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Abstract

The ARID1A gene is an infrequent cause of Coffin-Siris syndrome (CSS) and has been
associated with severe to profound developmental delays and hypotonia in addition to
characteristic craniofacial and digital findings. We present three fetuses and a male neonate with
ventriculomegaly/hydrocephalus, absence of the corpus callosum (ACC), cerebellar hypoplasia,
retinal dysplasia, lung lobulation defects, renal dysplasia, imperforate or anteriorly placed

anus, thymus hypoplasia and a single umbilical artery. Facial anomalies included downslanting
palpebral fissures, wide-spaced eyes, low-set and posteriorly rotated ears, a small jaw, widely
spaced nipples and hypoplastic nails. All fetuses had heterozygous variants predicting premature
protein truncation in AR/D1A (c.4886dup:p.Val1630Cysfs*18; ¢.4860dup:p.Pro1621Thrfs*27;
and ¢.175G>T:p.Glu59%*) and the baby’s microarray demonstrated mosaicism for a deletion at
chromosome 1p36.11 (arrff[GRCh37] 1p36.11 (26,797,508 27,052,080)x1~2), that contained the
first exon of ARID1A. Although malformations, in particular ACC, have been described with
CSS caused by pathogenic variants in AR/D1A, prenatal presentations associated with this gene
are rare. Retinal dysplasia, lung lobulation defects and absent thymus were novel findings in
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association with AR/D1A variants. Studies in cancer have demonstrated that pathogenic AR/D1A
variants hamper nuclear import of the protein and/or affect interaction with the subunits of
SWI/SNF complex, resulting in dysregulation of the PI3K/AKT pathway and perturbed PTEN
and P/IKC3A signaling. As haploinsufficiency for PTEN and PIKC3A can be associated with
ventriculomegaly/hydrocephalus, aberrant expression of these genes is a putative mechanism for
the brain malformations demonstrated in patients with AR/D1A variants.

Keywords
Coffin-Siris syndrome; ARID1A ; Ventriculomegaly; Hydrocephalus; Prenatal phenotype

1. Introduction

Coffin-Siris syndrome (CSS; OMIM 614607) is a relatively frequent and well-characterized
syndrome comprising developmental delays (DD) and intellectual disability (ID), distinctive
facial anomalies, hirsutism and hypertrichosis despite sparse scalp hair, aplasia or hypoplasia
of the distal phalanx and nail of the fifth digits, and congenital malformations (Schrier
Vergano et al., 2013). Feeding difficulties with reduced growth, hearing impairment

and ocular defects are also typical (Schrier Vergano et al., 2013). CSS is caused by
deleterious variants in the genes comprising the SWItch/Sucrose Non-Fermentable (SWI/
SNF) complex, including ARID1A, ARID1B, SMARCAZ, SMARCA4, SMARCBI and
SMARCEI and others (Tsurusaki et al., 2012; Sweeney et al., 2018).

The ARIDI1A gene encodes the AT-Rich Interactive Domain-containing protein 1A
(ARID1A/BAF250a; Pagliaroli and Trizzino, 2021). Pathogenic variants in AR/D1A are
relatively infrequently identified in patients diagnosed with CSS and were reported in 4/63
individuals in one cohort of CSS patients (Santen et al., 2013) and 6/182 patients in another
group of CSS patients (Sekiguchi et al., 2019). In 18 patients with CSS previously reported
to have causative AR/D1A variants, clinical features have included profound DD with
absent speech, agenesis of the corpus callosum (ACC), congenital heart defects, feeding
difficulties, bowel obstruction, and respiratory complications warranting tracheostomy, in
addition to the characteristic facial and digital findings associated with CSS (Tsurusaki et
al., 2012, 2014; Kosho et al., 2013; Santen et al., 2013; Wieczorek et al., 2013; Kosho
etal., 2014a, 2014b; Sekiguchi et al., 2019; Miraldi Utz et al., 2020; Lee and Ki, 2021).
Survival in CSS associated with AR/D1A variants has also been compromised and death
from hepatoblastoma at two years of age and from cardiac arrhythmia at one year of age
has been described (Kosho et al., 2013). Distinguishing features of CSS in association with
ARID1A variants have been noted to include facial asymmetry, toenail aplasia, hypoplasia
or dysplasia, and scoliosis (Boegershausen and Wollnik, 2018).

