ARTICLE
Rare Variants in NR2F2 Cause
Congenital Heart Defects in Humans
Saeed Al Turki,1,2,22 Ashok K. Manickaraj,3,22 Catherine L. Mercer,4,22 Sebastian S. Gerety,1,22
Marc-Phillip Hitz,1 Sarah Lindsay,1 Lisa C.A. D’Alessandro,3 G. Jawahar Swaminathan,1 Jamie Bentham,5
Anne-Karin Arndt,6,7 Jacoba Low,8,9 Jeroen Breckpot,8 Marc Gewillig,9 Bernard Thienpont,8
Hashim Abdul-Khaliq,10,11 Christine Harnack,12 Kirstin Hoff,7,13 Hans-Heiner Kramer,7,11
Stephan Schubert,11,14 Reiner Siebert,13 Okan Toka,11,15 Catherine Cosgrove,16 Hugh Watkins,16
Anneke M. Lucassen,4 Ita M. O’Kelly,4 Anthony P. Salmon,4 Frances A. Bu’Lock,17
Javier Granados-Riveron,18 Kerry Setchfield,18 Chris Thornborough,17 J. David Brook,18 Barbara Mulder,19
Sabine Klaassen,11,12,20 Shoumo Bhattacharya,16 Koen Devriendt,8 David F. FitzPatrick,21
UK10K Consortium, David I. Wilson,4,23 Seema Mital,3,23,* and Matthew E. Hurles1,23,*
Congenital heart defects (CHDs) are the most common birth defect worldwide and are a leading cause of neonatal mortality. Nonsyndromic atrioventricular septal defects (AVSDs) are an important subtype of CHDs for which the genetic architecture is poorly
understood. We performed exome sequencing in 13 parent-offspring trios and 112 unrelated individuals with nonsyndromic AVSDs
and identified five rare missense variants (two of which arose de novo) in the highly conserved gene NR2F2, a very significant enrichment (p ¼ 7.7 3 107) compared to 5,194 control subjects. We identified three additional CHD-affected families with other variants in
NR2F2 including a de novo balanced chromosomal translocation, a de novo substitution disrupting a splice donor site, and a 3 bp duplication that cosegregated in a multiplex family. NR2F2 encodes a pleiotropic developmental transcription factor, and decreased dosage of
NR2F2 in mice has been shown to result in abnormal development of atrioventricular septa. Via luciferase assays, we showed that all six
coding sequence variants observed in individuals significantly alter the activity of NR2F2 on target promoters.

Introduction
Fewer than 20% of congenital heart defects (CHDs) can
be attributed to large structural chromosomal variants or
single-gene mutations causing monogenic syndromes.1
The majority of CHDs are nonsyndromic (individuals
without extracardiac phenotypes) and are of unknown
etiology.2 Mouse knockout studies have identified
more than 300 genes in which (typically homozygous)
loss-of-function mutations are sufficient to cause
CHDs, and, given that only a minority of genes have
been knocked out in mice thus far, hundreds more
genes essential for cardiac development remain to be
identified.3

Atrioventricular septal defects (AVSDs [MIM 606215])
cover a spectrum of CHDs characterized by a common atrioventricular junction coexisting with deficient atrioventricular septation. AVSDs represent 4%–5% of all CHDs and
their prevalence ranges from 0.3 to 0.4 per 1,000 live
births.4,5 However, their prevalence is much higher in utero
based on large fetal echocardiographic series where they
were found to account for 18% of CHD-affected individuals.6 The discrepancy in the prevalence may be attributed
to the fact that many of the AVSD-affected fetuses will not
survive until birth either because they die prematurely
or because of elective termination. Postnatally, certain
individual groups have a higher AVSD prevalence such
as Down syndrome (DS [MIM 190685]) where 44% of
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DS-affected individuals have CHDs, of which 39% are
AVSDs.7 The presence of three copies of chromosome 21 increases the risk of AVSDs ~2,000-fold,8 but this is not sufficient to explain why half of those with DS do not exhibit
either AVSDs or other CHDs. Many hypotheses have been
proposed to explain this, for example that rare missense
variants in VEGF-A pathway genes (on chromosome 21)
increase the risk of AVSDs in DS.9 AVSDs have also been
observed in several other multisystem genetic syndromes
that frequently result in CHDs. However, AVSDs account
only for a minor fraction of CHD cases in these syndromic
individuals. In nonsyndromic AVSDs, a small number of
genes, including CRELD1 (MIM 607170),10,11 ALK2 (MIM
102576),12 TBX5 (MIM 601620),13 and GATA4 (MIM
600576),14,15 have been implicated, but either the genetic
evidence for a pathogenic role in nonsyndromic AVSDs
is weak or AVSDs are a much less frequent consequence
than other CHD subtypes.
A recent exome-sequencing study suggested that de novo
mutations collectively contribute to the underlying cause in
10% of a diverse collection of syndromic and nonsyndromic
CHD-affected individuals.16 Here we adopted a more targeted strategy, focusing on a specific subtype of nonsyndromic CHDs, AVSDs, initially in 13 parent-offspring trios
and a larger cohort of 112 unrelated individuals.
In the current study we report an enrichment of likely
causal variants in NR2F2 in families with isolated AVSDs
as well as other isolated CHD phenotypes including coarctation of aorta (CoA [MIM 120000]). Two published mouse
models indicate an important role for Nr2f2 in the development of the heart, displaying atrioventricular septal and
valvular defects.17,18 We also demonstrate the expression
of NR2F2 in the developing human fetal heart including
the atria, coronary vessels, and aorta. In addition, the
results from luciferase assays showed that all six coding
sequence variants observed in cases significantly alter the
activity of NR2F2 on target promoters. Taken together,
these data support our hypothesis that rare and private variants in NR2F2 probably contribute to AVSDs and other
CHDs during human development.

