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Abstract

SMARCB1 encodes a core subunit of the SWI/SNF chromatin remodeling complex, which plays a crucial role in the
regulation of gene expression. Germline mutations in the SMARCB1 gene have been linked to early childhood
Coffin-Siris syndrome type 3 (CSS3), a rare congenital malformation syndrome characterized by severe develop-
mental delay and intellectual disability. In this study, we report a family of two adult CSS3 patients with a novel
missense SMARCB1 mutation (c.1091A>C, p.Lys364Thr) identified through whole-exome sequencing (WES). Both
patients exhibit selective difficulties in verbal learning and experience language delays. Additionally, the devel-
opment of meningioma is confirmed in one of the patients. Mechanistic studies suggest that this missense mutation
may abnormally activate the MAPK signaling pathway, which is implicated in the pathogenesis of tumor pro-
gression and neurodevelopmental disorders. This is the first reported case of a germline mutation in the SMARCB1
gene associated with both CSS3 and meningioma, thereby expanding the phenotypic spectrum of SMARCB1-
related disorders.
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Introduction studies have revealed the extensive role of the SWI/SNF complex in

The mammalian SWI/SNF (Switch/sucrose non-fermentable) com-
plex is an evolutionarily conserved, ATP-dependent chromatin
remodeling complex that functions as an epigenetic modulator in
the regulation of gene accessibility and expression [1-3]. Germline
variants in genes encoding the core subunits of the SWI/SNF
complex, including SMARCB1, SMARCA4, SMARCA2, SMARCEI,
ARIDI1A, and ARIDIB, have been implicated in neurodevelopmen-
tal disorders [4-8]. One such disorder is Coffin-Siris syndrome
(CSS), a rare intellectual disability syndrome characterized by
developmental delay, hypotonia, coarse facial features, feeding
difficulties in infancy, and fifth digit anomalies [7,9-12]. Notably,
mutations in SMARCBI (also known as SNF5, BAF47, and INI1) are
often associated with individuals exhibiting more severe intellectual
disability and choroid plexus hyperplasia, a condition referred to as
CSS3 (OMIM# 614608) [4,13,14]. In addition, genome-sequencing

cancer, with approximately 25% of all human tumors displaying
aberrations in these genes [15-17]. SMARCBI is recognized as a
tumor suppressor, and its mutations have been linked to malignant
rhabdoid tumors, schwannomas, and meningiomas, either indivi-
dually or concurrently [18,19]. SMARCB1 consists of 385 amino
acids, which include the N-terminal winged-helix DNA binding
domain [20], two tandem repeat domains, and the highly conserved
putative coiled-coil C-terminal domain (CTD) [14]. Notably, single-
residue mutations closely associated with CSS and cancer are
enriched in the CTD [14,21]. However, it remains unclear whether
individuals with CSS3 concurrently develop tumors due to the
limited understanding of the adult phenotypes of these patients.
In this study, we identified a novel germline missense mutation in
two members of a family with CSS3, one of whom developed
meningioma. This report expands the phenotypic spectrum
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associated with SMARCBI1-related disorders.

Materials and Methods

Patients

The patients in this study are a pair of siblings. According to
previously described method [22], genomic DNA was extracted
from peripheral blood samples and the whole-exome sequencing
(WES) was performed on both siblings and their parents, compris-
ing a total of four family members. Sanger sequencing was
employed to assess the presence of candidate pathogenic variants
in the family members, including the sister’s two children.
Additionally, the father’s sperm DNA was analyzed to investigate
potential germline mosaicism. This study was approved by the
Ethics Committee of Henan Provincial People’s Hospital (Approval
No. 2020-75). The parents have signed informed consent and
agreed to publish the data included in this article.

Cell culture

The IOMM-Lee cell line was purchased from the American Type
Culture Collection (ATCC; Manassas, USA) and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Carlsbad,
USA) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin in a humidified atmosphere containing 5%
CO, at 37°C.