Pathogenic AR/ID1A variants have typically comprised frameshift or nonsense variants
that were predicted to result in haploinsufficiency and that have involved the entire gene
without evidence of a specific hotspot or predilection for the BAF250 domain after exon-
size standardization (Santen et al., 2013; Sekiguchi et al., 2019; Pagliaroli and Trizzino,
2021; Lee and Ki, 2021). As homozygosity for loss of function variants in Aridla
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results in embryonic lethality in the mouse and mosaicism for AR/D1A variants has been
demonstrated in human patients, it has been hypothesized that all pathogenic AR/D1A
variants occur in mosaic form and that the degree of mosaicism influences clinical variation
(Santen et al., 2013; Boegershausen and Wollnik, 2018).

To date, almost all of the patients with CSS caused by pathogenic AR/D1A variants have
been ascertained in the postnatal period. One fetus was identified at 18 weeks of gestation
and published in an abstract (Bartin et al., 2018). The fetus had severe intrauterine growth
retardation (IUGR) with measurements at the second percentile and multiple malformations,
including hydrocephalus and macrocephaly, ACC, a left-sided congenital diaphragmatic
hernia (CDH) and a ventricular septal defect (Bartin et al., 2018). An autopsy demonstrated
coarse facial features and aplasia of the distal phalanx of the fifth fingers in addition to
confirming the malformations visualized prenatally. Sequencing analysis reportedly detected
a de novo ARID1A pathogenic variant, although the abstract did not provide details of the
variant identified (Bartin et al., 2018).

Herein we present three fetuses and a male neonate who were noted to have multiple
malformations by ultrasound scanning during pregnancy. All fetuses had truncating variants
in ARIDI1A, whereas the male baby was found to have mosaicism for a deletion containing
part of the AR/D1A gene at chromosome 1p36.11. One of the cases was previously reported
in a larger study that genotyped 95 fetuses with multiple congenital anomalies (Lefebvre et
al., 2021). These cases provide support for a prenatal presentation comprising multiple birth
defects in association with haploinsufficiency for AR/D1A.

2. Casereports

Cases were ascertained by Clinical Geneticists and Pathologists at different institutions and
through GeneMatcher (Sobreira et al., 2015). For the neonate, human tissues were collected
with written, informed consent and institutional review board (IRB) approval for use for
diagnostic, scientific, educational, or therapeutic purposes. For the first and second fetuses,
written consent for autopsy and genetic testing were obtained. Ethical approval and written
consent were obtained for the third fetus under a protocol approved by the Committee for
Human Research at the University of California, San Francisco (protocol #17-22504).

The clinical features of the male patient and fetuses in this report are provided in
Supplementary Table 1. For the first patient, the 19-year old, G1P0->1 mother was treated
with levetiracetam throughout the pregnancy for grand mal seizures that were diagnosed
five years prior to conception. The family history was negative for birth defects and
consanguinity and both parents were of Hispanic ancestry. An ultrasound scan at 26 weeks
of gestation demonstrated a right-sided CDH containing liver with a lung to head ratio
(LHR) of 0.87. Cerebral ventriculomegaly, ACC, cystic dilation of the posterior fossa,
kyphoscoliosis of the thoracolumbar spine, a hypocoiled umbilical cord and polyhydramnios
with an amniotic fluid index of 29 were also noted. A male baby was delivered at 32
weeks of gestation via forceps-assisted vaginal delivery for premature onset of labor.
Birthweight was 1600 g (30th centile corrected for gestational age), length was 43 cm
(60th centile corrected for gestational age) and occipitofrontal circumference was 29 cm