Subjects and Methods
Subjects
Individuals were enrolled prospectively in an Ontario provincewide Biobank registry and GO-CHD (Oxford). Informed consent
was obtained from parents or legal guardians. The replication
cohort included 245 individuals from different centers. These
included 120 individuals from the CONCOR registry and DNAbank, a joint registry of the Dutch Heart Foundation and the Interuniversity Cardiology Institute Netherlands (ICIN) of adults of
European ancestry with congenital heart disease and 18 individuals from the National Register for Congenital Heart Defects, Germany (for details, see Tables S1A–S1C available online). Other
smaller sample sets were collected by the same criteria from
different centers. The local ethics committees of each of the centers
that recruited the participating individuals approved this study.

Exome Sequencing
Samples were sequenced at the Wellcome Trust Sanger Institute.
Genomic DNA from venous blood or saliva was obtained and
captured by SureSelect Target Enrichment V3 (Agilent) and
sequenced (HiSeq Illumina 75 bp pair-end reads). Reads were
mapped to the reference genome via BWA.19 Single-nucleotide
variants were called by SAMtools20 and GATK21 and indels were
called by SAMtools and Dindel.22 Variants were annotated for
allele frequency by 1000 Genomes (June 2012 release), NHLBIESP (6503) project, and UK10K cohorts. Variant Effect Predictor23 was used to annotate the impact on the protein structure
and GERP for nucleotide conservation scores.24

Identification and Confirmation of De Novo
Mutations
We used DenovoGear25 to detect de novo variants from BCF files
generated by SAMtools mpileup and BCFtools.20 To minimize
the false positive rate, we excluded variants in tandem repeat or
segmental duplication regions (UCSC genome tables) or common
variants with allele frequency of >1% in 1000 Genomes, NHLBIESP project, and UK10K. We also filtered out variants with >10%
of alternative reads supporting the alternative allele in at least
one parent and manually checked the sequencing context for all
coding variants via Integrative Genomics Viewer (IGV). All coding
variants (silent, splice site, missense, frameshift, or stop gain and
stop lost) underwent validation by capillary sequencing in the
child and both parents (Table S2).

Burden Test of Rare and De Novo Missense Mutations
in NR2F2
Before performing the burden analysis, we removed related
samples based on the reported pedigree and by additionally checking for relatedness between samples via SNPRelate R package.26 To
avoid the confounding effect of population stratification, we
compared the case cohort and UK10K control cohort to four
HapMap populations (CEU, YRI, CHB, and JPT)27 via principal
component analysis and removed non-European samples. A rare
variant is defined as a variant with an allele frequency of <1% in
the 1000 Genomes Project data. The exome-sequenced controls
comprise 894 UK10K samples with autism or schizophrenia and
4,300 European Americans in the NHLBI-ESP project. We generated a 2 by 2 table for each gene for the number of reference
and alternative alleles in cases and controls and assessed significance by the Fisher’s exact test (Table S3). The mutation rate of
missense variants in NR2F2 was estimated (for de novo burden
analyses) based on the length of the NR2F2 coding region
(1,245 bp), an average single-nucleotide mutation rate in coding
regions of 1.5 3 108 per base per generation, and the expected
proportion of de novo mutations that are missense.28

