Female 1 0 1 0 0.0

Total 223 10 213 20 9.4

Male 148 6 142 15 10.6

Female 75 4 71 5 7.0

Fig. 1 FISH analysis on case 5105 using BAC probe RP11-4681113

to identify the deleted region in 12q24.31. Signal is seen on only one

chromosome in the child (with a deletion) and on both chromosomes

12 in the mother. In the father, 11 % of 100 cells were missing the

probe from one chromosome and 89 % of cells had two signals. This

indices that the deletion was a somatic event in the father and was

inherited rather than de novo as inferred from the array

Hum Genet (2014) 133:11–27 17

123



T
a

b
le

4
U

lt
ra

-r
ar

e
in

h
er

it
ed

C
N

V
s

th
at

o
cc

u
r

in
m

o
re

th
an

o
n

e
p

ro
b

an
d

o
r

an
af

fe
ct

ed
si

b
li

n
g

,
o

v
er

la
p

w
it

h
d

e
n

o
v

o
C

N
V

o
r

co
n

ta
in

ca
n

d
id

at
e

C
H

D
g

en
es

ID
G

en
d

er
C

H
D

ty
p

e
C

N
V

ty
p

e

P
ar

en
t

o
f

o
ri

g
in

C
h

ro
m

o
so

m
e

b
an

d

S
ta

te
F

re
q

u
en

cy
in

B
eg

in
s

E
n

d
s

S
iz

e

(b
p

s)

G
en

es
p

re
se

n
t

(b
o

ld

it
al

ic
s

=
ca

n
d

id
at

e
g

en
e

fo
r

C
H

D
)

