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Heterozygous rare variants in NR2F2 cause a recognizable
multiple congenital anomaly syndrome with developmental
delays
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Nuclear receptor subfamily 2 group F member 2 (NR2F2 or COUP-TF2) encodes a transcription factor which is expressed at high levels
during mammalian development. Rare heterozygous Mendelian variants in NR2F2 were initially identified in individuals with
congenital heart disease (CHD), then subsequently in cohorts of congenital diaphragmatic hernia (CDH) and 46,XX ovotesticular
disorders/differences of sexual development (DSD); however, the phenotypic spectrum associated with pathogenic variants in NR2F2
remains poorly characterized. Currently, less than 40 individuals with heterozygous pathogenic variants in NR2F2 have been reported.
Here, we review the clinical and molecular details of 17 previously unreported individuals with rare heterozygous NR2F2 variants, the
majority of which were de novo. Clinical features were variable, including intrauterine growth restriction (IUGR), CHD, CDH, genital
anomalies, DSD, developmental delays, hypotonia, feeding difficulties, failure to thrive, congenital and acquired microcephaly,
dysmorphic facial features, renal failure, hearing loss, strabismus, asplenia, and vascular malformations, thus expanding the phenotypic
spectrum associated with NR2F2 variants. The variants seen were predicted loss of function, including a nonsense variant inherited
from a mildly affected mosaic mother, missense and a large deletion including the NR2F2 gene. Our study presents evidence for rare,
heterozygous NR2F2 variants causing a highly variable syndrome of congenital anomalies, commonly associated with heart defects,
developmental delays/intellectual disability, dysmorphic features, feeding difficulties, hypotonia, and genital anomalies. Based on the
new and previous cases, we provide clinical recommendations for evaluating individuals diagnosed with an NR2F2-associated disorder.

European Journal of Human Genetics (2023) 31:1117–1124; https://doi.org/10.1038/s41431-023-01434-5

INTRODUCTION
Nuclear receptor subfamily 2 group F member 2 (NR2F2, also known
as COUP-TF2) gene encodes a member of the nuclear receptor
superfamily of ligand-activated transcriptional factors involved in

several developmental and cellular processes. NR2F2 is an orphan
receptor whose ligand is yet to be identified. Similar to the other
nuclear receptors, NR2F2 protein has three main domains: an
N-terminal activation bindingmotif (1-78aa), a DNA-binding domain

Received: 8 February 2023 Revised: 7 June 2023 Accepted: 11 July 2023
Published online: 27 July 2023

1Department of Pathology & Cell Biology, Columbia University IrvingMedical Center, New York, NY, USA. 2Children’s Hospital of Philadelphia, Philadelphia, PA, USA. 3Vanderbilt Genetics
Institute, Vanderbilt University Medical Center, Nashville, TN, USA. 4CIBERER, ISCIII. Institute of Medical and Molecular Genetics (INGEMM), Disorder of Sex Development Multidisciplinary
Unit, Hospital Universitario La Paz, Madrid, Spain. 5Victorian Clinical Genetics Service, Murdoch Children’s Research Institute, Melbourne, VIC, Australia. 6Department of Pediatrics,
University of Melbourne, Melbourne, VIC, Australia. 7Wessex Clinical Genetics Service, University Hospital Southampton NHS Trust, Southampton, UK. 8Department of Human Genetics
and Genomic Medicine, Southampton University, Southampton, UK. 9Department of Pediatrics, Columbia University Irving Medical Center, New York, NY, USA. 10Department of
Biomedical Informatics, Vanderbilt University Medical Center, Nashville, TN, USA. 11Division of Genetics and Genomics, Boston Children’s Hospital, Harvard Medical School, Boston, MA
02115, USA. 12Institute of Human Genetics, Medical Faculty and University Hospital Düsseldorf, Heinrich Heine University Düsseldorf, 40225 Düsseldorf, Germany. 13Exeter Genomics
Laboratory, Royal Devon & Exeter NHS Foundation Trust, Exeter, UK. 14Peninsula Medical School, Faculty of Health, University of Plymouth, PL4 8AA Plymouth, UK. 15Service de
Génétique CH Bretagne Atlantique-Vannes, Vannes, France. 16Nantes Université, CHU de Nantes, CNRS, INSERM, l’institut du thorax, F-44000 Nantes, France. 17Nantes Université, CHU de
Nantes, Service de Génétique médicale, F-44000 Nantes, France. 18Medical Genetics Unit, Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Milan, Italy. 19Medical Genetics,
ASST Santi Paolo e Carlo, San Paolo Hospital, Università degli Studi di Milano, Milan, Italy. 20Division of Medical Genetics, Department of Pediatrics, University of Utah, Salt Lake City, UT,
USA. 21INSERM UMR1163, Institut Imagine, Université Paris-Cité, Paris, France. 22Service de Médecine Génomique des Maladies Rares, Hôpital Necker-Enfants Malades, AP-HP, Paris,
France. 23West Midlands Regional Clinical Genetics Service and Birmingham Health Partners, Birmingham Women’s and Children’s Hospitals NHS Foundation Trust, Birmingham, UK.
24Clinical Genetics, Department of Pediatrics, Gregorio Marañón General University Hospital, Madrid, Spain. 25Department of Pediatrics, Baylor College of Medicine, San Antonio, TX, USA.
26Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, USA. 27Genomic Medicine Center, Children’s Mercy Hospital, Kansas City, MO, USA.
28Department of Pediatrics, Vanderbilt University Medical Center, Nashville, TN, USA. 29Department of Clinical Genetics, Addenbrooke’s Hospital, Cambridge University Hospitals NHS,
Foundation Trust, Cambridge, UK. *A list of authors and their affiliations appears at the end of the paper. ✉email: bhoje@email.chop.edu