NR2F2 Expression Plasmids and Luciferase Constructs
To generate expression plasmids for NR2F2 (MIM 107773) and
its variants, the human wild-type NR2F2 (RefSeq accession
numbers NM_021005.3, NP_066285.1) coding sequence was
PCR amplified from a full-length EST (GenBank accession number
BC042897) and cloned by Gibson assembly (New England Biolabs) into a CMV-driven pCS2-Cherry plasmid. We recreated
the mutant forms of NR2F2 c.222_224dup (p.Gln75dup),
c.509A>T (p.Asp170Val), c.614A>T (p.Asn205Ile), c.753G>C
(p.Glu251Asp), c.1022C>A (p.Ser341Tyr), and c.1234G>T
(p.Ala412Ser) by amplifying two PCR fragments introducing
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each mutation, and cloned these as above. All nucleotide changes
above relate to RefSeq NM_021005.3. These expression constructs
produce fusion proteins with fluorescent cherry domain29 in order
to monitor expression and localization. To create the NGFI-A
(MIM 128990) and APOB (MIM 107730) promoter-driven Luciferase plasmids, we cloned synthetic DNA fragments for the rat
NGFI-A upstream genomic region from 389 to þ4330 and the
human APOB upstream region from 139 to þ12131 into a promoterless pGL3 Luciferase plasmid (Promega) by Gibson assembly
(New England Biolabs).

Luciferase Assays
HEK293T and HEPG2 cells were plated in 96-well plates and transfected with 30 ng of either NGFI-A or APOB luciferase plasmids,
0.75 ng of RL-TK renilla plasmid (Promega), and either 30 ng
of NR2F2 expression plasmid (wild-type or variants) or 30 ng of
Cherry plasmid as a control. Two days after transfection, the cells
were lysed and assayed for luciferase activity by the Dual-Luciferase Reporter Assay System, according to the manufacturer’s
instructions (Promega). Each transfection was done in replicates
(minimum three times) and the experiments were repeated three
to four times. Luciferase readings were first normalized to the
transfection control (renilla plasmid). Relative Response Ratios
(Promega) were calculated based on negative and positive controls
(cherry and NR2F2 plasmid transfections), and outliers across all
experiments were identified by a median absolute deviation ratio
>3. A t test was performed to identify significant differences between variants and between promoters.

Mapping Breakpoint Sequence
Flow-sorted derivative chromosomes 14 and 15 were used as template to map the breakpoint via methods previously described.32
The derivative 14 breakpoint was identified with the combination
of forward primer 50 -TGGGTGACACAGCAAGACTG-30 (chr 14)
and reverse primer 50 -GGGGAGGAAAGGAGACACTC-30 (chr
15), which amplified a product of 431 bases that was capillary
sequenced.

Immunohistochemistry
Immunolocalization of proteins in human fetal heart tissue was
carried out via protocols previously reported.33–35 Fetal tissue was
obtained with informed consent and according to the protocol
ethically approved by Southampton and South West Hants
LREC. Slides were incubated with primary antibodies (anti-rabbit
raised to NR2F2, 1 in 400 [Abcam]; anti-mouse to CD34, 1 in 200
[Novocastra]; Troponin C 1 in 200 [Novocastra]; and SMA, 1 in
100 [Novocastra]). Secondary antibodies were applied (FITC-conjugated anti-rabbit Ig [Sigma, 1 in 200] and Alexa-594 conjugated
anti-mouse Ig [Life Technologies, 1 in 200]). Slides were further
washed in PBS before dehydrating and mounting sections in Vectashield (Vector Laboratories) with DAPI nuclear counterstain.
Visualization and image capture of sections was performed with
a Zeiss Axioplan fluorescence microscope and software (Carl Zeiss).

Whole-Mount In Situ Hybridization
Primers including T3 and T7 promoter sequences were designed
against the 30 UTR of Nr2f2 (T3-Forward 50 -AATTAACCCTCAC
TAAAGGAGCCAAGGAATGTGTCCAAG-30 and T7-Reverse 50 -TAA
TACGACTCACTATAGGGAGAACTCACAGGGGCTCAG-30 ). PCR
products were generated with murine DNA from outbred albino
mouse strain CD-1. Sense (T3) and antisense (T7) riboprobes

were made by in vitro transcription with T3 or T7 polymerase
(Roche) and with the PCR products as template. Riboprobes were
labeled with DIG RNA Labeling Mix (Roche). Whole-mount
in situ hybridization with 10.5 dpc mouse embryos was conducted
with protocols previously reported.36,37 Embryos were mounted in
1% agarose and imaged with optical projection tomography (OPT)
described previously38 by a Bioptonics OPT Scanner 3001
(Bioptonics). Data were processed with Bioptonics proprietary
software (Bioptonics, MRC Technology) and images analyzed by
Drishti software.