Overexpression of wild-type and mutant SMARCB1
Wild-type and A1091C-mutated SMARCBI overexpression plas-
mids were constructed by Gene Universal Technology (Hefei,
China) through the cloning of the human SMARCBI coding
sequence (Gene ID: 6598) into the lentiviral vector, followed by
lentivirus packaging and validation. IOMM-Lee cells were subse-
quently infected with wild-type or mutated lentivirus, followed by
selection with 2 pg/mL puromycin (Solarbio, Beijing, China) to
obtain stably expressing cells. Bright field and fluorescent images
were acquired using Olympus microscope.

Western blot analysis

Western blot analysis was performed as described previously [23].
The following antibodies were used: anti-SMARCB1 antibody
(20654-1-AP, 1:1000 dilution; Proteintech, Rosemont, USA), anti-
P38 MAPK antibody (#9212, 1:1000 dilution; Cell Signaling
Technology, Danvers, USA), anti-phospho-P38 MAPK antibody
(AF4001, 1:1000 dilution; Affinity, Cincinnati, USA), anti-ERK1/2
antibody (AF0155, 1:1000 dilution; Affinity), anti-phospho-ERK1/2
antibody (AF1015, 1:1000 dilution; Affinity), anti-ACTB antibody
(66009-1-Ig, 1:3000 dilution; Proteintech), and HRP-conjugated
goat anti-rabbit antibody (SA00001-2, 1:10000 dilution; Protein-
tech). Image J was used to quantify relative protein expression.

RNA sequencing

Total RNA was extracted from IOMM-Lee cells via TRIzol
(Invitrogen, Carlsbad, USA) according to Illumina standard
instruction (VAHTS Universal V6 RNA-seq Library Prep Kit for
[llumina®). An Agilent 4200 Bioanalyzer (Agilent Technologies,
Santa Clara, USA) was used to evaluate the concentration and size
distribution of the cDNA library, followed by sequencing with an
[llumina Novaseq 6000 (Illumina, San Diego, USA). Raw reads were
filtered and mapped to human RefSeq using Hisat2 (version: 2.0.4).
Significant differential expressed genes (DEGs) were identified as
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those with a False Discovery Rate (FDR)<0.05 and a fold change>2
via DESeq2 software. An online platform (https:/www.bioinfor-
matics.com.cn) was used for data analysis and visualization. The
clean RNA-seq data used in this study have been deposited in the
Gene Expression Omnibus (GEO) database of NCBI with the
accession number GSE273963.

In-silico prediction

In silico analysis was performed to evaluate the pathogenicity of
missense variants through online softwares including Polyphen-2
(http://genetics.bwh.harvard.edu/pph2/), MutationTaster (https:/
www.mutationtaster.org/), VarSite (https://www.ebi.ac.uk/thorn-
ton-srv/databases/VarSite), and DynaMut2 (https:/biosig.lab.uq.
edu.au/dynamut2). The three-dimensional structure of SMARCB1
was obtained from the PDB database (https:/wwwl.rcsb.org/),
with the PDB ID: 7Y8R. The online tool AlphaFold v3 [24] (https:/
golgi.sandbox.google.com/) was subsequently utilized to establish a
structural model of the protein SMARCB1_K364T.

Cell proliferation and migration assays

To evaluate cell proliferation, growth curves for both wild-type and
SMARCBI1-mutant cells were generated via the Cell Counting Kit-8
(CCK-8) assay. Briefly, 10,000 cells were plated in 96-well plates
and incubated in culture medium for 0, 24, 48, or 72 h. The optical
density (OD) values were measured at 450 nm with a microplate
reader. To evaluate cell migration, wound healing assay was
conducted as previously described [25], and the relative width of
the scratch was measured using ImageJ (NIH, Bethesda, USA).

Droplet digital PCR (ddPCR)

Genomic DNA (50 ng and 100 ng) from the father’s sperm (I:1) was
extracted to detect the germline mosaicism of the c.1091A>C variant
via the QX200 AutoDG Droplet Digital PCR System (Bio-Rad,
Hercules, USA). A total of 50ng of genomic DNA extracted from
whole blood at ratios of II:1 and III:1 was used as a positive and
negative control, respectively. The wild-type sequence was labeled
with the FAM probe, whereas the c.1091A>C variant was labeled
with the VIC probe. The ratio of VIC copies to the sum of VIC copies
and FAM copies was used to identify the level of mosaicism.