www.nature.com/ejhg

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-023-01434-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-023-01434-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-023-01434-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-023-01434-5&domain=pdf
http://orcid.org/0000-0003-2834-0843
http://orcid.org/0000-0003-2834-0843
http://orcid.org/0000-0003-2834-0843
http://orcid.org/0000-0003-2834-0843
http://orcid.org/0000-0003-2834-0843
http://orcid.org/0000-0002-2265-6727
http://orcid.org/0000-0002-2265-6727
http://orcid.org/0000-0002-2265-6727
http://orcid.org/0000-0002-2265-6727
http://orcid.org/0000-0002-2265-6727
http://orcid.org/0000-0001-7611-634X
http://orcid.org/0000-0001-7611-634X
http://orcid.org/0000-0001-7611-634X
http://orcid.org/0000-0001-7611-634X
http://orcid.org/0000-0001-7611-634X
http://orcid.org/0000-0001-5112-1599
http://orcid.org/0000-0001-5112-1599
http://orcid.org/0000-0001-5112-1599
http://orcid.org/0000-0001-5112-1599
http://orcid.org/0000-0001-5112-1599
http://orcid.org/0000-0002-3367-586X
http://orcid.org/0000-0002-3367-586X
http://orcid.org/0000-0002-3367-586X
http://orcid.org/0000-0002-3367-586X
http://orcid.org/0000-0002-3367-586X
http://orcid.org/0000-0003-0915-5028
http://orcid.org/0000-0003-0915-5028
http://orcid.org/0000-0003-0915-5028
http://orcid.org/0000-0003-0915-5028
http://orcid.org/0000-0003-0915-5028
http://orcid.org/0000-0002-3255-7044
http://orcid.org/0000-0002-3255-7044
http://orcid.org/0000-0002-3255-7044
http://orcid.org/0000-0002-3255-7044
http://orcid.org/0000-0002-3255-7044
http://orcid.org/0000-0002-5503-6292
http://orcid.org/0000-0002-5503-6292
http://orcid.org/0000-0002-5503-6292
http://orcid.org/0000-0002-5503-6292
http://orcid.org/0000-0002-5503-6292
http://orcid.org/0000-0002-1769-6548
http://orcid.org/0000-0002-1769-6548
http://orcid.org/0000-0002-1769-6548
http://orcid.org/0000-0002-1769-6548
http://orcid.org/0000-0002-1769-6548
http://orcid.org/0000-0002-8002-893X
http://orcid.org/0000-0002-8002-893X
http://orcid.org/0000-0002-8002-893X
http://orcid.org/0000-0002-8002-893X
http://orcid.org/0000-0002-8002-893X
http://orcid.org/0000-0001-8220-7854
http://orcid.org/0000-0001-8220-7854
http://orcid.org/0000-0001-8220-7854
http://orcid.org/0000-0001-8220-7854
http://orcid.org/0000-0001-8220-7854
http://orcid.org/0000-0002-9300-8399
http://orcid.org/0000-0002-9300-8399
http://orcid.org/0000-0002-9300-8399
http://orcid.org/0000-0002-9300-8399
http://orcid.org/0000-0002-9300-8399
http://orcid.org/0000-0001-5748-3507
http://orcid.org/0000-0001-5748-3507
http://orcid.org/0000-0001-5748-3507
http://orcid.org/0000-0001-5748-3507
http://orcid.org/0000-0001-5748-3507
https://doi.org/10.1038/s41431-023-01434-5
mailto:bhoje@email.chop.edu
www.nature.com/ejhg


(79-151aa), and a C-terminal ligand-binding domain (177-411aa)
separated by the hinge region [1, 2].
The spatiotemporal expression pattern of NR2F2 during

mammalian development has been studied in mouse models
[1, 3, 4]. Nr2f2 expression is observed between E8.5 and E13.5 in
the sinus venosus, umbilical veins, heart, atrium, branchial arches,
developing hindbrain, neuroectoderm of anterior midbrain,
somites, otocyst, the periocular mesenchyme, optic stalk, olfactory
placode, developing testes, the genital tubercle, mesenchyme of
the kidney, and the adrenal cortex [1, 4]. High expression of NR2F2
is observed in the mesenchymal component of several organs
during development and organogenesis [1, 3].
Homozygous deletion of Nr2f2 is embryonic lethal in mice.