E
th

n
ic

it
y

2
2

3

C
H

D

1
5

0
0

S
S

C

5
0

1
8

F
T

G
A

R
I

F
at

h
er

1
q

2
1

.1
D

u
p

4
1

1
4

4
3

3
7

3
3

2
1

4
4

6
1

0
2

1
7

2
7

2
,8

8
5

R
N

F
1

1
5

,
C

D
1

6
0

,
P

D
Z

K
1

,

G
P

R
8

9
A

,
G

P
R

8
9

C

H
is

p
an

ic
,

n
o

s

5
0

8
2

M
H

L
H

S
R

I
M

o
th

er
1

q
2

1
.1

D
u

p
4

1
1

4
4

5
1

4
7

8
9

1
4

6
3

7
6

2
4

5
1

,8
7

1
,4

5
6

G
P

R
8

9
A

,
G

P
R

8
9

C
,

P
D

Z
K

N
B

P
F

1
1

,
P

D
IA

3
P

,

P
R

K
A

B
2

,
F

M
O

5
,

C
H

D
1

L
,

B
C

L
9

,
A

C
P

6
,

G
J

A
5

,
G

JA
8

,

W
h

it
e,

n
o

n
-

H
is

p
an

ic

5
1

5
8

F
IA

A
R

I
M

o
th

er
1

q
2

1
.1

D
u

p
4

1
1

4
4

3
3

4
1

6
7

1
4

4
5

9
9

2
9

6
2

6
5

,1
2

9
R

N
F

1
1

5
,

C
D

1
6

0
,

G
P

R
8

9
A

,

P
D

Z
K

1
,

G
P

R
8

9
A

H
is

p
an

ic
,

n
o

s

5
1

6
2

M
D

O
R

V
D

N
D

e
n

o
v

o
1

q
2

1
.1

D
u

p
4

1
1

4
4

0
8

6
4

7
1

1
4

4
4

5
8

0
0

6
3

7
1

,5
3

5
H

F
E

2
,

T
X

N
IP

,
P

O
L

R
3

G
L

,

A
N

K
R

D
3

4
A

,
L

IX
1

L
,

G
N

R
H

R
2

,

P
E

X
1

1
B

,
R

B
M

8
A

,
IT

G
A

1
0

,

A
N

K
R

D
3

5
,

P
IA

3
B

,
P

O
L

R
3

C
,

N
U

D
T

1
7

,
C

D
1

6
0

,
P

D
Z

K
1

B
la

ck
,

n
o

n
-

H
is

p
an

ic

5
1

6
2

M
D

O
R

V
R

S
F

at
h

er
1

q
2

3
.2

D
el

1
0

1
5

7
6

4
5

4
5

2
1

5
7

6
8

8
7

3
0

4
3

,2
7

8
O

R
1

0
J1

B
la

ck
,

n
o

n
-

H
is

p
an

ic

5
1

6
2

af
fe

ct
ed

si
b

li
n

g

M
V

S
D

,

h
y

p
o

p
la

st
ic

ar
ch

R
S

F
at

h
er

1
q

2
3

.2
D

el
1

0
1

5
7

6
5

0
5

4
4

1
5

7
6

8
8

7
3

0
3

8
,1

8
6

O
R

1
0

J1
B

la
ck

,
n

o
n

-

H
is

p
an

ic

5
0

2
3

M
H

L
H

S
R

I
M

o
th

er
1

q
4

1
D

u
p

2
0

2
1

8
1

5
4

3
1

6
2

1
8

1
8

1
9

4
8

2
7

,6
3

2
S

L
C

3
0

A
1

0
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
1

5
4

M
H

L
H

S
R

I
M

o
th

er
1

q
4

1
D

u
p

2
0

2
1

8
1

5
4

3
1

6
2

1
8

1
8

1
9

4
8

2
7

,6
3

2
S

L
C

3
0

A
1

0
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
0

7
1

F
T

G
A

R
I

F
at

h
er

2
q

1
2

.2
D

u
p

2
1

1
0

5
8

7
6

7
8

7
1

0
5

9
1

3
3

6
8

3
6

,5
8

1
N

C
K

2
B

la
ck

,
n

o
n

-

H
is

p
an

ic

5
2

1
3

M
D

O
R

V
R

I
M

o
th

er
2

q
1

2
.2

D
u

p
2

1
1

0
5

8
7

6
7

8
7

1
0

5
9

1
3

3
6

8
3

6
,5

8
1

N
C

K
2

B
la

ck

5
1

3
7

M
D

O
R

V
R

I
M

o
th

er
2

q
2

1
.1

D
u

p
2

0
1

3
0

6
1

4
3

7
1

1
3

0
8

7
6

2
3

4
2

6
1

,8
6

3
S

M
P

D
4

,
T

U
B

A
3

E
,

C
C

D
C

1
1

5
,

C
C

D
C

7
4

B
,

IM
P

4
,

P
T

P
N

1
8

,

M
ix

ed
,

n
o

n
-

H
is

p
an

ic

5
1

5
9

M
H

L
H

S
R

I
M

o
th

er
2

q
2

1
.1

D
u

p
2

0
1

3
0

6
1

2
5

9
1

1
3

0
8

6
7

5
3

5
2

5
4

,9
4

4
S

M
P

D
4

,T
U

B
A

3
E

C
C

D
C

1
1

5
,C

C
D

C
7

4
B

,
IM

P
4

,

P
T

P
N

1
8

,

W
h

it
e,

H
is

p
an

ic

5
1

7
9

F
T

G
A

C
G

F
at

h
er

2
q

2
1

.1
D

u
p

1
0

1
3

0
9

9
2

6
6

5
1

3
1

0
8

0
1

2
8

8
7

,4
6

3
C

F
C

1
,

C
F

C
1

B
M

ix
ed

,

H
is

p
an

ic

5
0

1
8

F
T

G
A

D
N

D
e

n
o

v
o

4
p

1
4

D
u

p
2

0
4

0
0

0
0

3
0

6
4

0
1

3
8

8
7

0
1

3
8

,5
6

4
C

H
R

N
A

9
,

R
B

M
4

7
H

is
p

an
ic

,

n
o

s

5
2

3
0

M
D

O
R

V
,

T
G

A

R
I

F
at

h
er

4
p

1
4

D
u

p
2

0
3

9
7

4
4

9
1

1
4

0
0

7
5

1
6

1
3

3
0

,2
5

0
N

4
B

P
2

,
R

H
O

H
,

C
H

R
N

A
9

,
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
0

6
1

M
T

G
A

R
I

M
o

th
er

7
q

1
1

.2
2

-

q
1

1
.2

3

D
u

p
2

0
7

1
6

3
0

1
3

9
7

1
9

6
4

2
0

1
3

3
4

,0
6

2
T

Y
W

1
B

,
S

B
D

S
P

M
ix

ed
,

H
is

p
an

ic

18 Hum Genet (2014) 133:11–27

123



T
a

b
le

4
co

n
ti

n
u

ed

ID
G

en
d

er
C

H
D

ty
p

e
C

N
V

ty
p

e

P
ar

en
t

o
f

o
ri

g
in

C
h

ro
m

o
so

m
e

b
an

d

S
ta

te
F

re
q

u
en

cy
in

B
eg

in
s

E
n

d
s

S
iz

e

(b
p

s)

G
en

es
p

re
se

n
t

(b
o

ld

it
al

ic
s

=
ca

n
d

id
at

e
g

en
e

fo
r

C
H

D
)

