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Abstract

Coffin-Siris syndrome (CSS) is an autosomal dominant neurodevelopmental syndrome that can
present with a variety of structural birth defects. Pathogenic variants in 12 genes have been
shown to cause CSS. Most of these genes encode proteins that are a part of the mammalian
switch/sucrose non-fermentable (MSWI/SNF; BAF) complex. An association between genes that
cause CSS and congenital diaphragmatic hernia (CDH) has been suggested based on case reports
and the analysis of CSS and CDH cohorts. Here, we describe an unpublished individual with
CSS and CDH, and we report additional clinical information on four published cases. Data from
these individuals, and a review of the literature, provide evidence that deleterious variants in
ARID1B, ARIDI1A, SMARCBI1, SMARCA4, SMARCE1, ARIDZ, DPF2, and SMARCCZ, which
are associated with CSS types 1-8, respectively, are associated with the development of CDH.
This suggests that additional genetic testing to identify a separate cause of CDH in an individual
with CSS may be unwarranted, and that comprehensive genetic testing for individuals with non-
isolated CDH should include an evaluation of CSS-related genes. These data also suggest that the
mSWI/SNF (BAF) complex may play an important role in diaphragm development.
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INTRODUCTION

Coffin-Siris syndrome (CSS) is an autosomal dominant neurodevelopmental syndrome that
was first described over 50 years ago (Coffin & Siris, 1970). Features of CSS include
intellectual disability and developmental delay, hypotonia, distinct dysmorphic features
that include coarse features and ectodermal abnormalities (hirsutism, sparse scalp hair,

and abnormal dentition), sensorineural hearing loss, vision abnormalities, gastrointestinal
anomalies, and cardiac defects (Mannino, Miyawaki, Santen, & Schrier Vergano, 2018;
Vasko, Drivas, & Schrier Vergano, 2021). This syndrome is sometimes termed “fifth digit
syndrome”, due to a short fifth digit and underdeveloped nails, seen in about 65% and
76% of patients, respectively, in one cohort (Mannino et al., 2018) and in 88% and 97% in
another (Kosho et al., 2014).

There are currently 12 different types of CSS, each associated with a different gene.

By order, these are AR/D1B (MIM# 135900), AR/ID1A (MIM# 614607), SMARCB1
(MIM# 614608), SMARCA4 (MIM# 614609), SMARCEI (MIM# 616938), ARID2 (MIM#
617808), DPF2 (MIM# 618027), SMARCCZ (MIM# 618362), SOX11 (MIM# 615866),
S0X4(618506), SMARCDI (MIM# 618779) and BICRA (MIM# 619325). With the
exception of SOX11and SOX4, these genes encode proteins related to the mammalian
switch/sucrose non-fermentable (MSWI/SNF; BAF) complex (Bdgershausen & Wollnik,
2018). This complex has a role in chromatin remodeling and is known to mediate cell
differentiation and lineage specification (Mittal & Raoberts, 2020; Pagliaroli et al., 2021).

Congenital diaphragmatic hernia (CDH) is a severe, life-threatening malformation
(McGivern et al., 2015), usually associated with pulmonary hypoplasia. Its prevalence has
been estimated between 2.3 to 15.9 in 10,000 births (Munim et al., 2013; Paoletti et al.,
2020). CDH can be isolated or appear as part of a broader syndrome. Although it is not
considered a common feature of CSS, an association between CSS and CDH has been
suggested based on case reports and the analysis of CSS and CDH cohorts (Bartin et

al., 2018; Delvaux et al., 1998; Knapp et al., 2019; Kosho et al., 2014; Mannino et al.,
2018; Scott et al., 2022; Shang et al., 2015; Slavotinek et al., 2022; Sweeney et al., 2018;
Tsurusaki et al., 2012; van der Sluijs et al., 2022; Vasko et al., 2021).

In this paper, we present a previously unpublished individual with CSS and CDH

and provide additional clinical information on four previously reported cases. We also
summarize all previously reported cases, to provide a comprehensive review of the
association between these two disorders.
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MATERIALS AND METHODS

Editorial Policies and Ethical Considerations

Subjects were enrolled in research studies in accordance with protocols approved by

local institutional review boards, or anonymized data is being reported as allowed by a
research protocol approved by the institutional review board of Baylor College of Medicine
(H-47546). The procedures followed were in accordance with the ethical standards of Baylor
College of Medicine’s committee on human research and were in keeping with international
standards.