The Nr2f2−/− embryos show growth restriction, edematous
cysts, severe hemorrhage in the brain and heart, and die
around 10 days of gestation [4]. Heterozygous Nr2f2 knockout
mice are smaller than the wild-type mice and show poor
postnatal viability. Furthermore, Nr2f2 knockout mice show
defects in sinus venosus development, dysplastic anterior and
posterior cardinal veins, atrial malformations, and angiogenesis
defects [4]. A recent study showed that female mouse
embryos lacking Nr2f2 in the Wolffian duct mesenchyme
develop as intersex, that is, having both female and
male reproductive tracts [5]. Other Nr2f2 mouse models
showed developmental anomalies of the female reproductive
system [6–8], anteroposterior patterning of the stomach [9],
diaphragm [10], lymphangiogenesis, adipogenesis, limb, eye,
and cerebellum [3].
In humans, NR2F2 is extremely intolerant to loss‐of‐function

(LoF) variants (pLI= 0.99 in Genome Aggregation Database
(gnomAD) v2.1.1) [11, 12]. NR2F2 heterozygous LoF variants have
been associated with congenital malformations, including CHD,
CDH, and DSD (Supplementary Table 1) [1, 13–24]. However, most
of these studies were done using disease-specific cohorts and thus
have limited clinical description, especially about the other
affected organ systems.
Al Turki et al. (2014) described eight individuals with CHD who

had rare LoF, missense, and splice variants, and a balanced
translocation in NR2F2 (Supplementary Table 1) [1]. Subse-
quently, NR2F2 rare variants were reported in other CHD cohorts
[14–17, 22]. High et al. (2016) identified two individuals with
CDH and heterozygous LoF variants in NR2F2 [24], other CDH-
cohort studies have also identified rare NR2F2 LoF variants and a
splice variant [15, 19, 21, 24, 25]. In a cohort of 46,XX SRY-
negative ovotesticular DSD cases, Bashamboo et al. (2018) found
NR2F2 LoF variants in three individuals with syndromic clinical
features including CHD, CDH and dysmorphic facial features of
blepharophimosis, ptosis, and epicanthus inversus syndrome
(BPES) [20]. Recently, a rare NR2F2 de novo missense variant was
reported in an individual with 46,XY DSD, micropenis and
hypospadias [26].
Two case reports have described small chromosome 15q26.2

deletions (<5Mb) encompassing NR2F2: a de novo mosaic 1.7Mb
deletion in a fetus with CDH and coarctation of the aorta, and a de
novo 3Mb heterozygous deletion in a 46,XX individual reared as
male with ovotesticular DSD, dysmorphic features, sinus brady-
cardia, low weight, blepharophimosis, and ptosis (Supplementary
Table 1) [27, 28]. Larger deletions (>5Mb) involving NR2F2 along
with other genes [29–34] and a 15q26.2 deletion including NR2F2
but without precise molecular breakpoints have also been
reported [35].
Here, we describe 17 previously unreported individuals with

varied phenotypes, including CHD, CDH, and other affected organ
systems including vascular malformations, who have rare hetero-
zygous, mostly de novo variants in NR2F2. We review and compare
the clinical and molecular data of these new cases with previously
reported individuals, to delineate and expand the phenotypic and
genotypic spectrum of NR2F2-associated disorders.

MATERIALS AND METHODS
Trio whole exome sequencing (WES) was performed for the cases, except
for case 8 as the father’s testing was pending and case 12, where
chromosomal microarray analysis was performed. Detailed methods are
provided in the Supplementary information.