E
th

n
ic

it
y

2
2

3

C
H

D

1
5

0
0

S
S

C

5
1

5
6

M
H

L
H

S
R

I
M

o
th

er
7

q
1

1
.2

2
-

q
1

1
.2

3

D
u

p
2

0
7

1
6

3
1

5
0

2
7

1
9

5
9

1
1

5
3

2
7

,6
1

3
T

Y
W

1
B

,
S

B
D

S
P

W
h

it
e,

H
is

p
an

ic

5
0

1
2

F
D

O
R

V
R

I
F

at
h

er
7

q
2

1
.1

1
D

el
3

0
8

0
0

9
4

8
9

7
8

0
1

1
9

8
1

3
2

4
,9

1
6

C
D

3
6

W
h

it
e,

n
o

n
-

H
is

p
an

ic

5
0

2
2

M
C

V
S

D
R

I
M

o
th

er
7

q
2

1
.1

1
D

el
3

0
8

0
0

9
4

8
9

7
8

0
1

1
7

6
8

0
2

2
,7

8
3

C
D

3
6

H
is

p
an

ic
,

n
o

s

5
2

4
1

M
H

L
H

S
R

I
F

at
h

er
7

q
2

1
.1

1
D

el
3

0
8

0
0

9
4

8
9

7
8

0
1

1
7

6
8

0
2

2
,7

8
3

C
D

3
6

W
h

it
e,

n
o

n
-

H
is

p
an

ic

5
0

8
0

M
D

O
R

V
R

I
F

at
h

er
8

p
2

3
.1

D
u

p
4

1
1

1
4

2
9

3
6

5
1

1
4

6
6

4
5

4
3

7
,0

8
9

B
L

K
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
1

7
2

M
C

V
S

D
R

I
M

o
th

er
8

p
2

3
.1

D
u

p
4

1
1

1
4

3
4

6
6

2
1

1
5

2
8

0
0

0
9

3
,3

3
8

B
L

K
H

is
p

an
ic

,

n
o

s

5
1

8
0

M
H

L
H

S
R

I
M

o
th

er
8

p
2

3
.1

D
u

p
4

1
1

1
4

3
4

6
6

2
1

1
5

2
8

0
0

0
9

3
,3

3
8

B
L

K
H

is
p

an
ic

,

n
o

s

5
2

2
5

F
H

L
H

S
R

I
M

o
th

er
8

p
2

3
.1

D
u

p
4

1
1

1
4

3
4

6
6

2
1

1
5

2
8

0
0

0
9

3
,3

3
8

B
L

K
O

th
er

o
r

u
n

k
n

o
w

n

5
0

9
3

F
C

V
S

D
R

I
M

o
th

er
9

p
2

1
.1

D
el

–
–

2
8

8
3

3
0

6
6

2
8

8
4

2
4

5
5

9
,3

8
9

N
o

n
e

H
is

p
an

ic
,

n
o

s

5
1

2
2

M
H

L
H

S
D

N
D

e
n

o
v

o
9

p
2

1
.1

D
el

–
–

2
8

8
0

1
3

4
2

2
8

8
8

5
1

3
7

8
3

,7
9

5
N

o
n

e
H

is
p

an
ic

,

n
o

s

5
2

4
6

M
C

V
S

D
R

I
F

at
h

er
9

p
2

1
.1

D
el

–
–

2
8

8
3

0
4

4
0

2
8

8
3

7
2

9
3

6
,8

5
3

N
o

n
e

B
la

ck
,

n
o

n
-

H
is

p
an

ic

5
0

7
1

F
T

G
A

R
I

M
o

th
er

1
0

p
1

4
D

u
p

2
1

1
2

1
4

2
5

1
8

1
2

2
0

4
9

2
5

6
2

,4
0

7
D

H
T

K
D

1
B

la
ck

,
n

o
n

-

H
is

p
an

ic

5
1

8
4

M
T

G
A

R
I

F
at

h
er

1
0

p
1

4
D

u
p

2
1

1
2

1
3

9
1

5
0

1
2

2
0

7
7

4
1

6
8

,5
9

1
D

H
T

K
D

1
B

la
ck

,
n

o
n

-

H
is

p
an

ic

5
2

3
0

M
D

O
R

V
,

T
G

A

R
S

,

R
I

M
o

th
er

1
0

q
2

2
.1

D
u

p
1

0
7

1
6

4
5

6
9

1
7

1
7

1
4

2
5

6
6

8
,5

6
5

P
P

A
1

,
N

P
F

F
R

1
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
2

3
0

af
fe

ct
ed

si
b

li
n

g

F
T

G
A

R
S

,

R
I

M
o

th
er

1
0

q
2

2
.1

D
u

p
1

0
7

1
6

4
5

6
9

1
7

1
7

1
4

2
5

6
6

8
,5

6
5

P
P

A
1

,
N

P
F

F
R

1
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
2

3
0

M
D

O
R

V
,

T
G

A

R
S

,

C
G

M
o

th
er

1
0

q
2

2
.1

D
el

1
0

7
1

8
2

3
7

2
0

7
1

8
9

3
7

6
3

7
0

,0
4

3
E

IF
4

E
B

P
2

,
N

O
D

A
L

W
h

it
e,

n
o

n
-

H
is

p
an

ic

5
2

3
0

af
fe

ct
ed

si
b

li
n

g

F
T

G
A

R
S

,

C
G

M
o

th
er

1
0

q
2

2
.1

D
el

1
0

7
1

8
2

3
7

2
0

7
1

8
9

3
7

6
3

7
0

,0
4

3
E

IF
4

E
B

P
2

,
N

O
D

A
L

W
h

it
e,

n
o

n
-

H
is

p
an

ic

Hum Genet (2014) 133:11–27 19

123



T
a

b
le

4
co

n
ti

n
u

ed

ID
G

en
d

er
C

H
D

ty
p

e
C

N
V

ty
p

e

P
ar

en
t

o
f

o
ri

g
in

C
h

ro
m

o
so

m
e

b
an

d

S
ta

te
F

re
q

u
en

cy
in

B
eg

in
s

E
n

d
s

S
iz

e

(b
p

s)

G
en

es
p

re
se

n
t

(b
o

ld

it
al

ic
s

=
ca

n
d

id
at

e
g

en
e

fo
r

C
H

D
)