Molecular Testing

Trio exome sequencing for Subject 1 was performed on a clinical basis at Baylor Genetics
(Meng et al., 2017).

In silico variant analyses

In silico analyses of sequence variants were performed using MutationTaster (http://
www.mutationtaster.org/), and Combined Annotation Dependent Depletion (CADD; https://
cadd.gs.washington.edu/) (Rentzsch et al., 2021; Schwarz et al., 2014). All variant
descriptions were checked using Mutalyzer (https://mutalyzer.nl/).

CLINICAL REPORTS

Subject 1

Subject 1 is a 20-month-old female and the only child of her parents, after a single
miscarriage. At 16 weeks of gestational age, an ultrasound exam revealed a left-sided CDH.
She also had an atrial septal defect. She was born at 36 weeks and 5 days of gestational
age and had a birth weight of 2.18 kg (8t centile). Due to respiratory difficulties, she was
placed on extracorporeal membrane oxygenation (ECMO). At the age of 20 days, 3 days
after coming off ECMO, her CDH was repaired. During surgery, a rim of diaphragm was
observed from the anterior clavicular to the posterior clavicular line with some primary
closure medially. However, the near absence of the left-hemidiaphragm required placement
of a 6 mm Gore-Tex patch. No sequestration or hernia sac was appreciated. Later in life,
she underwent a second hernia repair, due to re-herniation. A tracheostomy was placed at 5
months of age due to a chronic need for ventilator support and unsuccessful extubation
attempts. At 1 year of age, she had cardiac arrest, requiring 3 minutes of successful
cardiopulmonary resuscitation.

Over time, she was diagnosed with developmental delay. She was able to hold her head up at
10 months, was able to sit at 14 months, and rolled over at 18 months. At 20 months she was
able to stand with support but could not walk. She said her first words at 14 months, and she
only used 2 to 3 words at 20 months. A brain MRI without contrast performed at 15 months
showed mild-to-moderate cerebral volume loss with prominent ventricles, borderline caliber
of a dysplastic corpus callosum, signs of a chronic subdural hematoma, a pars intermedia/
Rathke cleft cyst in the sella turcica, numerous tortuous small vessels in the peripheral CSF
space, and diffuse calvarial and skull base thickening.
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Her physical examination at 20 months of age showed dysmorphic features which included
sparse hair, bitemporal narrowing, coarse facies, broad eyebrows, ptosis, a flat nasal bridge,
a broad nose, anteverted nares, a thin upper vermilion, and a thick lower vermilion (Figure
1A-C). An umbilical hernia was also observed. Her fifth fingers were mildly short, but she
had normal nails. Her height was 77.5cm (3" centile), weight was 11 kg (56! centile) and
head circumference at 18 months was 49.5cm (981 centile).

Subject 1’s father was 23 years old at the birth of his daughter. He had a history of a
ventricular septal defect (VSD) that resolved without intervention by 12 years of age. While
no delays in motor skills were noticed, his speech development was described as slower
than expected. He was diagnosed with a learning disability in the 2nd grade and required
additional help throughout his school years. He had urinary retention until 12 years of age
and a history of enuresis. He did not pursue higher education and currently works in a
foundry. He has a hearing impairment, thought to be caused by exposure to excessive noise
generated by heavy machinery. His physical examination was positive for hypoplasia of the
fifth fingers bilaterally and hypoplastic first and second fingers on the left (Figure 1E-F).

A chromosomal microarray analysis and rapid fluorescence in situ hybridization testing
(FISH) for trisomy 13, 18 and 21 were performed for Subject 1 and were negative.

Trio exome sequencing was performed, and revealed a paternally inherited pathogenic
.98 _107del, p.(Glu33Glyfs*15) [NM_006015.6] frameshift variant in AR/D1A. This
variant has not been previously reported and is not found in the gnomAD v2.1.1 dataset
(https://gnomad.broadinstitute.org/) or in ClinVar (https://www.nchi.nlm.nih.gov/clinvar/).

A paternally inherited ¢.1880A>G, p.(Lys627Arg) [NM_016604.4] missense variant of
unknown significance (ACMG criteria PM2 and PP3) was also identified in KDM3B.
Autosomal dominant pathogenic variants in KDM3B are associated with Diets-Jongmans
syndrome (DIJOS; MIM# 618846). Individuals with this syndrome have pointed chins, long
ears, and wide mouths, findings that were not seen in Subject 1 or in her father. However,
short stature, a broad nasal tip and ptosis are also seen in DIJOS and were seen in Subject 1
but not in her father. The variant appears once in gnomAD (allele frequency of 0.00000401),
has a CADD score of 25.7 and classified as “disease causing” by MutationTaster. It is
possible that this variant contributed to the CDH in Subject 1 since CDH is sometimes seen
in individuals with D1JOS (Diets et al., 2019).

