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Long-read sequencing identifies a novel de
novo inversion in SMARCC2 in a pediatric
patient with Coffin-siris syndrome 8: a case
report
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Abstract

Background Coffin-Siris Syndrome 8 (CSS8; MIM# 618362) is a rare neurodevelopmental disorder caused by
heterozygous variants in the SMARCC2 gene. Patients with CSS8 present with variable phenotypic presentations, with
speech abnormalities, behavioral issues, hypotonia, and dysmorphic features being the most common. Here, we
report a novel de novo inversion involving SMARCC2, identified through long-read whole-genome sequencing, which
highlights its added diagnostic value in uncovering complex structural variants.

Case presentation The patient is a 12-year-old male of Arab descent, born to healthy, non-consanguineous parents.
He presented with speech difficulties and behavioral issues, including autism spectrum disorder (ASD), obsessive—
compulsive disorder (OCD), and attention-deficit/hyperactivity disorder (ADHD). Long-read sequencing identified a
233 kb inversion on chromosome 12, with breakpoint 1 disrupting SMARCC2 between exons 16 and 17. This inversion
was confirmed by Sanger sequencing. Disruption of SMARCC2 is predicted to cause loss of function, resulting in
haploinsufficiency.

Conclusions This is the first report of a structural variant in a patient with CSS8. This finding expands our genetic
understanding of CSS8 and demonstrates the diagnostic utility of long-read sequencing in uncovering clinically
relevant structural variants that may be missed by conventional methods.
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Background

Coftin-Siris syndrome (CSS; OMIM #135900) is a rare
congenital anomaly characterized by intellectual disabil-
ity, developmental delays, coarse facial features, hyper-
trichosis, absence/hypoplasia of the distal phalanx, and
multiple organ anomalies [1]. Fewer than 200 cases have
been molecularly confirmed with CSS, however, this
number may be an underestimate due to variable dis-
ease presentation and genetic heterogeneity [2]. Multiple
subtypes of CSS have been identified, each associated
with distinct variants in the BAF complex genes that are
involved in SWI/SNF chromatin remodeling. These genes
include ARIDIA, ARIDI1B, ARID2, DPF2, SMARCA4,
SMARCBI1, SMARCC2, SMARCEI1, SOX11, and SOX4
[1].

Among the known CSS subtypes, Coffin-Siris syn-
drome-8 (CSS8; OMIM# 618362) presents with a
broad spectrum of neurodevelopmental manifesta-
tions, including varying degrees of intellectual disability
(HP:0001249), speech impairment (HP:0000750), hypo-
tonia (HP:0001252), feeding difficulties (HP:0011968),
and behavioral abnormalities such as hyperactivity
(HP:0000752), self-injurious behavior (HP:0100716) and
aggressive behavior (HP:0000718), and sleep abnormality
(HP:0002360). Dysmorphic features can be variable, with
some individuals exhibiting hypertrichosis (HP:0000998)
or sparse scalp hair (HP:0002209), prominent eyebrows
(HP:0000574), a thin upper vermilion (HP:0000219), and
an upturned nose (HP:0000463), while others may not
display noticeable craniofacial abnormalities [3]. Coffin-
Siris Syndrome 8 is a phenotypically heterogeneous dis-
order inherited in an autosomal dominant mode, mainly
through variants in SMARCC?2, a gene located on chro-
mosome 12q13.

In a study investigating SMARCC2-related neurode-
velopmental disorders, 15 unrelated CSS8 patients were
reported with a broad phenotypic spectrum, including
speech abnormalities (13/15), behavioral issues (10/15),
hypotonia (13/15), and dysmorphic features (11/15) [3].
More recently, a study with a large cohort of 65 individu-
als with SMARCC2 variants revealed that, in addition
to a wide range of neurodevelopmental features, 35% of
cases exhibited autistic behaviors, suggesting a strong
link between SMARCC?2 variants and Autism Spectrum
Disorder (ASD) [4]. Notably, all previously reported
variants in the literature were point mutations. Here,
we present a pediatric case of CSS8, presenting with
neurodevelopmental manifestations including autistic
behaviors and speech delay, negative for routine micro-
array and short-read sequencing of the SMARCC2 gene.
Using long-read sequencing, we identified and validated
a novel de novo 233-kb inversion impacting exons 16 and
17 of the SMARCC2 gene, among others. Our findings
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highlight the utility of long-read sequencing in diagnos-
ing rare Mendelian diseases.