E
th

n
ic

it
y

2
2

3

C
H

D

1
5

0
0

S
S

C

5
2

3
0

M
D

O
R

V
,

T
G

A

R
S

M
o

th
er

1
1

q
2

3
.1

D
u

p
2

1
1

1
1

1
2

1
6

5
5

1
1

1
1

4
9

0
7

8
2

7
,4

2
3

P
P

P
2

R
1

B
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
2

3
0

af
fe

ct
ed

si
b

li
n

g

F
T

G
A

R
S

M
o

th
er

1
1

q
2

3
.1

D
u

p
2

1
1

1
1

1
2

1
6

5
5

1
1

1
1

4
7

8
9

9
2

6
,2

4
4

P
P

P
2

R
1

B
W

h
it

e,
n

o
n

-

H
is

p
an

ic

5
0

1
0

M
H

L
H

S
R

I
M

o
th

er
1

4
q

1
1

.2
D

u
p

2
0

1
9

5
9

0
5

9
6

1
9

6
1

0
5

2
8

1
9

,9
3

2
O

R
4

L
1

B
la

ck
,

n
o

n
-

H
is

p
an

ic

5
2

2
6

M
C

V
S

D
R

I
M

o
th

er
1

4
q

1
1

.2
D

u
p

2
0

1
9

5
9

0
5

9
6

1
9

6
1

0
5

2
8

1
9

,9
3

2
O

R
4

L
1

B
la

ck
,

n
o

n
-

H
is

p
an

ic

5
0

9
9

M
T

G
A

R
I

F
at

h
er

1
5

q
1

1
.2

D
u

p
3

6
2

0
3

0
6

4
0

8
2

0
6

3
8

1
1

1
3

3
1

,7
0

3
T

U
B

G
C

P
5

,
C

Y
F

IP
1

,
N

IP
A

2
,

N
IP

A
1

W
h

it
e,

n
o

n
-

H
is

p
an

ic

5
1

5
4

M
H

L
H

S
R

I
M

o
th

er
1

5
q

1
1

.2
D

u
p

2
1

2
0

2
4

1
7

7
4

2
0

6
3

8
1

1
1

3
9

6
,3

3
7

G
O

L
G

A
8

E
,

T
U

B
G

C
P

5
,

C
Y

F
IP

1
,

N
IP

A
2

,
N

IP
A

1

W
h

it
e,

n
o

n
-

H
is

p
an

ic

5
2

5
7

M
T

G
A

D
N

D
e

n
o

v
o

1
5

q
1

1
.2

-

q
1

3
.1

D
u

p
0

0
2

0
1

9
9

2
9

1
2

6
3

4
1

9
8

5
6

,1
4

2
,6

9
4

P
ra

d
er

-W
il

li
re

g
io

n
M

ix
ed

,

H
is

p
an

ic

5
1

3
3

F
T

O
F

R
I

F
at

h
er

1
9

q
1

3
.3

3
D

u
p

2
0

5
4

3
2

7
6

8
2

5
4

3
6

8
5

4
9

4
0

,8
6

7
P

P
F

IA
3

,
H

R
C

,
T

R
P

M
4

H
is

p
an

ic
,

n
o

s

5
1

9
1

F
H

L
H

S
R

I
F

at
h

er
1

9
q

1
3

.3
3

D
u

p
2

0
5

4
3

2
8

8
5

2
5

4
3

6
6

6
3

8
3

7
,7

8
6

P
P

F
IA

3
,

H
R

C
,

T
R

P
M

4
B

la
ck

,
n

o
n

-

H
is

p
an

ic

5
2

0
0

F
H

L
H

S
C

G
M

o
th

er
2

2
q

1
1

.2
1

D
u

p
2

0
1

9
0

3
7

9
1

0
1

9
7

9
3

9
7

7
7

5
6

,0
6

7
D

iG
eo

rg
e

d
is

ta
l

re
g

io
n

:
Z

N
F

7
4

,

S
C

A
R

F
2

,
K

L
H

L
2

2
,

M
E

D
1

5
,

P
1

4
K

,
S

E
R

P
IN

D
1

,
S

N
A

P
2

9
,

C
R

K
L

,
A

IF
M

3
,

L
Z

T
R

1
,

T
H

A
P

7
,

B
C

R

W
h

it
e,

n
o

n
-

H
is

p
an

ic

5
2

3
9

F
T

A
C

G
S

M
o

th
er

2
2

q
1

1
.2

1
D

el
1

1
0

1
7

4
0

4
7

6
1

1
8

5
1

6
0

0
3

1
,1

1
1

,2
4

2
D

iG
eo

rg
e

sy
n

d
ro

m
e

re
g

io
n

H
is

p
an

ic
,

n
o

s

5
2

3
9

af
fe

ct
ed

si
b

li
n

g

F
T

O
F

C
G

S
M

o
th

er
2

2
q

1
1

.2
1

D
el

1
1

0
1

7
4

0
4

7
6

1
1

8
5

1
6

0
0

3
1

,1
1

1
,2

4
2

D
iG

eo
rg

e
sy

n
d

ro
m

e
re

g
io

n
H

is
p

an
ic

,

n
o

s

C
S

V
D

co
n

o
v

en
tr

ic
u

la
r

se
p

ta
l

d
ef

ec
t,

D
O

R
V

d
o

u
b

le
o

u
tl

et
ri

g
h

t
v

en
tr

ic
le

,
IA

A
in

te
rr

u
p

te
d

ao
rt

ic
ar

ch
,

T
O

F
te

tr
al

o
g

y
o

f
F

al
lo

t,
T

G
A

tr
an

sp
o

si
ti

o
n

o
f

th
e

g
re

at
ar

te
ry

,
T

A
tr

u
n

cu
s

ar
te

ri
o

si
s,

V
S

D

v
en

tr
ic

u
la

r
se

p
ta

l
d

ef
ec

t,
R

I
re

cu
rr

en
t

C
N

V
in

m
u

lt
ip

le
fa

m
il

ie
s,

R
S

re
cu

rr
en

t
C

N
V

in
si

b
li

n
g

,
C

G
ca

n
d

id
at

e
C

H
D

g
en

e
in

C
N

V
,

D
N

d
e

n
o

v
o

w
it

h
re

cu
rr

en
t

u
lt

ra
-r

ar
e

in
h

er
it

ed
C

N
V

,
D

u
p

d
u

p
li

ca
ti

o
n

,
d

el
d

el
et

io
n

20 Hum Genet (2014) 133:11–27

123



CNVs, but 19 different CNVs met these criteria. One was

an inherited case of the standard DiGeorge deletion, which