Eur J Med Genet. Author manuscript; available in PMC 2023 February 01.
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(40th centile corrected for gestational age). Apgar scores were 1, 2 and 1 at one, five and 10
min respectively and intubation was required. Physical examination revealed downslanting
palpebral fissures, an impression of widely-spaced eyes although interpupillary distance
was not measured, a flat nasal bridge with an upturned nasal tip, relatively small, low-set
and posteriorly rotated ears, micrognathia, widely-spaced nipples and hypoplastic nails

in addition to imperforate anus and bilateral cryptorchidism. Postnatal ultrasound scans
confirmed a large, right-sided CDH containing liver and bowel, ACC, and mild enlargement
of the temporal horns. A tentative diagnosis of syndromic CDH, including the possibility
of Fryns syndrome, was made and after discussion, parents opted for comfort care and

the baby was deceased at four days of age. An autopsy confirmed a near total absence

of the right posterior diaphragm, with a portion of the right lobe of the liver in the right
thorax and lung hypoplasia that was greater on the right side, mesocardia, and malrotation
of the small intestines. Ventriculomegaly with ACC, imperforate anus, kyphoscoliosis

of the thoracolumbar spine, facial anomalies and hypoplastic nails were verified and
downturned corners of the mouth, elongated digits and prominent first toes were also noted.
Neuropathology demonstrated ventriculomegaly of the inferior and posterior horns of the
lateral ventricles and fourth ventricle without obstruction, ACC, and focal hypoplasia that
most prominently affected the cerebellum at the midline.

2.1. Fetus1

This fetus has previously been reported without photographs in Lefebvre et al. (2021). The
pregnancy was achieved using in vitro fertilization for a 36-year old woman. The fetus was a
male for whom the pregnancy was interrupted at 23 + 5 weeks of gestation because of severe
hydrocephalus (Fig. 1). Weight was 510 g (approximately 25th centile), length was 28 cm
(approximately 10th centile) and OFC was 21.5 cm (50-75th centile). An autopsy confirmed
hydrocephalus and identified ACC, cerebellar hypoplasia, hypoplasia of the olfactory bulbs
and defects of neural migration and cerebral white matter. Heterotaxy with abnormal lung
lobulation, a common mesentery, single umbilical artery, right renal dysplasia, pelvic left
kidney and shortening of the long bones were also observed. Facial features included
widely-spaced eyes and a flat nasal bridge, low-set, posteriorly rotated and dysplastic ears, a
long philtrum, macrostomia with thickened lips and bilateral fifth finger clinodactyly.

2.2. Fetus 2

The second fetus was conceived by a 34-year old woman and a 32-year old man who had

a healthy son. An ultrasound scan revealed bilateral hydrocephalus with ACC, agenesis of
the cerebellar vermis, a ventricular septal defect and an aberrant superior vena cava (Fig. 2).
The bladder was not able to be visualized. The parents chose to interrupt the pregnancy at
21 weeks of gestation. At autopsy, growth measurements were compatible with 21 weeks
of gestation. External examination showed malar hypoplasia, a short nose with anteverted
nares and a long philtum with downturned corners of the mouth. The ears were anomalous,
low-set and posteriorly rotated. There was a posterior cleft palate. External genitalia were
female and the anus was anteriorly placed. The hands had shortened digits with fifth finger
clinodactyly and small nails. Internal examination of the chest revealed abnormal pulmonary
lobulation with delayed lung maturation. There was a complete atrioventricular canal defect
with a large atrial septal defect, and the superior vena cava arose from the coronary sinus.

Eur J Med Genet. Author manuscript; available in PMC 2023 February 01.
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The thymus was not visualized and there was a single umbilical artery. Dissection of the
brain confirmed hydrocephalus, hypoplasia of the cerebellar vermis and ACC with Probst
bundles. There was right retinal dysplasia.

2.3. Fetus 3

The third fetus was conceived by a 34 year old woman and 44 year old man. The woman
had a history of multiple, early pregnancy losses. At 13 + 1 weeks, the fetus was found

to have an enlarged nuchal translucency measuring 3.8 mm in addition to an omphalocele
and occipital encephalocele. Fetal sex was difficult to visualize at the early gestation, but
karyotype and microarray confirmed the sex to be male. The fetal size on ultrasound lagged
five days behind clinical dating. The pregnancy was interrupted at 14 weeks gestation and
pathological examination of the fetal parts was not able to be performed. Due to the early
gestational age and lack of autopsy, additional information is not available.