RESULTS
Molecular findings
Fifteen of the seventeen newly reported individuals in our cohort
had de novo, rare, heterozygous variants in NR2F2 (NM_021005.4;
NP_066285.1), and one (individual 5-1) had a variant inherited
from a mosaic, mildly affected mother (individual 5-2, 34% variant
allelic fraction, Supplementary Table 2 and Fig. 1). The inheritance
for the remaining two individuals was unknown. Sixteen of the
seventeen individuals had a heterozygous NR2F2 single nucleo-
tide variant (SNV) whereas one case (individual 12) had a large
deletion. Ten of the fifteen unique NR2F2 SNVs were rare
missense variants; the remaining five were predicted LoF
variants. All NR2F2 variants identified in this study were absent
in gnomAD (v2.1.1 and v3) and TOPMed population databases
(see Table 1 for details on all variants). The distribution of NR2F2
variants from our study and previously reported cases on
the encoded protein and the gene are shown in Fig. 1 and
Supplementary Fig. 1.
Notably, two predicted LoF variants (p.Lys340SerfsTer39,

individual 4; p.Glu379Ter, individual 13) map to the last coding
exon of NR2F2 and may escape nonsense-mediated decay; no
other downstream truncating variants are reported in the affected
individuals. These truncations delete a part of the ligand binding
domain; however, whether they lead to the loss of NR2F2 function
is currently unknown.
We also reviewed whole exome sequencing data from the

Pediatric Cardiac Genomics Consortium (PCGC) cohort [36, 37],
which consists of individuals with cardiac defects and identified one
additional case with a rare de novo NR2F2 variant (p.Gly98Ser). This
case is not included in the current cohort, but has been shown
in Fig. 1.
In one individual (individual 12) chromosomal microarray

identified a novel, large de novo deletion (~1.87Mb,
arr[GRCh37] 15q26.2q26.3(96755103_98628389)x1 at chromo-
some 15q26.2 encompassing NR2F2-AS1, NR2F2, SPATA8-AS1,
LINC02254, LINC00923, ARRDC4, and LINC01582 genes (Supple-
mentary Fig. 1). This deletion results in the loss of the entire NR2F2
gene and this loss is not seen in the population databases
(Database of Genomic Variants (DGV), gnomAD SVs v2.1). ARRDC4,
the only other protein-coding gene in this deleted region, is not
constrained for LoF variants (pLI= 0, gnomAD v2) and currently
has no known disease associations. Therefore, the clinical features
observed in this individual were ascribed to the single copy loss of
NR2F2.

Clinical findings
We describe 16 unrelated affected individuals and a mildly
affected mosaic mother of one of the individuals with hetero-
zygous variants in NR2F2. Clinical case reports for the 17
individuals are described in the Supplementary Information.
These individuals had variable clinical features, including devel-
opmental delays/intellectual disability, CHDs, dysmorphic facial
features, feeding difficulties, hearing impairment, hypotonia,
genital anomalies, renal abnormalities, CDH, vascular malforma-
tions and prenatal findings, including CHD, IUGR, increased
nuchal translucency, and single umbilical artery. The clinical
features of these individuals are described in Supplementary
Table 2 and the frequencies of the phenotypes observed in our
cohort are listed in Table 2. The commonly observed clinical
phenotypes in multiple individuals with NR2F2 variants in our
cohort are described below.
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Prenatal findings. CHDs were detected prenatally in four of
seventeen (23.5%) individuals whereas eight of the remaining
individuals (47%) had prenatal findings other than CHD, including
IUGR, increased nuchal translucency, single umbilical artery,
oligohydramnios, hepatic vascular malformation and CDH (Sup-
plementary Table 2).

Postnatal findings

Feeding difficulties. Fourteen of seventeen (82%) individuals had
feeding difficulties and/ most with a history of nasogastric tube
dependence (13/14).

Developmental delays/Intellectual disability. All 14 individuals for
whom data were available had motor delays and thirteen of them
also had speech delays. Delays were noted for the age at sitting,
walking, and utterance of first words.
Hypotonia was observed in 59% (10/17) of the cohort. Two of

the thirteen individuals (15%) for whom brain imaging data were
available, showed periventricular white matter abnormalities.

CHD. All individuals (17/17) in our cohort had CHD. The commonly
seen anomalies included atrial septal defect (8/17), coarctation of
the aorta (8/17), ventricular septal defect (5/17), aortic arch
anomalies (3/17), atrioventricular septal defect (2/17), dilated right
ventricle (2/17) and pulmonary hypertension (2/17).

CDH. CDH was observed in two of seventeen (12%) individuals,
and both died within a few days after birth.

Dysmorphic features. Characteristic facial features were observed
in all individuals except for the mosaic mother of individual 5 (16/
17; 94%). The commonly observed anomalies (seen in ≥3 affected
individuals) included upslanted or short palpebral fissures,
hypertelorism, low-set and/or dysplastic ears, full cheeks, and
retrognathia or micrognathia (Supplementary Tables 2, 4 and
Supplementary Fig. 2). Other facial features which were seen in
any 2 affected individuals were microcephaly, bilateral epicanthus,
deeply set eyes, long eyelashes, long philtrum, facial asymmetry,
dysplastic ears, and short neck. Some of the less common features
included synophrys, highly arched eyebrows, ptosis, down turned
corners of mouth, and tapered finger among others (Supplemen-
tary Tables 2, 4).