will not be considered in further analyses. Omitting the

DiGeorge case, 40 instances of ultra-rare inherited CNVs

occurred among 30 different probands. Twenty-four were

inherited from the mother and 16 from the father (a non-

significant difference). Table 4 lists probands with rare

inherited CNVs meeting our criteria, their frequency in

CHD and SSC trios, the genes involved and their ethnicity.

All CNVs in Table 4 contain genes except for a deletion

in 9p21.1 that was seen in one de novo and two inherited

cases. Two candidate genes were identified within lesions,

CFC1 [MIM 605194] in 2q21.1 and NODAL [MIM

601265] in 10q22.1 found in an affected sibling and normal

parent (see Figure 2S, Supplement). There was also an

inherited duplication in the distal DiGeorge region, over-

lapping the region deleted in a de novo CNV.

Four CNVs were seen in at least three probands, either

de novo or inherited: a duplication in 1q21.1, a duplication

within the Prader–Willi region [MIM 176270], a deletion

in 7q21.11 and a duplication in 8p23.1. The last two con-

tain only one gene each (CD36 and BLK) that are not

obvious CHD candidate genes.

Sample diversity

Our CHD sample is ethnically diverse: 40 % of probands

were White non-Hispanic, 11 % were Black non-Hispanic,

33 % were at least half Hispanic and 5 % were Asian. Our

control sample of SSC trios is 77 % white, 4 % black and

4 % Asian; data on Hispanic status is unavailable. Eth-

nicity cannot confound identification of de novo CNVs

because the parents serve as ethnicity-matched controls.

However, comparison of the rates or types of ultra-rare

inherited CNVs between our sample and the SSC may be

confounded by ethnic differences in the frequency of

variants. One would expect a higher frequency of ultra-rare

CNVs among the racial groups underrepresented in the

SSC control sample. Table 5 shows that the proportions of

probands with an ultra-rare inherited CNV did not differ

significantly with ethnicity (p = 0.08) although the data

suggest the rate may be higher among blacks.

Table 5 Proportion of probands with rare inherited copy number

variants (CNV) of interest by ethnicity of the proband

Number Percent Number with

one or more rare

inherited CNVsa

Percent

with rare

inherited

CNVsb

White, non-

Hispanic

86 40.4 9 10.5

White,

Hispanic

10 4.7 2 20.0

Black, non-

Hispanic

23 10.8 8 34.8

Asian, non-

Hispanic

10 4.7 0 0.0

Hispanic, nosc 44 20.7 7 15.9

Mixedd, non-

Hispanic

19 8.9 3 15.8

Mixed,

Hispanic

17 8.0 1 5.9

Othere, non-

Hispanic or

ethnicity

unknown

4 1.9 0 0.0

Total 213 30 14.1

The table excludes ten probands with the DiGeorge deletion,

including one inherited DiGeorge deletion
a Three probands also had a de novo CNV
b Chi squared statistic = 12.8, 7 degrees of freedom, p = 0.08
c NOS, not otherwise specified
d Mixed, parents of different ethnicities (white, black, Asian) or

Asian, Hispanic
e Other, ethnicities other than white, black, Asian

Table 6 Frequency (%) of de novo and ultra-rare inherited copy

number variants (CNVs) among probands classified by major and

minor extra-cardiac anomalies or dysmorphism

Number One or

more de

novo

CNVs N

(%)

One or

more rare

inherited

CNVs N

(%)

One or more de

novo CNVs plus

one or more rare

inherited CNVs N

(%)

No extra-

cardiac

anomaly

93 8 (8.6) 12 (12.9) 2 (2.2)

Major extra-

cardiac

anomaly

27 3 (11.1) 3 (11.1) 0 (0.0)

Minor extra-

cardiac

anomaly

22 1 (4.6) 2 (9.1) 0 (0.0)