Results
De Novo Mutations Identified in Nonsyndromic
AVSD-Affected Parent-Offspring Trios
By exome sequencing, we identified and subsequently
validated 13 de novo coding mutations in the 13 trios:
nine missense and four synonymous variants (Subjects
and Methods; Table S2 and Figure S1). Two of the genes
with missense mutations are known to be expressed in
heart tissue (ZMYND8 and NR2F2),18,39 of which only
NR2F2 has a mouse knockout with a cardiac phenotype
(Table S4). The numbers of missense de novo variants are
higher than the silent variants but the burden of de
novo missense variants is not statistically significant (exact
binomial test, p ¼ 0.69, Figure S1) compared with the
expected proportion of de novo missense mutations proposed previously.28
Burden of Rare Missense Variants Analysis
We then tested each of the nine genes identified above as
harboring de novo functional mutations for a burden of
rare coding mutations in all 125 exome-sequenced unrelated AVSD-affected individuals (13 affected children
from the trios and 112 unrelated AVSD-affected individuals) compared to 5,194 population-matched control subjects. We found NR2F2 to be the only gene, of the nine
genes with de novo variants identified in the original trios,
with a significant enrichment of rare missense variants
(Fisher’s exact p ¼ 7.7 3 107, odds ratio ¼ 54.1) (see Subjects and Methods; Table S3 and Figure S2). This analysis
detected four additional rare missense mutations in
AVSD-affected individuals and four rare missense mutations in control subjects (Figures 1 and 2C–2F). Only
one of the missense variants in affected individuals
(c.1234G>T [RefSeq NM_021005.3]; p.Ala412Ser [RefSeq
NP_066285.1]) has previously been observed in population data, in a single individual, in the 4,300 European
American exomes from the NHLBI-ESP project. Using
parental samples where available, we showed that in addition to the de novo mutation c.1022C>A (p.Ser341Tyr)
identified initially, the variant c.614A>T (p.Asn205Ile)
also arose de novo, whereas two of the other three
missense variants observed in affected individuals
(c.753G>C [p.Glu251Asp] and c.1234G>T [p.Ala412Ser])
were inherited from an apparently healthy parent (Figures
1A and 1B and Table 1), suggesting either incomplete
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Figure 1. Structure of NR2F2 and the Encoded Protein
(A) NR2F2 has three coding exons and four transcripts (see Figure S3C). The transcript that generates the full-length protein (RefSeq
NM_021005) is shown here annotated with functional variants in cases (red) and controls (blue).
(B) Similar to other nuclear receptors, NR2F2 has three main domains: a ligand-binding (LBD), DNA-binding (DBD), and an activation
binding motif (AF2). Three mutations in cases are located in the ligand-binding domain (LBD).
Asterisk (*) denotes de novo variant.
(C) The Grantham score for the missense mutations.
(D) Two missense variants mapped onto the partial crystal structure for the NR2F2 ligand-binding domain.42
(E) c.753G>C (RefSeq NM_021005.3); p.Glu251Asp (RefSeq NP_066285.1) (purple) falls in the ligand-binding groove of the dimer,
which in the repressed conformation is occupied by helix AF2 (red), and thus this variant is likely to perturb ligand binding.
(F) c.1022C>A (RefSeq NM_021005.3); p.Ser341Tyr (RefSeq NP_066285.1) (blue) is likely to destabilize helix A10 through steric
hindrance and thus decrease the stability of NR2F2 homodimerization (see Figure S5).

penetrance or that these are rare and benign variants. However, the high odds ratio for rare missense variants in this
gene argues that it is unlikely that both of these variants
inherited from unaffected parents are etiologically irrelevant. p.Ala412Ser is least likely to be disease causing
because it is inherited from an unaffected parent and
observed in a control individual not known to have
CHDs. Moreover, the amino acid changes observed in cases
appear to be more disruptive than those observed in controls, as measured by the Grantham score, but with so
few variants observed in control subjects, this trend is
not statistically significant (Figure 1C). We also screened
the three coding exons of the major transcript of NR2F2
in an additional 245 AVSD-affected individuals via capillary sequencing but observed no rare functional variants.
De Novo and Inherited NR2F2 Mutations in NonAVSD Congenital Heart Defect-Affected Families
There is considerable phenotypic heterogeneity in CHDs
whereby the same genes can be associated with diverse