3. Materials and methods

For the neonate, a whole genome single nucleotide polymorphism (SNP)-based cytogenomic
array was performed on blood using the Illumina Infinium CytoSNP-850K Beadchip

with the Genome Reference Consortium Human Build 37 (GRCh37/hg19). The array
platform contained over 850,000 SNPs in 15x redundancy throughout the genome with

an exon-centric design to target 3262 genes of known relevance in constitutional and cancer
applications. The average probe spacing across the whole array was approximately 1.8
kilobases (kb). Copy number variants (CNVSs) in the backbone of the genome involving less
than 16 contiguous probes were not reported. Therefore, the overall effective resolution
across the whole array was approximately 29 kb. Involvement of a minimum of 12
contiguous probes was required to report a CNV in a critical gene/locus. Classification of
clinical significance of CNVs was based on the American College of Medical Genetics and
Genomics (ACMG) standards and guidelines (Kearney et al., 2011). For the first fetus, array
comparative genomic hybridization (CGH) was performed using a 144K array (Agilent).
For the second fetus, array CGH was performed using a 180K Sureprint G3 Human CGH
microarray (Agilent).

For the first and second fetuses, solo (proband only) whole exome capture and sequencing
were performed on genomic DNA from frozen fetal tissues using the Agilent CRE kit
according to the manufacturer’s recommendations for paired-end, 76 basepair (bp) reads
on an Illumina HiSeq 4000 (Integragen society - Evry, France). Reads were aligned to

the human genome reference sequence (GRCh37/hg19 build) with the Burrows-Wheeler
Aligner (BWA, v.0.6.2), and potential duplicate paired-end reads were marked with Picard
v.1.77. The Genome Analysis Toolkit (GATK) v.2.6—4 was used for base quality score
recalibration, indel realignment, and variant discovery (both single-nucleotide variants and
indels). Variants were annotated with SeattleSeq SNP Annotation. Rare variants were
identified by focusing on protein-altering and splice-site changes present at a frequency
less than 1% in dbSNP 138 and the NHLBI GO Exome Sequencing Project. Variants were
systematically visualized on the Integrative Genomic Viewer before fetal validation and

Eur J Med Genet. Author manuscript; available in PMC 2023 February 01.
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familial segregation by Sanger sequencing. The sequencing methodology for the third fetus
has previously been published (Mendelsohn et al., 2020).

4. Results

For the male infant, high resolution chromosome analysis revealed a normal male karyotype.
The SNP array showed mosaicism for a likely pathogenic copy loss within chromosome
1p36.11, arr[GRCh37] 1p36.11(26,797,508_27,052,080)x1~2, of estimated size 0.254

Mb. The deleted region contained DHDDS, HMGNZ, DPPAZP2, RPS6KA1, MIR1976,
RN7SL679P, and exon 1 of AR/ID1A, although exons 2—4 were located near the deletion
breakpoint. The deletion was confirmed using fluorescence /n-situ hybridization (FISH; Fig.
S1) using probe RP11-492M19 (1p36.11, 26,838,809-26,967,150). Of the 200 interphase
cells examined, 103 (51.5%) showed a deletion of 1p36.11 and 97 (48.5%) demonstrated a
normal signal pattern. This deletion was reported as likely to be pathogenic, although the
laboratory hypothesized that mosaicism for loss of one functional copy of AR/D1A may not
lead to the full phenotypic presentation of CSS. Parental studies were not performed.

For all three fetuses, karyotype and microarray were normal. In the first fetus,

exome sequencing revealed a heterozygous, single bp duplication in AR/DIA,
€.4860dup:p.Pro1621Thrfs*27 (NM_006015.6). For the second fetus, exome sequencing
revealed heterozygosity for the insertion of a single bp in exon 18 of AR/D1A,
€.4886dup:p. Val1630Cysfs*18 (NM_006015.6). Lastly, exome sequencing identified a de
novo, heterozygous, stop gain variant in AR/D1A, ¢.175G>T; p. Glu59* (NM_006015.6) in
the third fetus.