Dysmorphic

features

only

59 4 (6.8) 9 (15.2) 1 (1.7)

Totala,b 201 16 26 3

The ‘‘extra-cardiac anomaly’’ variable is hierarchical: cases with

major extra-cardiac malformations may also have minor malforma-

tions or dysmorphic features; cases with minor extra-cardiac mal-

formations may also have dysmorphic features
a Excludes 12 probands with no extra-cardiac malformation for

whom dysmorphology was not assessed
b p = 0.98 for the association of extra-cardiac anomaly status in

relation to type of CNV
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Relationship between CNVs and extra-cardiac

phenotypes

Based on the medical records and examination by a clinical

geneticist with expertise in dysmorphology, 27 of the 213

cases without DiGeorge syndrome (13.4 %) had a major

extra-cardiac abnormality. We classified children as having

(1) another major malformation, (2) another minor mal-

formation, (3) dysmorphology only, or (4) normal. The

rates of de novo and ultra-rare inherited CNVs did not vary

with the presence of non-cardiac features (Table 6).

Apart from the cases with DiGeorge syndrome, none of

the cases with similar CNVs presented with similar extra-

cardiac features. The most common dysmorphic features

Table 7 12 CNVs that are likely causes of CHD

Location of

the CNV

CHD

type

De novo

or

inherited

Relevant gene(s) Clinical features

of proband

Evidence for association

from literature

References

Del 8p23.1 CVSD De novo GATA4 (MIM 600576) No major EC

anomalies

Dysmorphic

facies

Mutations are associated

with ASD, VSD. TOF

Tomita-Mitchell et al.

(2007), Breckpot et al.

(2011), Kodo et al.

(2012)

Del 22q11.21-

22

DORV De novo Distal DiG region ? more

distal genes (MIM

611867)

Cleft lip and

palate

Malrotation of

gut

Special school

Variable phenotype

Not typical DiG syndrome

Ben-Shachar et al. (2008)

Dup

22q11.21-22

HLHS MAT Distal DiG region ? more

distal genes (MIM

608363)

No EC

anomalies

Larger overlapping

duplications are

associated with CHD

Ou et al. (2008)

Del 1q43-44

(8 Mb)

Dup 1q42.44

(16 Mb)

HLHS

DORV

De novo

De novo

[30 genes

[50 genes

EC anomalies

and

developmental

delay in both

Visible on karyotype: case

reports often have heart

defects

Schinzel (2001)

Del 10q22.1

in two

siblings

TGA

TGA

MAT NODAL (MIM 601265) No EC

anomalies

Mother

unaffected

Mutations in NODAL are

associated with

heterotaxy including TGA

Mohapatra et al. (2009)

Dup 2q21.1 TGA PAT CFC1 (MIM 605194) No EC

anomalies

Father

unaffected

CFC1 is a NODAL

receptor. Mutation

associated with TGA in

heterozygotes. Effect of

duplication unknown

Goldmuntz et al. (2002),

Selamet Tierney et al.

(2007)

Dup 1q21.1

Four probands

with

overlapping

CNVs with

variable

breakpoints

DORV

TGA

HLHS

IAA

De novo

PAT

MAT

MAT

HFE2, CD160, PDZK1

CD160.PDZK1,GPR89A,C

GPR89A,C,FMO5,CHD1L,

BCL9, ACP6, GJAP5
(MIM 121013)1

CD160, GPR89A, PDZK1

No EC

anomalies

No EC

anomalies

Microtia,

dysmorphic,

mental

retardation

No EC

anomalies

Reported in many C cases

as well as cases with

autism and other

anomalies. Someidi et.al.

found GJAP5 in all CNVs

and only in TOF. This is

not true for our cases and

others in the literature

Mefford et al. (2008),

Greenway et al. (2009),

Breckpot et al. (2011),

Cooper et al. (2011), Gu

et al. (2003), Soemedi

et al. (2012a, b)

Dup 16p13.11

(MIM

613458)

HLHS De novo NDE, MYH11(MIM

160745), ABCC1,

ABBC6, NOMO3 (MIM

609159)

No EC

anomalies

Moderate

developmental

delay

according to

medical

records

Associated with autism,

schizophrenia, heart

defects in a few cases.

NOMO3 is a NODAL

receptor and MYH11

mutation leads to aortic

aneurysm

Nagamani et al. (2011),

Cooper et al. (2011),

Kaminsky et al. (2011),

Breckpot et al. (2010),

Kuang et al. (2011)

MAT maternally inherited, PAT paternally inherited, EC extracardiac

22 Hum Genet (2014) 133:11–27

123



were microtia or other ear anomalies and micrognathia.

There were also two with features of heterotaxy which did

not have genes known to be involved in this defect.

Pathway analyses

Supplementary Table S1 shows the top five ranking func-

tional categories, along with their P values, identified in an

Ingenuity Pathway analysis of 107 genes from Tables 2

and 4. The most significant functional category is cardio-

vascular system development and function. There are 15

genes from identified CNV regions involved in this cate-

gory. The top diseases and disorders are cardiovascular and

developmental diseases. This analysis reaffirms that the

genes identified by CNV analysis are mostly relevant to

CHD. A similar but not identical pathway analysis (NET-

BAG) of the de novo CNVs found in the SSC (Gilman

et al. 2011) identified a network of genes primarily related

to neuron functioning and not to cardiovascular disease.