Case presentation

The patient is a 12-year-old male of Arab descent. He is
the first child of non-consanguineous, healthy parents
and has two younger unaffected sisters. He was born full-
term via normal vaginal delivery, with a birth weight of
3.2 kg. His developmental milestones included sitting
without support at the age of eight months, crawling at
ten months, and walking at fourteen months.

The patient's developmental concerns were first noted
at the age of two when his mother observed atypi-
cal behaviors, including not responding to his name,
absence of eye contact, delayed speech development,
social isolation, and difficulties in expressing his needs.
He also had a limited two-word vocabulary at the age
of two. Despite these challenges, the patient did not
exhibit signs of intellectual disability, as assessed using
the Wechsler Intelligence Scale for Children, Fifth Edi-
tion (WISC-V), resulting in a total IQ score of 88, which
suggests low-average cognitive ability [5]. However, the
initial physical assessment had described the intellectual
level as average based on clinical judgment. The patient
also had no history of significant head injuries, seizures,
or surgical interventions. Also, dysmorphology evalua-
tion was performed by a senior pediatric physician dur-
ing the patient’s initial clinical visit in May 2021, who did
not note any apparent dysmorphic features at the time of
assessment. However, the evaluation was not conducted
by a clinical geneticist, and clinical photographs were not
obtained due to a lack of parental consent. At three years
old, the patient was diagnosed with Autism Spectrum
Disorder (ASD) (HP:0000729) following the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-V). The patient also has comorbidities, includ-
ing Obsessive—Compulsive Disorder (OCD). (diagnosed
based on requesting things to be done in a specific way
and performing repetitive checking). Also, according to
his presentation of hyperactivity (HP:0000752), inatten-
tion, and being talkative, he was diagnosed with Atten-
tion-Deficit/Hyperactivity Disorder (ADHD). Other
behavioral history included echolalia (HP:0010529), tip-
toeing, self-hitting when frustrated (HP:0100716), and
rigidity in routines (HP:0002063).

Between the ages of three and six, the patient received
interventional therapy at the child development cen-
ter, which included speech therapy, Applied Behavior
Analysis (ABA), and occupational therapy. Through
these therapeutic interventions, he has made significant
improvements in reading, writing, and mathematical
skills. However, he continues to struggle with social and
communication skills, exhibiting traits such as excessive
talkativeness, inattentiveness, poor eye contact, and an
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intense fixation on gaming. He also faces difficulties in
forming friendships and often forgets daily essentials. His
social anxiety has gradually improved, yet he still experi-
ences episodes of agitation and occasional anger, which
have been managed with treatment using risperidone at a
dose of 0.7 mg/day. Currently, he is also taking fluoxetine
20 mg daily. Due to considerable hyperactivity observed
both at school and at home, he was recently prescribed
methylphenidate at a dose of 5 mg twice daily. Previous
medications included atomoxetine 18 mg per day and
clonidine 0.1 mg daily in oral liquid form, both of which
were discontinued after one year due to ineffectiveness.

The patient underwent clinical microarray and exome
testing, but no diagnostic findings were reported. As
such, he was referred to the research department and
enrolled in the BARAKA study (Building a Resource for
the Advancement of Knowledge of Autism in Qatar).
Whole genome sequencing was performed as previously
described [6, 7]. Initial analysis identified a homozy-
gous missense variant in the NBN gene (NM_002485.5;
c.671G>A; p.Gly224Glu), associated with Nijmegen
breakage syndrome. The variant was classified as a Vari-
ant of Uncertain Significance (VUS) based on ACMG
guidelines (2015) [8], and the in silico pathogenic-
ity scores of the variant were as follows: CADD =25.2,
PolyPhen2=1, and M-CAP=0.138698. Given that the
clinical phenotype did not fully align with the charac-
teristic features of this syndrome, it was not considered
clinically relevant and was not reported to the patient’s
family. In contrast, structural variant analysis identi-
fied a potentially complex rearrangement involving the
SMARCC2 gene, which has a Simons Foundation Autism
Research Initiative (SFARI) score of 1S (High Confidence,
Syndromic), indicating a stronger correlation with the
patient’s phenotype. Given the complexity and relevance
of this finding, further investigation was necessary to
confirm it.