5. Discussion

We report a deceased male infant and three fetuses with clinical findings of
ventriculomegaly/hydrocephalus (3/4), ACC (3/4), cerebellar hypoplasia (2/4), olfactory
bulb hypoplasia (1/4), and occipital encephalocele (1/4). Additional malformations
comprised a complete atrioventricular (AV) canal defect (1/4), CDH (1/4), lung lobulation
defects (2/4) with delayed lung maturation (1/4), omphalocele (1/4), imperforate or
anteriorly placed anus (2/4) and renal dysplasia (1/4). Retinal dysplasia (1/4), cleft

palate (1/4), absent thymus (1/4), kyphoscoliosis of the thoracolumbar spine (1/4)

and single umbilical artery (2/4) were also observed. Facial anomalies and digital
findings were consistent with those described in CSS when examination was possible,
including downslanting palpebral fissures, wide-spaced eyes, low-set and posteriorly
rotated ears, micrognathia and hypoplastic nails. All three fetuses had truncating variants
predicting haploinsufficiency for ARID1A, ¢.4886dup:p.Val1630Cysfs*18, ¢.4860dup:p.
Pro1621Thrfs*27, and ¢.175G>T:p.Glu59*. The baby’s SNP array demonstrated mosaicism
for a deletion that contained the first exon of AR/D1A, arr 1p36.11 (26,797,508—
27,052,080)x1~2.

The findings in the baby and the three fetuses overlap with the previously described
facial and digital anomalies and malformation spectrum reported in CSS (Supplementary
Table 1). Although patients with postnatal ascertainment of AR/D1A pathogenic variants

Eur J Med Genet. Author manuscript; available in PMC 2023 February 01.
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have typically manifest DD, ID and hypotonia, seizures and structural brain abnormalities,
including abnormalities of the corpus callosum, can occur (Tsurusaki et al., 2012; Kosho
et al., 2013; Kosho et al., 2014a). Phenotypic variation and milder presentations have
been associated with mosaicism for AR/D1A variants, including mosaicism for truncating
variants (Santen et al., 2013; Wieczorek et al., 2013).

In contrast to the postnatal presentation, prenatal ascertainment of CSS due to AR/DIA
haploinsufficiency has been rare. It is likely that some of the phenotypic features may

be more difficult to ascertain early in gestation and that the prenatal phenotypes of

ARIDIA variants is incompletely characterized. However, with the increasing use of exome
sequencing in the prenatal period, it is very likely that additional cases will be identified.
Bartin et al. (2018) reported a fetus diagnosed with hydrocephalus and macrocephaly, ACC,
a left-sided CDH, ventricular septal defect and severe IUGR. An autopsy demonstrated
coarse facies, aplasia of the distal phalanx of the fifth finger and confirmed the organ
defects. Sequencing analysis reportedly revealed a de novo, pathogenic variant in AR/IDI1A,
but the variant was not provided in the abstract. The authors noted that IUGR was the

most frequent sign in CSS described prenatally and that prenatal description of the cardiac
malformations or cleft palate as reported in CSS was extremely rare (Bartin et al., 2018).

A second patient with left CDH, aortic arch hypoplasia with small, left-sided cardiac
structures, a ventricular septal defect and IUGR was diagnosed with a de novo, pathogenic
variant in the ATrich DNA interacting domain-containing protein 1B (AR/D1B) gene,
€.3096_3100del-CAAAG (p.Lys1033Argfs*32; Sweeney et al., 2018), demonstrating that
CDH and cardiac malformations can also occur with other SWI/SNF genes and present prior
to the onset of developmental delays. Two additional reports of early presentation of the CSS
phenotype, but without molecular genetic testing, have included a male with low birthweight
and severe kyphoscoliosis who was deceased at 12 days of age (Suzumura et al., 1996)

and a female fetus delivered at 32 weeks of gestation because of ultrasound findings of

CDH and cerebellar hypoplasia that was found postnatally to have coarse facies with low-set
ears, a low posterior hairline, scalp hypotrichosis and hypoplasia of the fingernails (Delvaux
et al., 1998). The presentations depicted in this report are also unique because of the

retinal dysplasia, lung lobulation defects, aplasia of the thymus, omphalocele, and occipital
encephalocele, which we could not find as being reported in other patients with AR/D1A
variants (Tsurusaki et al., 2012, 2014; Kosho et al., 2013; Santen et al., 2013; Wieczorek

et al., 2013; Kosho et al., 2014a; Dillon et al., 2018; Sekiguchi et al., 2019; Miraldi Utz et
al., 2020; Lee and Ki, 2021). Widespread retinal pigment epithelial dystrophy with pigment
deposits in the mid periphery have been attributed to a missense variant in SMARCA4
(Cappuccio et al., 2019) and was supported by the disorganized retinal structures, abnormal
retinal lamination, and disrupted retinal pigmentation observed in smarca4 null zebrafish
(Zhang et al., 2013, 2014), suggesting that perturbations to the SWI/SNF pathway were the
cause. We could not find mention of lung or thymus malformations in association with the
other CSS genes.