Discussion

CNVs likely related to CHD in proband

The substantially higher rate of de novo CNVs in probands

with CHD than in control SSC families (9 vs. 2 %) indicates

that many of these lesions are likely to be involved in the

pathogenesis of CHD. Among the de novo or rare inherited

CNVs we detected, there are 12 where we consider that the

CNV is likely to be causally related to CHD. Table 7 lists

these cases including the gene content of the CNV, any

known clinical information about the child, and the evi-

dence that this CNV may be related to the CHD. Three of

the implicated genes, NODAL, CFC1, and NOMO3, are

interactive in the nodal pathway, and suggest a major role

for this pathway in CHD. Other CNVs, like the duplication

in 1q21.1, have been reported in most other series.

CNVs with disease associations other than CHD

We detected three CNVs (Tables 2, 4) that have been

reported in association with non-cardiac congenital anom-

alies, but not CHD. These could be either unrelated to the

CHD or represent an enlarged spectrum of defects for these

CNVs.

1. A proband with HLHS had a de novo deletion of

MBD5 [MIM 611472] in 2q23.1. This deletion has

been reported in association with a variety of congen-

ital anomalies (Noh and Graham 2012; Williams et al.

2010) including microcephaly, seizures and severe

cognitive delay. Our proband had no extra-cardiac

lesions and was developing normally at 2 years. The

mosaicism in this patient complicates expectations for

the phenotype.

2. Two inherited and one de novo duplication included

part of the Prader–Willi region of chromosome 15.

Duplications in this region are associated with autism

and other developmental disorders (Stewart et al.

2011) [MIM 608636]. One of our inherited cases had

hemifacial microsomy, deafness and delayed develop-

ment (classified clinically as Goldenhar syndrome).

The other two cases had no extra-cardiac anomalies or

developmental problems. We did not detect any cases

with the deletion in the Prader–Willi region reported

by Soemedi et al. (2012b) in association with CHD,

especially HLHS.

3. In a patient with TOF, a deletion in 17p13.3 included

part of the proximal Miller–Dieker (MDS) region

[MIM247200] containing YWHAE and CRK, but not

LIS1 (the gene where deletion causes lissencephaly).

The proband had no extra-cardiac malformations and

by parental report was developing normally at 3 years.

CHD was not reported among the features of 14

patients with deletions of 17p13.3 containing TUSC5,

YWHAE and CRK reported by (Bruno et al. 2010).

Comparison with the literature and new findings

indicated by this study

When we began this study there were almost no reports of

CNVs in CHD. Our goal was to test whether CNVs were

more common in cases than external controls and to

examine whether specific CNVs were associated with

either CNT or HLHS. Over the course of our study, it

became apparent that CNVs contribute significantly to the

etiology of CHD (Breckpot et al. 2010, 2011; Erdogan

et al. 2008; Greenway et al. 2009; Hitz et al. 2012; Lalani

et al. 2013; Silversides et al. 2012); Soemedi et al. 2012b).

These same reports identified CNVs that contained genes

involved in cardiac development. Reports vary widely in

the type and sensitivity of the microarray platform used,

the size used to define CNVs, the types of CHD included,

the methods of ascertainment and selection for or against

cases with extra-cardiac anomalies or positive family his-

tory. Our study and that of Soemedi et al. (2012b) are the

only two to systematically ascertain all cases meeting with

CHD diagnostic classes unselected for the presence or

absence of extra-cardiac abnormalities or a positive family

history. Use of unselected samples permits an unbiased

estimate of the frequency of de novo CNVs within diag-

nostic classes as well as comparisons of cases with and

without extra-cardiac abnormalities. Unlike other series

parental studies were done in all cases, allowing an
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estimate of the frequency of de novo vs. inherited CNVs in

each defect. Below we elaborate on the findings from our

study, which provide new information on the relationship

of CNVs to two types of CHD, CNT and HLHS.

Specificity of CNVs for CNT or HLHS and extra-

cardiac anomalies

We hypothesized that HLHS and CNT differed sufficiently

in pathogenesis such that the genes involved and possibly

the frequency of CNVs would be different. Our data do not

support this hypothesis. For example, the duplication in

1q21.1 was found in three cases with CNT and one with

HLHS. The same inherited duplication in 8p23.1 was found

in two cases with HLHS and two cases with CNT. The

literature on CNVs in CHD also tends to report many of the

same CNVs regardless of the diagnostic criteria for selec-

tion. Within our sample, the frequency of de novo CNVs

did not differ significantly between probands with HLHS

(12.3 %) and probands with CNT (7.4 %). For TOF alone

(omitting cases of DiGeorge syndrome), de novo CNVs

occurred among 6.1 %, a rate comparable to the rates of

4.6 % (Soemedi et al. 2012b) and 8 % Greenway et al.

(2009) in other series. We know of no other systematic

study of HLHS trios with which to compare our data. One

possible limitation of our sample is that 35 % of probands

with HLHS were ascertained at[1–60 months, potentially

selecting for less lethal forms of the disorder. It is possible,

therefore, that some of the CNVs we detected are associ-

ated with survival, rather than with the occurrence of

HLHS. It is also possible that the HLHS cases with the

highest mortality are caused more often or by different

kinds of CNVs that increase the chance of death, e.g., by

affecting multiple systems.