Immunohistochemistry

Following the surgical procedure, tumor tissue samples were
dispatched to the pathology department for thorough pathological
examination and immunohistochemical staining. The samples were
fixed in 3.7 % neutral formaldehyde, followed by dehydration using
graded alcohol, embedding in paraffin, and sectioning to a thickness
of 3 um. Immunohistochemistry was performed using the EnVision
two-step method, utilizing antibodies including S100, EMA, STAT®6,
and SSTR2A, all obtained from Maixin Biotechnology (Fuzhou,
China). The entire process was carried out on a fully automatic
immunohistochemistry instrument (Leica, Heidelberg, Germany),
with subsequent analysis conducted after scanning via a fully
automated scanner (Leica).

Statistical analysis

Data were presented as the mean + SD, and two-tailed Student’s t-
test was used to analyze statistical differences between two groups.
P <0.05 was considered statistically significant.
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Results

Clinical characterization and genetic analysis of the
patients

The patients, siblings born to unrelated healthy Chinese parents
following full-term delivery, consisted of a 36-year-old sister and a
33-year-old brother (Figure 1A). The sister began walking and
speaking at 14 months, whereas the brother achieved these mile-
stones three months later. Neither sibling experienced feeding
difficulties, significant growth retardation, or severe intellectual
disability. However, both exhibit coarse facial features, including
thick eyebrows, wide mouths, long eyelashes, and thick lips, along
with musculoskeletal findings, particularly hypoplastic fifth toenails
(Figure 1B,C). Notably, they display mild selective neuropsycholo-
gical deficits, such as poor learning ability, impaired memory, slow
reactions, and language delay, which differ from the severe
intellectual disability observed in previously reported cases.
Additionally, the brother suffered from poor eyesight, strabismus,
and abnormal hearing (Figure 1D).

Trio-based whole exome sequencing (Trio-WES) identified a
missense mutation (GenBank: NM_003073.5; c.1091A>C) within
exon 8 of the SMARCBI gene, which is associated with Coffin-Siris
syndrome 3 (CSS3, OMIM#614608). This mutation is not listed in
the ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) or HGMD
databases (https://www.hgmd.cf.ac.uk/ac/index.php) and lacks
allele frequency data in the gnomAD database (https://gnomad.
broadinstitute.org/). In accordance with the guidelines of the
American College of Medical Genetics and Genomics (ACMG), it
is classified as likely pathogenic (Figure 1E,F). Sanger sequencing
confirmed the heterozygous mutation in both patients but not in
their parents, indicating a de novo pattern (Figure 1G). Given the
low probability of two siblings independently inheriting the same de
novo mutation, we speculated germline mosaicism, which was
confirmed through ddPCR testing of the father’s sperm, revealing a
mutation ratio of approximately 12% (Figure 1H).

Further examinations ruled out other CSS3-related developmental
abnormalities in the heart, brain, renal and urinary systems.
However, the sister’s brain magnetic resonance images (MRI)
revealed space-occupying lesions adjacent to the cerebral falx.
Subsequent surgical sampling and pathological examination re-
vealed spindle-shaped tumor cells exhibiting increased collagen
deposition. Moreover, the immunohistochemistry results indicated
that STAT6 was negative, whereas EMA, S100, and SSTR2A were
positive. On the basis of these findings, the tumor was classified as a
World Health Organization (WHO) grade I fibrous meningioma [26],
which was not detected in her brother (Figure 11,J). Genetic testing
of the tumor revealed no positive results associated with meningio-
ma. SMARCBI mutations can increase the risk of meningiomas,
suggesting a potential link between SMARCBI mutations and the
concurrent occurrence of CSS and meningiomas in this study.