Subject 2 is a 3-year-old Caucasian male, who was previously reported by Scott et al.
without detailed clinical information (Scott et al., 2022). Pregnancy was complicated by
polyhydramnios requiring amnioreduction at 34 weeks of gestation. He was born with a
left-sided CDH with gastrointestinal malrotation and underwent surgical repair at 9 weeks
age. He also had partial corpus callosum agenesis, a hard palate cleft, hypospadias, a
non-palpable left testis, a right-sided hydrocele, and a slightly low-lying conus identified on
spinal ultrasound. He was later diagnosed with hypermetropia and conductive hearing loss
due to small auditory canals. Developmental delay was noticed with sitting documented at
17 months of age. He has a history of seizures and is currently fed through a gastrostomy
tube.
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At 6 months of age, his head circumference was 42 cm (11t centile). At 13 months, he was
77 cm tall (50t centile) and weighed 9.03 kg (16t centile). His physical examination was
positive for hypotonia, but no hirsutism or sparse scalp hair was seen. Fifth digit anomalies
were not documented.

Trio exome sequencing revealed a de novo, pathogenic ¢.2936G>A, p.(Arg979GIn)
[NM_001128849.3] variant in SMARCA4. The CSS registry (Mannino et al., 2018)
contains three other individuals with the same genetic variant. However, these individuals do
not have CDH.

Subject 3 is a 6-year-old female, who was previously reported by Wild et al. without detailed
clinical information (Wild et al., 2022). She was prenatally diagnosed with a left-sided CDH
containing virtually the entire left lobe of the liver, stomach, spleen and bowel. The hernia
was repaired at 3 weeks of life. Around 1 year of age, she was noted to have prolonged
sinopulmonary and other infections. Testing revealed low IgG levels, and she was ultimately
diagnosed with specific antibody deficiency. At 5 years of age, she was diagnosed with
very-early-onset inflammatory bowel disease (VEO-IBD). Her parents also reported some
sleeping difficulties. A brain MRI performed at 2 months of age showed no structural
abnormalities. A second MRI performed at 3 years of age revealed a short corpus callosum
posteriorly, prominent ventricles, and thin optic nerves.

A prenatal chromosomal microarray showed a maternally-inherited 1.3 Mb duplication-
arr[hg19] 16p13.11(15,058,820-16,328,840)x3, including 21 genes that was classified as a
variant of unknown significance. Subsequently, clinically-based exome sequencing showed
a de novo, likely pathogenic ¢.3595G>A, p.(Val1199Met) [NM_001128849.3] variant in
SMARCAA4.

Subject 4 is a 6-year-old female, who was previously reported by Mannino et al. without
clinical data (Mannino et al., 2018). Prenatal testing revealed an atrioventricular canal
defect. She was born small for her gestational age at 37 weeks. Her physical examination
revealed dysmorphic features and hypoplasia of fifth digits/nails. She was later diagnosed
with a Morgagni-type CDH, pyloric stenosis, and sensorineural hearing loss. She has
developmental delay and intellectual disability with documentation of sitting at 11 months
of age. Genetic testing revealed a de novo, likely pathogenic ¢.218A>G, p.(Tyr73Cys)
[NM_003079.5] missense variant in SMARCEL.

Subject 5 was a female who died in the perinatal period. She was previously reported

by Scott et al. without detailed clinical information (Scott et al., 2022). She had a left-
sided CDH with nearly all the bowel and a large part of the liver within the left chest.

In addition, she had a double-outlet right ventricle with D-malposed great arteries, a

large VSD, pulmonary valve hypoplasia, peripheral cystic dysplasia of the right kidney,

a two-vessel cord, and lumbosacral segmentation anomalies. Dysmorphic features included
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low-set, mildly posteriorly rotated ears, mildly down-slanting palpebral fissures, a saddle
nose, and mild micrognathia. Her family history was notable for a mother with unilateral
renal agenesis. Duo exome sequencing revealed a ¢.1651-2A>G, p.(?) variant of unknown
significance in SMARCCZ that was not maternally inherited. A presumed diagnosis of CSS
was made by the treating geneticist who believed the SMARCCZ2 variant explained the
patient’s phenotypes. However, given the renal agenesis in Subject 5’s mother, it is possible
that unidentified, maternally-inherited genetic factors may have also contributed to these
phenotypes.