forms of CHDs in humans, e.g., GATA4, NOTCH1 (MIM
190198), NKX2-5 (MIM 600584), and CITED2. Almost
45% of the CHD candidate genes identified from mice
knockouts have caused diverse cardiac phenotypes.3,40
We therefore explored the frequency of NR2F2 variants
in other non-AVSD CHD cohorts available to us (including
293 families with exome-sequencing data). We identified
three additional CHD-affected families with non-AVSD
phenotypes with previously unidentified functional variants in NR2F2. In an individual with Tetralogy of Fallot
(TOF [MIM 187500]), we detected 3 bp duplication
(c.222_224dup [p.Gln75dup]), which had been transmitted to two affected sons (one with AVSDs and the
other with aortic stenosis and a ventricular septal defect)
(Figure 2A). We also investigated a previously reported
child with coarctation of the aorta with a de novo balanced
chromosomal translocation 46,XY,t(14;15)(q23;q26.3).41
By using flow-sorted derivative 14 and 15 chromosomes,
we fine-mapped the translocation to the first intron of
NR2F2. The breakpoint was predicted to truncate all
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Figure 2. Pedigree Charts and Capillary Sequencing Results of NR2F2 Variants in Eight CHD-Affected Families
Solid lines in pedigree charts indicate both whole-exome sequencing data and capillary sequencing are available; dashed lines indicate
samples with NR2F2 capillary sequencing data only. See Table 1 for details.
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Table 1.

NR2F2 Sequence Alterations Identified in Individuals with AVSDs and Other Heart Structural Phenotypes

Family

Subject

Sex

Phenotype

DNA
Mutationa

Protein
Changeb

Variant
Type

GERPþþc

De Novo
or Inherited

Seen in Unrelated
Control Subjectsd

1

I:1

M

TOF

c.220_222dup

p.Gln75dup

in-frame
duplication

–

ND

no

1

II:1

M

cAVSD

c.220_222dup

p.Gln75dup

in-frame
duplication

–

inherited from
affected father

no

1

II:2

M

AS and VSD

c.220_222dup

p.Gln75dup

in-frame
duplication

–

inherited from
affected father

no

2

II:1

F

cAVSD

c.1022C>A

p.Ser341Tyr

missense

5.15

de novo

no

3

II:1

M

iAVSD

c.614A>T

p.Asn205Ile

missense

5.05

de novo

no

4

II:1

F

ubAVSD

c.753G>C

p.Glu251Asp

missense

4.17

inherited from
unaffected mother

no

5

II:1

F

cAVSD

c.1234G>T

p.Ala412Ser

missense

5.74

inherited from
unaffected father

yes

6

II:1

M

pAVSD

c.509A>T

p.Asp170Val

missense

5.00

ND

no

7

II:1

F

HLHS

c.970þ1G>A

–

splice donor

4.06

de novo

no

8

II:1

M

CoA

(14;15)(q23;q26.3)

–

balanced
translocation

–

de novo

no

Abbreviations are as follows: AVSD, atrioventricular septal defect; pAVSD, partial AVSD; cAVSD, complete AVSD; ucAVSD, unbalanced complete AVSD; iAVSD,
intermediate AVSD; TOF, tetralogy of Fallot; HLHS, hypoplastic left heart syndrome; AS, aortic stenosis; VSD, ventricular septal defect; CoA, coarctation of aorta;
–, not applicable; ND, parent DNA was unavailable.
a
Position on NR2F2 cDNA RefSeq NM_021005.3.
b
Position on NR2F2 protein product RefSeq NP_066285.1.
c
GERPþþ are single-nucleotide conservation scores.
d
Control subjects include 894 and 4,300 European samples from UK10K and NHLBI-ESP data sets, respectively.

annotated transcripts, thus probably generating a null
allele (Figures 2H and S3). In the third family, a trio
of two healthy parents of an affected child with hypoplastic left heart syndrome (HLHS [MIM 241550]), we
identified a de novo splice site mutation (c.2359þ1G>A
[RefSeq NM_021005.3]) that is likely to skip the third
exon (Figure 2G). In summary, we identified eight CHDaffected families with different rare, functional, variants
in NR2F2, four of which arose de novo, and one of which
segregated with CHDs in a multiplex family (Table 1, Figures 1 and S4).
Expression Pattern of NR2F2 in the Developing
Mammalian Embryo
To explore the expression of NR2F2 in mammalian development, we used whole-mount in situ hybridization and
optical projection tomography to map the pattern of
Nr2f2 mRNA expression in the developing mouse embryo
(Figure 3). We observed Nr2f2 mRNA expression in the
atria of the heart, branchial arches, somites, and olfactory
placode at 10.5 dpc. We also demonstrated that NR2F2 is
expressed in several structures of the developing human
fetal heart, including the atria, coronary vessels, and aorta
(Figure 4).
Mapping Mutations on the Crystal Structure of the
NR2F2 Ligand-Binding Domain
The missense variants seen in cases are distributed
throughout NR2F2 protein, with three falling in the