Hearing loss. Five of fifteen (33%) individuals had hearing loss,
which was unilateral in four cases. At least one individual needed
hearing aids and another individual had conductive hearing loss.

Strabismus. Divergent strabismus was seen in 6 of 15 (40%)
individuals.

Genital anomalies & DSD. Six of seven 46,XY males (86%) in the
cohort had cryptorchidism. Out of the nine 46,XX females, one had
labial hypertrophy.
One of the 46,XX individuals was diagnosed with DSD

(individual 15, SRY negative) and had a de novo NR2F2 LoF
variant (c.23G>A, p.(Trp8Ter)). Prenatally, aberrant right subclavian
artery, IUGR, and oligohydramnios were detected in this individual
and amniocentesis revealed a 46,XX karyotype. At birth, male
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Fig. 1 Variants in NR2F2. a Distribution of non-synonymous variants on the NR2F2 protein (NM_021005.4, NP_066285.1). The variants
identified in this study are shown in black font, and the previously published variants (except one which is marked with #) are in colored font
as per the reported phenotype/clinical features. The location of the functional domains in NR2F2 protein were adapted from Wang et al. 2019
[18]. b Schematic representation of the coding exons, the splice variants, and the 5’ UTR variant reported in the NR2F2 gene (NM_021005.4).
#We also reviewed whole exome sequencing data from the Pediatric Cardiac Genomics Consortium (PCGC) cohort [37, 38], which consists of
individuals with cardiac defects and identified one additional case with a rare de novo NR2F2 variant (p.(Gly98Ser), Supplementary Table 4).
The cardiac phenotypes, in this case, were secundum atrial septal defect, left aortic arch with normal branching pattern. This case is not
included in the current cohort but has been shown in Fig. 1. CHD congenital heart defect; CDH congenital diaphragmatic hernia; DSD
disorders of sexual development including 46,XX DSD and 46,XY DSD; “Others” phenotype described in Arsov et al. 2021 [14] includes
asplenia. Note that though many of the previously reported affected individuals were ascertained using a disease specific disease cohort,
there might be other clinical manifestations which may or may not have been described [1, 14–27] and [Supplementary Table 1].
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external genitalia with perineal hypospadias, pigmented bifid
scrotum with penoscrotal transposition and inguinal gonads were
observed. There was no history of maternal virilization during the
pregnancy. This 46,XX karyotype individual was diagnosed with
DSD, severe aortic coarctation, and aberrant right subclavian
artery. The abdominal ultrasound showed the presence of both
testes, and a testis biopsy revealed testicular parenchyma
comprising seminiferous ducts made up of Sertoli cells without
the presence of spermatogonia, and the presence of Leydig cells
in the testicular interstitium. Subsequently, bilateral orchidopexy,
urethroplasty, penoscrotal transposition correction, and scrotal
closure were performed.

Renal anomalies. Six of seventeen (35%) individuals had renal
findings including renal failure (2/17), renal hypoplasia (1/17), and
multicystic dysplastic kidneys (1/17). One of the individuals who
had renal hypoplasia and congenital renal failure underwent a
renal transplant. Nephrocalcinosis was also noted in one person.

Asplenia. Asplenia was noted in two of seventeen (12%) individuals.

Vascular malformations. Vascular malformations were seen in
two of seventeen (12%) individuals, including one with a hepatic
vascular malformation and another with vascular lesions on skin.

Skeletal abnormalities. Five out of seventeen (29%) individuals
had 5th finger clinodactyly; talipes and clawing of toes were each
noted in two individuals, and other skeletal findings were seen in
seven out of seventeen individuals (41%; Supplementary Table 2).

DISCUSSION
In this study, we describe 17 previously unreported individuals
with rare, potentially disease causing variants in NR2F2 and

Table 2. Frequency of clinical features in our cohort.

Clinical Features Frequency (%)

Prenatal findings

IUGR/low birth weight 4/17 (23.5%)

Increased nuchal translucency 3/17 (17.6%)

Microcephaly 1/17 (5.9%)

CHD 5/17 (29.4%)

Oligohydramnios 2/17 (11.8%)

Single umbilical artery 3/17 (17.6%)

Postnatal findings

Microcephaly (at last examination) 6/14 (42.9%)

Dysmorphic features 16/17 (94.1%)

CHD 17/17(100%)

CDH 2/17 (11.8%)

DD/ID 14/14 (100%)

Hypotonia 10/17 (58.8%)

Feeding difficulties/NGT dependence 14/17 (82.4%)

Seizures/staring spells/EEG abnormalities 3/17 (17.6%)

Hearing impairment 5/14 (35.7%)

Strabismus 6/15 (40%)

Asplenia 2/17 (11.8%)

Clinodactyly 5/17 (29.4%)

Genital anomalies 8/17 (47.1%)

Renal anomalies/issues 6/17 (35.3%)

Vascular anomalies 2/17 (11.8%)
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provide a comprehensive delineation of the clinical and molecular
features of the associated syndrome (Tables 1 and 2, Fig. 1,
Supplementary Figs. 3 and 4 and Supplementary Tables 2 and 3).
The clinical and molecular details of all the previously reported
cases with rare heterozygous NR2F2 variants are summarized in
Supplementary Table 1.