Although we expected that cases with extra-cardiac

malformations would show a higher rate of de novo CNVs,

this was not supported by our data (Table 6). This finding

is contrary to some reports in the literature (e.g., Breckpot

et al. 2011). We also found no recurrent extra-cardiac

anomalies with the same CNV.

The lack of specificity of CNVs for HLHS, CNT and

extra-cardiac malformations suggests that the specificity of

the heart or other malformations must often lie in pathways

downstream from the genes identified in recurrent CNVs.

Parental echocardiograms

We carried out parental echocardiograms, with special

attention to right aortic arch and bicuspid aortic valve, to

detect inherited lesions in apparently normal parents. The

frequency of defects in our sample was lower (3/416 par-

ents) than we expected based on previous studies and not

related to the type of defect in the proband. This finding

may reflect the unselected nature of our sample. The three

defects did not occur among parents carrying inherited rare

CNVs. We conclude that parental echocardiograms, which

are difficult to obtain, are likely not needed in future

studies of inherited lesions in CHD.

Mosaicism

We detected low-level parental mosaicism in 10 % (2/20)

of probands with de novo CNVs. This observation shows

the limitations of CGH and the value of confirmation by

FISH or qPCR. Parental mosaicism has important impli-

cations for subsequent pregnancies. We therefore recom-

mend examining at least 20 cells when confirming de novo

status of CNVs by FISH. FISH also detected that one of the

de novo deletions was 50 % mosaic in the proband, which,

in retrospect, might have been suspected from the array

ratios.

Significance of CNVs in the etiology of CHD

We conclude that 5.6 % (12/213) of probands had CNVs

that are likely to be causally related to the CHD; half are de

novo and half inherited from clinically normal parents.

Several CNVs recur in multiple studies. The most fre-

quent appears to be the 1q21.1 duplication, which varies

somewhat in size and coverage and where no particular

gene can yet be designated as causal. This CNV occurs in

at least 1 % of reported CHD cases. The largest study

(Soemedi et al. 2012a) concluded that the 1q21.1 dupli-

cation was associated specifically with TOF and that the

GJA5 gene was involved in all CHD cases. Neither our data

nor those of Hitz et al. (2012) support these conclusions.

None of our four cases with the duplication had TOF; only

one of our 1q21.1 duplications (in a proband with HLHS)

contained GJA5. Soemedi et al. (2012a) also concluded

that a deletion of the 15q11.2 region was associated with

HLHS but no study has replicated this result. It remains for

further studies of carefully characterized patients to

establish the phenotypic spectrum of even the most com-

mon CNVs.

Since the frequency of de novo CNVs among controls is

approximately 2 %, one-fifth or more of de novo CNVs

identified are expected to be chance occurrences unrelated

to the CHD. Recurrence of a CNV strengthens the likeli-

hood of a true association. Three types of CNVs can be

distinguished among those found in CHD: (1) CNVs

associated with well-described micro-deletion syndromes

that include CHD (e.g., DiGeorge and William’s syn-

dromes) or partial aneuploidy due to chromosomal rear-

rangements; (2) CNVs that include genes known or likely

to be involved in heart development (e.g., GATA4 and three

NODAL-related genes in our sample); and (3) CNVs
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associated with a wide variety of other phenotypes such as

autism or schizophrenia, which often show reduced pene-

trance or inheritance from an unaffected parent.

Only CNVs not falling into the three classes described

above contain genes that could be candidates for previously

unrecognized pathways in heart development. Validation

would need functional studies, replication in other series,

or detection of gene mutations in other patients by direct

sequencing or exome sequencing. Every study so far has

identified a new set of candidates with very little overlap.

We detected 12 CNVs that were recurrent either as de novo

or ultra-rare inherited event (see Table 4), but contain no

obvious candidate genes for CHD. With increasing

knowledge this may change. For example, a rare inherited

duplication in 8p23.1 containing only the gene BLK was

present in four CHD trios but only one SSC family. BLK is

a tyrosine kinase expressed chiefly in B-lymphocytes.

However, it is only 144 kb distal to GATA4 and copy

changes in the region might affect gene regulation.

Perhaps the most intriguing set of CNVs established as

associated with CHD are those that are also associated with

other phenotypes, most often autism or developmental dis-

orders, such as dup1q21.1, dup16p13.11, dup15q11.2-13, and

dup22q11.2. Characteristic of these CNVs is reduced pene-

trance demonstrated by frequent inheritance from a normal

parent. Both deletions and duplications are commonly path-

ogenic. These chromosomal regions tend to be very complex,

with multiple small and large repeats both on the same and

different chromosomes (Mefford et al. 2008). Dosage chan-

ges in these regions may modify regulation of multiple

pathways, leading to widespread and variable effects in

development. Search for a single gene responsible for these

variable developmental disorders may not be fruitful. Other

modifying gene changes may needed (e.g. Jiang et al. 2011),

or the relevant dosage changes may be in non-genic regions.
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