ligand-binding domain (p.Asn205Ile, p.Glu251Asp, and
p.Ser341Tyr), of which two can be mapped to a previously
determined partial crystal structure for this domain42
(Figures 1D–1F and S5). We analyzed the conformational
constraints introduced on the local environment of the
protein and attempted to minimize unacceptable and close
contacts by using different rotamers of the mutated
residue. None of the possible rotamers for the mutated
residues could eliminate stereo-chemical clashes in the
local environment, leading to the conclusion that these
mutations could be accommodated only by a conformation change in the local fold, which in turn would disrupt
dimerization (p.Ser341Tyr) or affect the ligand-binding
properties of the protein (p.Asn205Ile).
Functional Impact of NR2F2 Variants on
Transcriptional Activity
Despite the availability of computational methods predicting the effect of missense variants on protein function,
interpreting the significance of these mutations in human
disease is notoriously difficult. We therefore sought to test
the consequence of the identified NR2F2 variants in a functional assay. NR2F2 is a transcriptional regulator, with both
activating and repressive effects on target gene expression.43 A number of NR2F2-responsive genomic elements
have been identified that, when placed upstream of a
reporter gene, can quantitate transcriptional regulator
function of NR2F2 variants.30,31,42 By using the
most widely employed element, the promoter region of
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p.Ala412Ser now has significantly higher activity (12.9%
increase, p ¼ 0.006). Strikingly, variant p.Asn205Ile
reduces the activity of NR2F2 on the APOB promoter while
increasing it on the NGFI-A promoter (down 26% versus up
15%, p ¼ 0.0003).
Finally, we asked whether the known repressor function
of NR2F2 was affected by any of the identified variants. In
HEPG2 cells, NR2F2 represses the APOB promoter, whose
basal activity is high in this cellular context.31 When we
performed the luciferase assay in HEPG2 cells, we found
that the expected repressive activity of NR2F2 is not
affected by any of the variants observed in individuals
with CHDs.

Discussion

Figure 3. Nr2f2 Expression in the Developing Mouse Embryo
Nr2f2 mRNA expression (red) is detected in the atria of the heart,
branchial arches, somites, and olfactory placode at 10.5 dpc by
whole-mount in situ hybridization.

NGFI-A,30 to drive a luciferase reporter in HEK293 cells, we
compared its level of activation by wild-type NR2F2 with
that of the case-derived variants. We observed robust luciferase activation by wild-type NR2F2 and equivalent levels
of activity from variants p.Asp170Val and p.Ala412Ser.
However, two variants (p.Glu251Asp and p.Ser341Tyr)
show a significantly lower activity in this assay (20%–
24% reduction, p < 0.01), whereas variants p.Gln70dup
and p.Asn205Ile have an increased activity (13%–15% increase, p < 0.03) (Figure 5).
Because the function of nuclear receptors involves a
complex interaction with other transcriptional coregulators, we hypothesized that the consequence of NR2F2
variants might be promoter context dependent. We therefore performed the luciferase assay on an alternative
promoter fragment from the APOB that has previously
been shown to be bound by NR2F2 and used for structure-function studies.31 In agreement with our prediction,
the activities of the variants on the APOB promoter in
HEK293 cells were significantly different from those using
the NGFI-A promoter (Figure 5). Variants p.Asp170Val,
p.Asn205Ile, p.Glu251Asp, and p.Ser341Tyr all show
strong reductions in transcriptional activity compared to
wild-type NR2F2 (26%–52% reduction, p < 0.001), and