Molecular spectrum
Fourteen of the fifteen NR2F2 SNVs detected in our cohort are
novel variants and have not been previously reported. Nine
individuals described in our cohort carry novel rare missense
NR2F2 variants. The missense variant seen in the Pediatric Cardiac
Genomics Consortium case (p.(Gly98Ser)) is also not reported
before [36, 37]. An additional six missense variants have been
previously reported in affected individuals, one of which is
recurrent in our cohort (p.(Ser341Tyr); Fig. 1 and Supplementary
Table 1). These variants localize to the two conserved functional
domains of NR2F2 protein, the DNA-binding domain and the
ligand-binding domain (Fig. 1 and Supplementary Figs. 3 and 4).
Al Turki et al. [1] used an in vitro luciferase assay in HEK293 cells

to show the functional effects of NR2F2 missense variants found in
the CHD cohorts (p.(Asp170Val), p.(Asn205Ile), p.(Glu251Asp),
p.(Ser341Tyr), and p.(Ala412Ser)). Luciferase assays using trans-
fected expression plasmids of the NR2F2 variants showed a
significant change in the transcriptional activity when compared
with wild type NR2F2 plasmid; the direction of this effect
(increased or decreased transcriptional activity) was dependent
on the promoter context, that is, NGFI-A or APOB promoters which
are known direct targets for NR2F2 binding [1]. These results along
with the presence of NR2F2 LoF variants in the affected individuals
suggest that the global mis-regulation of transcriptional activities
of NR2F2 targets due to haploinsufficiency or LoF or possibly gain-
of-function variants in NR2F2 during development, may lead to
congenital anomalies in multiple organ systems.
Most of the reported NR2F2 missense variants, however, have

not been functionally characterized. Notably, NR2F2 is constrained
for missense changes (missense Z score= 3.6, gnomADv2.1.1).
The pathogenicity of the NR2F2 missense variants detected in the
affected individuals is supported by their absence in the
population databases, the de novo status, and the pathogenic in
silico predictions of their functional impact. In the future, assessing
the effect of the NR2F2 missense variants using in vitro luciferase
assays for the transcriptional activity or in vivo chromatin immune-
precipitation (ChIP) experiments using patient-derived cells to
assess the changes in levels of NR2F2 protein binding to target
genomic regions, such as gene promoters or regulatory regions,
will further elucidate the mechanism of these missense alterations.

Clinical features
The most common clinical features observed in our cohort included
developmental delays/intellectual disability (100%), CHD (100%),
dysmorphic features (94.1%), feeding difficulties or feeding tube
dependence (82.4%), hypotonia (58.8%) and cryptorchidism in 46,XY
males (86%, Table 2 and Supplementary Table 3).
All individuals had developmental delays, specifically, language

was delayed in all individuals, with a wide range for first words
(11 months to ‘not yet achieved’ at 8 years). Motor milestones
were also delayed, with walking achieved at 2–3 years in some
cases, but ‘not yet achieved’ at 8 years in others.
All the affected individuals reported here had CHD and

extensive additional medical and developmental issues. The types
of heart defects observed were similar to those reported
previously, with the majority of individuals having either an atrial
or ventricular septal defect or coarctation of the aorta. Three
individuals had aortic arch anomalies and two individuals had
atrioventricular septal defects. Other less common cardiac defects
were valvular and supravalvular pulmonic stenosis, aberrant left
subclavian artery, tricuspid regurgitation and bicuspid aortic valve.