We proceeded with whole-genome long-read sequenc-
ing on DNA extracted from whole blood as described
previously [6, 7]. High-molecular-weight DNA was
sheared using the Megaruptor 3 (Diagenode, USA) to
generate fragments with an average length of 15 kb.
Libraries were then prepared with the Ligation Sequenc-
ing Kit (SQK-LSK114-XL; Oxford Nanopore Technolo-
gies, UK) according to the manufacturer’s instructions.
Sequencing was performed on the PromethION P48
platform (Oxford Nanopore Technologies, UK) using
R10.4.1 flow cells, with a minimum target of 20 x cover-
age per sample. Raw data were aligned to the GRCh38
human reference genome using Minimap2, and resulting
Binary Alignment Map (BAM) files were processed using
the wf-human-variation workflow (v2.2.5) from Epi2me
Labs (https://github.com/epi2me-labs/wf-human-variati
on), which includes Sniffles2 for structural variant calling
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(version 2.0.7) [9] with standard key parameters recom-
mended in the workflow. Sequencing achieved an average
read coverage of 23.07 x and an N50 of 17.1 kb.

Analysis revealed a 233-kb inversion supported by
22 reads and a local read depth profile of (upstream:
13; start: 9; center: 22: end: 7; downstream: 13). The
first breakpoint (chr12:56173943) occurs within the
middle of the SMARCC2 gene, between exons 16 and
17, while the second breakpoint (chr12:56407078) is
located within the intergenic region between the TIME-
LESS and APOF genes (Fig. 1B). The variant description
according to Human Genome Variation Society (HGVYS)
nomenclature is at the genomic level as NC_000012.12:
g.56173943_56407078inv and at the transcript level as
NM_001330288.2:c.—217617_1497-94inv. To confirm the
inversion, we performed Sanger sequencing using spe-
cific primers designed to flank the breakpoints, which
revealed the exact breakpoint sequence and confirmed
the de novo origin (Fig. 1C and D, and Table 1). Long-
read breakpoint visualizations are provided in Fig. 2.

Discussion and conclusion

In this report, we describe a pediatric case of CSS8 with
a novel de novo inversion involving the SMARCC2 gene,
further expanding our understanding of the genetic
landscape of CSS8 syndrome. The variant was identified
through long-read sequencing in a patient who had pre-
viously undergone chromosomal microarray and short-
read sequencing, both of which were inconclusive. In
resolving the diagnostic odyssey of this patient, our find-
ings support the growing diagnostic utility of long-read
sequencing in resolving complex structural variants that
are typically missed by standard technologies [10-13].
For example, long-read sequencing enabled the detec-
tion of different type of SVs, such as large deletions in
PRKARIA in Carney complex and G6PC in Glycogen
Storage Disease type IA, as well as insertion within TAF1,
a gene associated with X-linked Parkinsonism, and a
chromosomal translocation linked to developmental dis-
orders [14—17].

The main clinical features of CSS8 are neurodevel-
opmental and craniofacial abnormalities. These char-
acteristics were established in a cohort of 15 unrelated
individuals with CSS8, where 13/15 had speech abnor-
malities and 10/15 showed behavioral difficulties, includ-
ing aggression, hyperactivity, self-injury, and obsessive or
rigid behavior [3]. Additionally, the study also reported
hypotonia (13/15) and dysmorphic features (11/15).
Although the patient presented with speech delay and
behavioral issues, subtle facial or syndrome-specific
features could not be fully evaluated, as no facial pho-
tographs were obtained during clinical assessment.
Further, the patient had severely limited social skills,
leading to the diagnosis of ASD. This is supported by a
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Fig. 1 Clinical data and the results of genetic analysis of the patient. A Pedigree of the family members, with the arrow indicating the proband (II-1). B
Diagram of patient’s DNA, highlighting inverted segments and theirimpact on SMARCC2 and surrounding regions. C Gel electrophoresis results using two
primer sets confirming the inversion. D Sanger sequencing chromatograms showing the precise sequences at both breakpoints in the patient compared
to the reference sequence. Facial images were not obtained due to a lack of parental consent

Table 1 Sequence of forward and reverse primers used around
the breakpoints

Primerset Name Sequence Product size
P1 Forward ~ CCATAGCACCTCACCCTACC 369

Reverse  CTTGGGTGTCACTGGCATTT
P2 Forward ~ AGAGAAGCCAGAAGTCCCAC 316

Reverse  TGAGGCATCTTCTTGTCCCA

recent cohort study that reported that 35% of SMARCC2
patients exhibited autistic traits, highlighting the phe-
notypic variability in neurodevelopmental and behav-
ioral features [4]. Supporting this, research on the role of
SMARCC2 in autism using an in-silico protein analysis
(DAPPLE) has revealed that SMARCC2 is directly associ-
ated with about 11 genes that harbor de novo mutations
linked to autism. [18].