By using exome data from a combined study design of
affected parent-offspring trios and index cases, we were
able to identify 2 out of 370 affected individuals (125
with exome, 245 with capillary sequencing) with de
novo missense variants in NR2F2 (an observation which,
given the mutation rate of NR2F2, has a Poisson p value
of p ¼ 4.8 3 105) and another 3 affected individuals
with rare missense variants that represent a very significant
enrichment compared to 5,194 control subjects (p ¼ 7.7 3
107, Fisher exact test of case and control subjects). Moreover, we identified three additional CHD families with
other variants in NR2F2 including a de novo balanced
chromosomal translocation in an individual with coarctation of the aorta, a 3 bp duplication that cosegregated in a
multiplex family of a father with tetralogy of Fallot and
two sons (one with AVSDs and the other with aortic stenosis and ventricular septal defect), and a de novo substitution disrupting a splice donor site in a hypoplastic left
heart syndrome individual. Thus we observed three functional de novo substitutions in NR2F2 across all 663
CHD-affected individuals.
NR2F2 belongs to a small family of the steroid/thyroid
hormone receptor nuclear superfamily of transcription
factors that includes two related but distinct genes:
NR2F1 (or COUP-TFI) and NR2F2 (or COUP-TFII). Both
genes are involved in many cellular and developmental
processes. Whereas NR2F1 is mainly involved in neural
development, NR2F2 is expressed and involved in the
organogenesis of the stomach, limbs, skeletal muscles,
and heart.43 The Nr2f2 mouse null model leads to embryonic lethality with severe hemorrhage and failure of the
atria and sinus venosus to develop past the primitive
tube stage.17 A recent hypomorphic Nr2f2 mouse mutant
exhibits a spectrum of cardiac defects including left atrial
hypoplasia, ventricular hypoplasia, and atrioventricular
septal defects resulting from the disruption of endocardial
cushion development in a dosage-sensitive fashion. The
latter is partially driven by defective endothelialmesenchymal transformation and hypocellularity of the
atrioventricular canal.18 These mouse models and our
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Figure 4. NR2F2 Localization in the Developing Human Heart
Immunofluorescent analysis of NR2F2 in fixed human fetal heart via anti-NR2F2 (D–F, J–L, P–R, U–W, green) and colabelling (red) with
CD34 (E, K, Q), troponin C (F), SMA (L, R), D2-40, and DAPI (W, blue). Haematoxylin and eosin staining (A–C, G–I, M–O, S). An additional autofluorescence artifact was detected (arrowhead F, P–R) from hemaglobin within erythrocytes. Negative control for NR2F2
shown in (T). The fields shown in (C), (I), (O), and (S) are from hematoxylin and eosin-stained serial sections adjacent to the fields shown
in (D)–(F), (J)–(L), (P)–(R), and (T)–(W), respectively. The boxed areas in hematoxylin and eosin-stained fields represent the area shown in
higher magnification in the adjacent field to the right.
Abbreviations are as follows: LA, left atrium; Ao, aorta; Co.Art, coronary artery; CoVn, coronary vein; Lym, lymphatic vessel. Scale bars
represent 100 mm.

expression data strongly support a role for NR2F2 in several
different cardiac developmental processes, including endocardial cushion development, and specifically that cardiac
development is likely to be sensitive to the dosage of functional NR2F2.
In humans, previous case reports of 15q terminal deletions that, in addition to NR2F2, encompass several genes
and regulatory regions, have suggested NR2F2 as a candidate gene for both CHDs44 and congenital diaphragmatic
hernia (CDH).45,46 A role in CHDs was proposed on the
basis that NR2F2 falls within a critical interval deleted in
the subset of individuals that have CHDs in addition to
the syndromic features typically associated with these
deletions.44 A role for NR2F2 in CDH is supported by the
tissue-specific ablation of Nr2f2 in mice, which results in
malformation of the diaphragm.47 However, NR2F2
resequencing studies failed to reveal any pathological
mutations in CDH cases,48,49 which led the authors to
hypothesize that variants in the noncoding region surrounding NR2F2 may contribute to the development of
isolated CDHs.50 Additionally, the conditional mouse
model cannot distinguish between the importance of
coding and noncoding sequence, because excision of the
allele removes the entire coding interval, including 4.4
kb of noncoding sequence. Consistent with their hypoth-

esis of a role for noncoding variation in CDH, none of the
individuals in our study with NR2F2 missense or loss-offunction sequence variants manifested CDH.
To assess the possibility of a correlation between
the severity of the NR2F2 variant and the resulting
CHD phenotype, we collated the cardiac phenotypes
associated with 11 published whole-gene deletions of
NR2F2 and combined these with the phenotypes of
individuals with NR2F2 described in our study. We
observed a highly significant phenotypic difference
between the 13 individuals with loss-of-function variants
and the 8 individuals with missense variants: 9 of the
individuals with loss-of-function variants had left ventricular outflow tract obstruction (LVOTO) but none had
AVSDs, whereas 6 out of 8 individuals with missense
variants had AVSDs and only one had LVOTO (p ¼
0.0009, Fisher’s exact test). In addition, 8 out of 11 individuals with NR2F2 deletions also had either an atrial septal
defect or a ventricular septal defect (Tables S5–S7 and
Figure S6). This emerging genotype-phenotype correlation
in humans parallels the mouse studies that showed that
complete loss-of-function resulted in more complex
cardiac phenotypes, whereas hypomorphic variants resulted in more specific deficits in the development of the
endocardial cushions.
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Figure 5. NR2F2 Variants in AVSDAffected Probands Affect Transcriptional
Activity
An NR2F2-responsive luciferase reporter
driven by the NGFI-A or APOB upstream
region was cotransfected with wild-type
NR2F2, or identified coding variants
(p.Gln75dup, p.Asp170Val, p.Asn205Ile,
p.Glu251Asp,
p.Ser341Tyr,
and
p.Ala412Ser) into HEK293T (NGFI-A and
APOB) and HEPG2 (APOB) cells (see Subjects and Methods for details). Bar chart
values are activity relative to wild-type
NR2F2 (mean percentage 5 SD). Repression of the APOB promoter in HEPG2 cells
is shown as negative values to illustrate
the direction of change from negative
control. In HEK293 cells, all variants
show significant difference from wildtype on one or both promoters. The
p.Asn205Ile variant shows the reverse
direction of change depending on which
promoter was used. In HEPG2 cells, all variants retain wild-type levels of repressive
activity. Asterisk indicates significant
change from wild-type activity. Triangle
indicates significant difference between
promoters.