Many of the malformations described in these cases are not unique to AR/D1Ain CSS.
Cardiac anomalies (19.5%), cryptorchidism (55.4%), laryngomalacia (19.8%), and renal
anomalies (12.6%) are relatively common in CSS caused by AR/D1B variants (van der
Sluijs et al., 2019). Further examples include absence or hypoplasia of the corpus callosum,

Eur J Med Genet. Author manuscript; available in PMC 2023 February 01.
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a large posterior fossa, hypoplasia of the cerebellum and cerebellar vermis, enlarged fourth
ventricle and absence of the septum pellucidum in association with AR/D1B, SMARCB1
and SMARCE1 variants (Filatova et al., 2019) and CDH associated with SMARCA4
variants (Scott et al., 2021). However, we are unaware of recognition of a prenatal
presentation associated with multiple anomalies in association with other SWI/SNF genes.
CSS-causing mutations previously identified in AR/D1A are heterozygous and have a loss-
of-function effect, indicating that AR/D1A is a dosage-sensitive gene (Tsurusaki et al.,
2012; Bidart et al., 2017). Duplications that include AR/D1A have also been associated
with ID and microcephaly (Bidart et al., 2017), and a de novo duplication at chromosome
1p36.11 that involved AR/D1A was described in a child diagnosed with Dubowitz syndrome
(Bidart et al., 2017; Dyment et al., 2021). However, organ malformations were not described
in these reports of AR/D1A duplications.

Somatic variants in AR/D1A are frequent in numerous cancers (Takeda et al., 2016) and
hotspots for the somatic variants have been linked to the nuclear export signal sequence that
resulted in reduced nuclear export of ARID1A, and to interactions between ARID1A and
the other SWI/SNF subunits that disturb the stability of the entire protein complex (Guan et
al., 2012). AR/ID1A variants involved in carcinogenesis activate the phosphatidylinositol-3-
kinase (PI3K)/AKT pathway and tyrosine kinase receptors, with somatic mutation of
specific components of signal transduction, including loss of phosphatase and tensin
homolog (PTEN) and activation of mutation of phosphatidylinositol-4, 5-bisphosphate 3-
kinase, catalytic subunit a (PIK3CA; Takeda et al., 2016). As deleterious variants in PTEN
cause Lehrmitte-Duclos disease that can present with hydrocephalus (Almubarak et al.,
2019) and haploinsufficiency for PIK3CA is known to be associated with hydrocephalus in
humans and animal models (Roy et al., 2015), it is tempting to hypothesize that this pathway
may also be involved in the developmental malformations seen in the prenatal presentations
associated with AR/D1A. However, further case descriptions and functional studies are
needed to investigate this possibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Photographs of the first fetus with a truncating variant in AR/D1A at 23 weeks of gestation.

Fig. 1A. Frontal view of fetus, showing widely-spaced eyes, a flat nasal bridge, long
philtrum and macrostomia with thickened lips.

Fig. 1B. Profile view of fetus, demonstrating low-set, posteriorly rotated and dysplastic ear.
Fig. 1C. View of the base of the brain and ventricles, demonstrating ventriculomegaly

and cerebellar hypoplasia. Ventricular distension has been indicated with an asterisk and
cerebellar hypoplasia has been indicated with an arrow.
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Fig. 2.
Photographs of the second fetus with a truncating variant in AR/D1A at 21 weeks of

gestation.

Fig. 2A. Facial photographs demonstrating midface hypoplasia, a short and anteverted nose,
low-set, posteriorly rotated and anomalous ears, and downturned corners of the mouth.

Fig. 2B. Photograph of the mouth, showing cleft palate.

Fig. 2C. Photographs of the hands showing shortened digits with fifth finger clinodactyly
and small nails.

Fig. 2D. Photographs of the thoracic cavity, showing pulmonary lobulation defects with
delayed lung maturation.

Fig. 2E. Photograph of the heart, showing an atrioventricular canal defect with an ostium
primum atrial septal defect and a ventricular septal defect.
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