Functional study of the c.1091A>C mutation in
SMARCB1

To evaluate the impact of the ¢.1091A>C missense mutation on
protein function, we first assessed its pathogenicity via various
online in silico prediction tools, including Polyphen2, Varsite,
Mutation Taster, DynaMut2, and AlphaFold. The results indicated
that this mutation may be associated with disease (Figure 2A). The
substitution of lysine 364 with threonine (K364T) alters the
protein’s hydrophobicity, increases the formation of hydrogen

bonds with adjacent amino acids, and enhances the overall
interactions within the 3D structure (Figure 2B). Furthermore,
lysine 364 is highly conserved across multiple mammalian species
(Figure 2C).

We established a stable IOMM-Lee cell line, a meningioma cell
line expressing either wild-type or K364T-mutated SMARCBI,
through lentivirus infection and subsequent puromycin selection
(Figure 2D). Transcriptome analysis revealed that the K364T
mutation induced significant alterations in gene expression profiles,
resulting in 22 DEGs, with |log2FC| > 1 and FDR < 0.05 (Figure 2E,
F). KEGG enrichment analysis of the significantly up-regulated genes
revealed that pathways associated with neurodegeneration and
amyotrophic lateral sclerosis, which are associated with MAPK14,
DNALI, and GPXI1, are aberrantly activated (Figure 2G). MAPK14,
also known as P38 MAPK, is a critical protein in the MAPK signaling
pathway and is involved in various biological processes [27]. Its
abnormal activation has been implicated in neurodevelopmental
disorders as well as tumor progression in cancers, including
meningioma [28-31]. SMARCBI plays a crucial role in SWI/SNF
complex-involved activation of enhancers and bivalent promoters
[32]. We examined ChIP-seq data from the Cistome database (http://
cistrome.org/db) and found that SMARCBI1 deficiency significantly
reduced the binding affinity of the SWI/SNF complex to the promoter
region of MAPK14 (Figure 2H). Furthermore, western blot analysis
results confirmed a prominent increase in the expression of P38
MAPK, ERK1/2, and phosphorylated ERK1/2 in SMARCB1-mutant
cells (Figure 2I). Consistently, growth curves revealed greater
proliferative activity in SMARCB1-mutant cells than in control cells,
and wound healing assays indicated that SMARCB1 mutation
enhanced cell migration (Figure 2J,K). These findings suggest that
the ¢.1091A>C mutation in the SMARCBI gene may affect the
transcriptional regulation function of the SWI/SNF complex, thereby
activating the MAPK signaling pathway and contributing to the
development of CSS and meningiomas.

Virtual screening of small molecule-targeting drugs for
mutated SMARCB1
Having preliminarily confirmed the role of the mutated SMARCB1
protein in the pathogenesis of CSS and meningioma within this
family, we investigated whether pharmacological agents that can
target the mutated SMARCB1 protein to ameliorate the disease
phenotype in affected patients exist. Accordingly, we downloaded
the structures of 2726 small molecules derived from the Clinical &
FDA Approved Drug Library (https://www.apexbt.com/) and con-
ducted molecular docking analysis via MOE software (v2022.02).
By scoring the binding conformations of small molecules with the
mutated SMARCBI, a total of 183 small molecules exhibiting strong
binding affinity were selected. Further comparison of their binding
abilities with those of wild-type SMARCBI led to the identification
of three small molecules with anti-tumor activity: the MDM2
inhibitor RG7112 [33,34], the tubulin-targeting peptide dolastatin
0 [35], and the FGFR-targeting drug erdafitinib [36]. Finally, we
employed PyMOL (v2.5.4) to analyze the amino acid residues
involved in the hydrogen bond interactions between SMARCB1 and
the small-molecule drugs, resulting in the creation of a 3D
interaction diagram. The results indicate that RG7112 forms a
hydrogen bond with lysine at position 364 of the wild-type
SMARCBI1 protein, whereas its interaction with threonine at
position 364 of the mutant SMARCBI protein is increased, leading
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Figure 1. Genetic analysis of the SMARCB1 variant in a Chinese family suspected of having CSS3
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(A) Pedigree of the family with CSS3 in this

study. The filled symbols indicate affected individuals. (B) Facial photographs of the patients. (C) Hypoplastic nail of the fifth toe. (D) Clinical
phenotypes and severity observed in the patients. (E) WES analysis revealed a novel missense mutation in the SMARCB1 gene. (F) Genomic
location of the missense mutation. (G) Sanger sequencing confirmed the de novo heterozygous SMARCB1 variant (c.1091A > C) in the patients
(Il:1 and 1I:2). (H) ddPCR was performed to evaluate the germline mosaicism of the sperm. (I) Representative Brain MRI of the two patients.