Our in vitro experimental data indicate that all six
NR2F2 missense variants we identified have a measurable
impact on the transcriptional activator function of
NR2F2 in at least one of two assays. In contrast, the
repressor function of NR2F2 appears intact. That individual mutations have promoter-specific effects on gene
function probably reflects the complexity of the proteinprotein interactions NR2F2 engages in depending on
tissue, stage, and genomic context. The diversity of both
human and mouse cardiac phenotypes associated with
NR2F2 variation suggests that NR2F2 plays a critical role
in several temporally and spatially distinct cardiac developmental processes. Moreover, the human and mouse
genetic data suggest that the development of endocardial
cushions is more sensitive to dosage of functional NR2F2
than other cardiac developmental processes. Indeed, the
nonsyndromic CHD presentation of individuals with
NR2F2 variants, despite its broader embryonic expression,
suggest, more generally, that the heart is more sensitive to
NR2F2 dosage than other organs. It will be necessary
to identify the etiologically relevant NR2F2-target promoter(s) and cell type(s) to understand the specific molecular mechanisms by which these variants perturb cardiac
developmental networks.
To place our observations of NR2F2 in the context of
other genes harboring variants that cause CHDs, it is
important to distinguish between genes with compelling
genetic evidence for a role in CHDs versus those with
much weaker evidence, often in the form of small numbers
of rare missense variants of unknown inheritance observed
in a small fraction of individuals with CHDs. The genes
with the most robust associations to CHDs are typically
seen in the context of multisystem syndromes that include

CHDs as a component phenotype (e.g., TBX5, GATA6,
EVC2). There are relatively few genes robustly associated
with nonsyndromic CHDs and none clearly associated
with nonsyndromic AVSDs in particular. Further, these
genes are often associated with a wide range of CHD phenotypes, albeit with an appreciable bias toward some
CHD subtypes. Examples include a bias toward right-sided
heart defects with pathogenic variants in JAG1,51 a bias
toward transposition of the great arteries and conotruncal
heart defects for NODAL, and a bias toward atrial septal
defects for GATA4.52 This reflects the differential sensitivity
of different genes to temporally and spatially distinct
cardiac developmental processes. Our genotype-phenotype observations with NR2F2 missense and loss-of-function variants fit with this view, with a bias toward AVSDs
and LVOTO, respectively.
Most of the robustly CHD-associated genes, especially
those that act in a dominant fashion, encode proteins
involved in extracellular or intracellular signaling (e.g.,
JAG1, NOTCH1, PTPN11), developmental transcription factors (e.g., TBX1, TBX5, NKX2-5, GATA4, GATA6, ZIC3), chromatin remodeling factors (e.g., MLL2, CREBBP, CHD7), or
structural proteins (e.g., MYH6, ELN), and most of these
dominant genes operate through variants causing complete
or partial loss-of-function that result in altered dosage of
functional protein. As a developmental transcriptional factor, NR2F2 probably operates by a similar, dosage-sensitive
mechanism to other known CHD-associated genes.
In addition to the direct role of NR2F2 mutations in
causing CHDs, given its dosage sensitivity, NR2F2 may
potentially also act as an environmentally responsive
factor by mediating the effect of known nongenetic CHD
risk factors such as high glucose53 and retinoic acid
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levels.54 Insulin and glucose levels are known to negatively
control NR2F2 expression via the forkhead box protein O1
(Foxo1) pathway in hepatocyte and pancreatic cells.55
Furthermore, NR2F2 has been shown to play a critical
role in retinoic acid signaling during development.56
Further investigation is needed to determine how glucose
and retinoic acid levels may alter NR2F2 expression in
the developing heart.
In summary, our findings add NR2F2 to the short list of
dosage-sensitive regulators such as TBX5, TBX1, NKX2-5,
and GATA4 that have been shown, when mutated, to interfere with normal heart development and that lead to CHDs
in both mice and humans. By virtue of their dosage sensitivity, these master regulators potentially play a key role in
integrating genetic and environmental risk factors for
abnormal cardiac development.
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