Two individuals had pulmonary hypertension and four had cardiac
arrhythmias. Interestingly, a de novo NR2F2 variant p.(Ser341Tyr)
was recently reported in a male with developmental delays,
asplenia, frequent respiratory infections, dysmorphic facial fea-
tures, bilateral cryptorchidism, and glandular hypospadias but
with no associated CHD, CDH or DSD (Supplementary Table 1)
[13]. Echocardiograms and abdominal ultrasound ruled out the
presence of CHD and CDH in this individual.
Nearly all individuals in our cohort had dysmorphic facial features,

most common being upslanted or short palpebral fissures, micro-
gnathia or retrognathia, low-set or dysplastic ears, hypertelorism, and
full cheeks. Other features seen were microcephaly, bilateral
epicanthus, long eyelashes, long philtrum, facial asymmetry and
short neck. Dysmorphic facial features seen in our cohort and in
previously reported individuals with NR2F2 pathogenic variants
[16, 18, 20]; [Supplementary Table 1] overlap with the findings seen
in the BPES which is caused by heterozygous loss of function variants
in FOXL2 gene. The shared BPES phenotype in affected individuals
with FOXL2/NR2F2 pathogenic variants suggests, these genes might
function together in the developmental pathways leading to eyelid
formation. Similarly, both these transcription factors are known to
function in mammalian ovarian development and are potential “pro-
ovary/anti-testis” genes [20, 38].
Other common findings include feeding difficulties, which

required requiring gastric tube due to growth issues. Clinical features
that have not been commonly associated with NR2F2 variants in
previously published cases, were seen in our cohort. Five individuals
had hypoplastic or dysplastic kidneys, including two with subse-
quent chronic renal failure, five had hearing impairment, six had
strabismus, and three individuals had sleep apnea or breath holding.
Laryngomalacia and accessory spleen were also seen in two
individuals each (Supplementary Table 2).
Two related individuals (5-1 and 5-2) had asplenia or

polysplenia, a phenotypic feature that was recently reported in
another affected individual with a de novo NR2F2 variant [13].
Interestingly, foregut mesenchyme specific conditional Nr2f2−/−

mice were previously shown to have increased perinatal mortality,
CDH, and spleen defects including asplenia [10]. Also, vascular
malformations, a phenotype seen in the NR2F2 mouse model [4],
was seen in two individuals of our cohort (individuals 4 and 13).
Nr2f2−/− mice showed defects in angiogenesis and vascular
remodeling, including enlarged blood vessels, abnormal develop-
ment of the atria and sinus venosus, malformed cardinal veins,
and decrease in the complexity of microvasculature in the head
and spine regions [4].
Differential diagnoses that were considered for these indivi-

duals included Noonan syndrome, Prader-Willi syndrome, Pitt-
Hopkins syndrome, Fryns syndrome, Smith-Lemli-Opitz syndrome,
peroxisomal disorders, Russell-Silver syndrome, geleophysic dys-
plasia, Moore Federman syndrome, Myhre syndrome, DSD, and
laterality defects.

Genotype-phenotype correlation
Review of all known NR2F2 SNVs, did not demonstrate any genotype-
phenotype correlation or hotspot region(s) where missense variants
were significantly enriched (Fig. 1). However, many missense variants
are localized to a narrow region in the DNA binding domain (aa
86–105; Fig. 1). Interestingly, the 46,XX DSD associated NR2F2 LoF
variants were all early truncations in coding exon 1 (individual 15,
[20]; Fig. 1]) or entire gene deletion [27], whereas, on the contrary, all
the affected 46,XX individuals with NR2F2 early truncations [16, 23] or
gene deletion (individual 12) did not present with a DSD phenotype
(Fig. 1 and Supplementary Table 1).
Our cohort had five predicted LoF NR2F2 SNVs, and they were

present in individuals with a syndromic CHD presentation with
neurodevelopmental issues (individuals 5-1, 6, 10 and 13), or
46,XX ovotesticular DSD (individual 15). Similar to our cohort,
NR2F2 LoF variants have been previously reported in cases with
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CHD, CDH, and syndromic 46,XX ovotesticular DSD (Supplemen-
tary Table 1) [1, 13–25].
In our cohort, there were ten 46,XX individuals, nine of whom

were phenotypic females whereas one individual, who carried a
heterozygous NR2F2 LoF variant, was assigned male gender at
birth and had a diagnosis of ovotesticular DSD (individual 15;
Table 1). NR2F2 LoF variants and a NR2F2 gene deletion have been
previously reported in individuals with 46,XX ovotesticular DSD
[20, 27]. However, individual 12, a 46,XX phenotypic female, who
carried a single copy genomic deletion encompassing the entire
NR2F2 gene, did not show evidence of genital anomalies or DSD,
but presented with CHD, developmental delays, feeding difficul-
ties, and dysmorphic features. A similar case with a NR2F2 gene
deletion has been reported [28].
The three known deletion CNVs encompassing NR2F2 also had

varied phenotypes, including syndromic CHD (individual 12),
syndromic DSD without CHD [27], and syndromic CHD with CDH
[28] (Supplementary Fig. 1). These clinical phenotypes highlight
the variable expressivity in NR2F2-associated disorders. In previous
studies the CDH phenotype has only been associated with de
novo NR2F2 LoF SNVs [15, 21, 23, 24] or gene deletion [27],
whereas in our cohort, de novo NR2F2 missense variants in the
DNA binding domain were seen in the two individuals affected
with CDH (individuals 10 and 11).
A comparison of phenotypes between our cases with missense

variants in the DNA binding domain (individuals 2,3,7,8,10,11,14)
and in the ligand binding domain (individuals 1,9,16) did not yield
any genotype phenotype correlation. Larger cohorts may be
needed to recognize any association.
Two of the NR2F2 variants in our cohort affect amino acid Cys96