Genetic variation in SMARCC2 has been associated
with CSS8. Here, we identified a 233 kb inversion on
chromosome 12, with breakpoint 1 located in intron 16
of SMARCC?2, leading to the inversion of exons 1-16 of

SMARCC2, a dosage-sensitive gene with pLI=1.0 and
LOEUF=0.17 (ACMG criteria 2C-1; score 0.90) [19]
(Fig. 1B). The structural variant has been confirmed as
de novo, and the reported phenotype is consistent with
SMARCC2-related phenotypes (Coffin-Siris syndrome-8
OMIM #618,362), albeit with some genetic heterogeneity
(criteria 5 A; score 0.15) [19]. Based on these criteria, the
variant was classified as pathogenic (total score 1.05) [19].
Thus, inversion of the SMARCC2 sequence is predicted
to cause loss of function (LoF), resulting in haploinsuffi-
ciency [20]. Currently, there are no reports of structural
variants (variants>50 bp) affecting only the SMARCC2
gene in public databases as ClinVar, DECIPHER, and
Human Gene Mutation Database (HGMD). However,
several pathogenic LoF variants have been reported in
CSS8 cases across exons 1-16 of SMARCC2. These vari-
ants include splice-site, nonsense, and frameshift muta-
tions (examples listed in Table 2). Among these, a de novo
splice-site variant in intron 16 of SMARCC2 (NM_0013
30288.2:c.1496+1G>T) was reported in monozygotic
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Fig.2 |GV visualization ofinversion breakpoints. AIGV visualization at breakpoint 1 (chr12:56,173,943).BIGV visualization at breakpoint 2 (chr12:56,407,078).
In both panels, soft-clipped reads (colored segments) indicate sequences that do not align with the reference genome, pointing to the exact locations
of the inversion

Table 2 ClinVar-reported pathogenic/likely pathogenic SMARCC2 variants associated with CSS8
Nucleotide Vari- Genomic Exon/ Origin Molecular Classification ~ Submission Litera-
ant location Intron consequence Accession ture Ref-
type (GRCh38) Affected erence
NM_001330288.2: c.1496+1G>T SNV 12:56174650 Intron 16  De novo Splice donor Pathogenic SCV005414383  ClinVar
submis-
sion; [21]
NM_001330288.2: c.574C>T SNV 12:56183919 Exon7 Maternal ~ Nonsense Patho- SCV001985052  [4]
(p.Arg192Ter) genic/Likely
pathogenic
NM_001330288.2: c.805C>T SNV 12:56181739 Exon 9 Germline  Nonsense Patho- SCV002061496  [4]
(p.Arg269Ter) genic/Likely
pathogenic
NM_001330288.2: c.723G> A SNV 12:56181821 Exon 9 Germline Nonsense Pathogenic SCV000891367 [3]
(p.Trp241Ter)
NM_001330288.2:c.1311-3C>G SNV 12:56178096 Intron 14  Germline  Intron variant Pathogenic SCV000891365  [3]
NM_001330288.2: c.1091del Indel  12:56179047 Exon 12 De novo Frameshift Pathogenic SCV003935120 ClinVar
(p.Lys364fs) (dele- submis-
tion sion; [22]
1 bp)
NM_001330288.2: c.1094_1097del Mic- 12 Exon 12 De novo Frameshift Pathogenic SCV003035419  [4]
(p.Lys365fs) rosat-  56179041-
ellite, 56179044
(4 bp)
SNV Single Nucleotide Variant, Indel Insetion-deletion
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twins with CSS8. Functional mRNA studies of a clone
derived from the patient sample revealed aberrant splic-
ing that disrupts the SWIRM domain of SMARCC2, sup-
porting a loss-of-function mechanism [21].

This is the first report of a structural variant in a patient
with CSS8. This novelty highlights the added diagnos-
tic value of long-read sequencing in resolving complex
structural variants. Diagnosis of rare genetic disorders
with inconclusive findings could be improved by inte-
grating long-read sequencing into diagnostic pipelines.
Future studies should aim to uncover the mechanisms
by which this inversion impacts SMARCC2 function and
contributes to the patient’s phenotype.
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