DISCUSSION

CSS is a neurodevelopmental syndrome associated with several congenital anomalies and
a specific finding of 5th finger hypoplasia. CDH is not considered a common finding of
CSS based on reviews of large cohorts of individuals with this disorder (Mannino et al.,
2018; Vasko et al., 2021), with only two of the 13 patients reviewed here (Subjects 2 and
4) appearing in the Cofin-Siris Registry maintained by Cofin-Siris Syndrome Foundation
(https://www.coffinsiris.org/). However, an association between CSS and CDH has been
suggested based on individual case reports and reviews of CSS and CDH cohorts (Bartin
etal., 2018; Delvaux et al., 1998; Knapp et al., 2019; Kosho et al., 2014; Mannino et al.,
2018; Scott et al., 2022; Shang et al., 2015; Slavotinek et al., 2022; Sweeney et al., 2018;
Tsurusaki et al., 2012; Vasko et al., 2021).

Here, we describe one previously unreported individual with CSS (Subject 1), and four
individuals (Subject 2-5) that were published without complete clinical descriptions, who
have CDH. Including these subjects, 13 individuals with molecularly confirmed CSS and
CDH have now been reported (Table 1). While Subject 1’s KDM3B variant may have also
contributed to her CDH and some of the physical features seen in her and her father, we
believe there is sufficient evidence to suggest that an association between AR/D1A and
CDH.

Currently, CSS is divided into 12 types based on their associated genes. CDH has now
been reported in association with genes that cause CSS types 1-8: AR/D1B, ARIDI1A,
SMARCBI1, SMARCA4, SMARCE1, ARIDZ, DPFZ, SMARCC?Z. All of these genes
encode proteins that are part of the mSWI/SNF (BAF) complex that plays a role in
chromatin remodeling and is known to mediate cell differentiation and lineage specification
(Mittal & Roberts, 2020). As expected, the mouse homologs of these genes, and the

mouse homologs of the genes associated with CSS types 9-12, are expressed in the
developing mouse diaphragm at embryonic day (E)11.5, E12.5 and E16.5 based on the
whole-transcriptome expression profiles reported by Russell et al (Russell et al., 2012).

Although no individuals with CSS type 10, which is caused by pathogenic variants in
SOX4, have been reported to have CDH, a subset of mice that are homozygous for a Sox4
hypomorphic allele develop CDH (Foronda et al., 2014). CDH has not been described in
association with transgenic mouse models involving the homologs of genes associated with
CSS types 1-8. We note, however, that dedicated studies may be needed to identify low
penetrance CDH in mouse models (Beck et al., 2013; Jordan et al., 2018). Mouse models
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involving the homologs of genes associated with CSS types 9, 11 and 12 have not been
generated. Hence, it is possible that future studies in mice may provide additional evidence
in support of an association between CSS genes and CDH.

Based on these data, we conclude that CDH is a low penetrance phenotype associated with
CSS, especially types 1-8 which are caused by variants in AR/ID1B, ARID1A, SMARCBI,
SMARCA4, SMARCE1, ARIDZ, DPF2, SMARCC?Z (Table 1). Hence, in individuals with
a molecular diagnosis of CSS, additional testing to identify a separate cause of CDH

may not be warranted. These data also suggest that sequencing and deletion/duplication
analysis of CSS-related genes should be included in the comprehensive genetic evaluation
of individuals with non-isolated CDH. The association between CSS genes and CDH also
suggests the mSWI/SNF (BAF) complex may play an important role in the development of
the diaphragm.
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§ Figure 1. Photographs of Subject 1 and her father who carry a pathogenic, frameshift variant in
ARID1A.
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% A-C) Subject 1 was born with an atrial septal defect and a large, left-sided CDH that was

- repaired with a Gore-Tex patch. A tracheostomy was placed due to a chronic need for
ventilator support. She has developmental delay, sparse hair, bitemporal narrowing, coarse
facies, broad eyebrows, ptosis, a flat nasal bridge, a broad nose, anteverted nares, a thin
upper vermilion, and a thick lower vermilion. D-F) Subjects 1’s father was born with a
ventricular septal defect that spontaneously resolved. His speech development was slow,

> and he required additional help throughout his school years. He has fifth finger hypoplasia

= bilaterally and hypoplasia of the first and second fingers on the left.
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