(p.(Cys96Phe), p.(Cys96Tyr)), and a nonsense variant at the same
amino acid residue has been reported in a CHD cohort [17].
p.(Cys96Ter) variant was identified in a family with six affected
individuals with bicuspid aortic valve and fusion of the right and
left coronary aortic valve cusps. Two of the affected individuals
had aortic stenosis along with aortic regurgitation and another
two affected individuals had VSD in addition to bicuspid aortic
valve. The two affected individuals in our cohort (individuals 2 and
8) with de novo variants altering Cys98, had CHD, developmental
delays, feeding difficulties, and dysmorphic facial features.
Individual 2 also had multicystic dysplastic kidneys with chronic
renal failure.
Interestingly, two NR2F2 variants have each been observed

recurrently in three unrelated, affected individuals (p.(Pro33Alaf-
sTer77) and p.(Ser341Tyr)). The p.(Pro33AlafsTer77) LoF variant has
been reported in two individuals with CHD and 46,XX ovotesti-
cular DSD and in one individual with CHD and CDH [20, 23]. For
one of the individuals with 46,XX ovotesticular DSD, the
inheritance of p.(Pro33AlafsTer77) was unknown, and for the
remaining two cases it was de novo. Similarly, the de novo
p.(Ser341Tyr) variant was seen in one individual with an
atrioventricular septal defect [1] and in a second individual with
asplenia, developmental delays, dysmorphic features, frequent
infections, bilateral cryptorchidism, and glandular hypospadias
without CHD [13]. In our cohort, this variant was seen in an
individual with an atrioventricular defect, feeding difficulties,
developmental delays and dysmorphic facial features (individual
9); however, the inheritance of this variant was unknown (not
maternal). These variable phenotypic manifestations in individuals
carrying identical variants underscore the variable expressivity
associated with NR2F2 sequence alterations. Additional genetic
and environmental modifiers may have played a role in the
phenotypic expression of the NR2F2-related disorder.
Based on the clinical features described in our study, we

recommend that any individual with a pathogenic/likely patho-
genic NR2F2 variant should have the following evaluations (1)
echocardiogram and electrocardiogram (2) renal-bladder ultra-
sound (3) assessment of external genitalia and consideration of

imaging if ambiguous (pelvic ultrasound for females/genital tract
ultrasound for males) (4) audiology evaluation (5) ophthalmology
examination (6) consideration of early placement of gastric tube
for problems with weight gain and oral feeding (7) early
intervention for speech, occupational, and physical therapy (8)
neuropsychological evaluation and developmental assessment as
soon as diagnosis is made and (9) confirmation of sex chromo-
some complement. Testing for NR2F2 should be considered in any
syndromic CHD patient, especially with BPES facial features.
In conclusion, we report findings of 17 unreported individuals

and summarize previously reported individuals with heterozygous
variants in NR2F2, to provide a comprehensive overview of the
spectrum of associated features. Based on these data, we provide
clinical recommendations for assessment of affected individuals
upon diagnosis. These data and recommendations provide
guidance for the clinicians and laboratory personnel who
encounter this rare disorder.

DATA AVAILABILITY
The data in this study is available in the manuscript, Supplementary information, tables,
and figures. The NR2F2 variants reported in this study are submitted in ClinVar. The
following variants have been previously submitted by the clinical testing labs/research
groups in ClinVar NM_021005.4: c.1019del:p.(Lys340SerfsTer39), c.746G>A:p.(Trp249Ter),
c.558dup:p.(Arg187AlafsTer122), c.269A>G:p.(His90Arg), c.1022C>A:p.(Ser341Tyr),
c.1097G>C:p.(Arg366Pro) (Variation IDs: 2429770, 598763, 1805610, 1064859, 128232,
521133). The details of the two variants - c.287G>T:p.(Cys96Phe), c.257C>G:p.(Ser86Trp)
which were ascertained as part of the DDD study are available in the DECIPHER website
(https://www.deciphergenomics.org/patient/259383/genotype/191257/browser; https://
www.deciphergenomics.org/patient/282004/genotype/197133/browser). The Clinvar IDs
for the remaining variants are listed below (Variation IDs: 2570648, 2570646, 2570643,
2570644, 2570645, 2570642, 2570647).
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