(J) Immunohistochemical examination of meningioma in 11:2 (scale bar: 100 um).
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Figure 2. Functional evaluation of the ¢.1091A>C variant in SMARCB1
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to the formation of three additional hydrogen bonds with other
amino acids (Figure 3A). In contrast, dolastatin 10 and erdafitinib
did not demonstrate significant binding specificity (Figure 3B,C).
These findings suggest that RG7112 can bind effectively to the
mutant SMARCBI protein and may serve as a targeted therapeutic
option for patients with SMARCB1-mutant tumors or CSS.

Summary of reported SMARCB1 pathogenic mutations

in CSS patients and meningioma patients

Through literature review, we identified 31 patients diagnosed with
CSS, including those in our study, who harbored 15 reported
germline mutations in SMARCBI [7,11-13,37-45] (Figure 4A and
Supplementary Table S1). The mutations included 12 missense
mutations (80%) and 3 deletion/duplication mutations. The most
common variant was c.1091_1093del, which was found in 10
patients, accounting for 32.3% of all patients. This was followed by
c.110G>A and c.1121G>A, with 4 and 3 cases, respectively.
Moreover, 83.9% of the mutations were classified as de novo,
although germline mosaicism could not be excluded. In our study,
the ages at diagnosis for the patients were 33 and 36 years, whereas
those of the other reported patients did not exceed 26 years. Among
the documented cases, the male-to-female ratio was 5:12. Notably,
most CSS patients exhibit moderate to severe intellectual disability.
For example, patients with the ¢.110G>A variant demonstrate severe
intellectual disability and choroid plexus hyperplasia [13]. Con-

Figure 3. Binding conformations between wild-type/mutated SMARCB1 and targeted drugs

Guo et al. Acta Biochim Biophys Sin 2025

versely, a recent study indicated that patients with the c.568C>T
mutation exhibited normal intelligence, with only mild selective
neuropsychological deficits [37]. Interestingly, 11 of the 15 muta-
tions occurred in the C-terminal domain (CTD) of the SMARCB1
protein and were specifically concentrated at amino acids 352-377.
These amino acids are crucial for the interaction of SMARCB1 with
histones, including H2AC6 and H2BC4, facilitating the chromatin
remodeling and gene expression mediated by the SWI/SNF complex
(Figure 4B). These findings suggest that mutations in the CTD of the
SMARCBI protein may impair the function of the SWI/SNF complex,
contributing to the pathogenesis of CSS.

Additionally, we identified four germline mutations associated
with meningiomas, primarily located in the N-terminal region of the
SMARCBI protein (Figure 4A and Supplementary Table S1) [46-
48]. The average age at diagnosis among the 12 reported patients
with meningiomas was approximately 35 years, and meningioma
often occurs concurrently with schwannomatosis. To date, reports
on the development of tumors in patients with CSS are limited.
Notably, we are the first to report that CSS patients carrying the
c.1091A>C mutation develop meningiomas simultaneously.
Furthermore, among the three patients with the c.1121G>A
mutation, one developed schwannomatosis at the age of 26 [39].
These findings suggest that variants in the SMARCBI gene may not
only cause CSS but also increase the risk of tumor development,

(A) RG7112, (B) dolastatin 10, and (C) erdafitinib.
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diagnosed. Currently, there is a lack of phenotypic studies focused
on adult CSS patients. Extending the follow-up period may be
beneficial for establishing correlations among SMARCB1 gene
mutations, CSS, and tumor development.

Discussion

This study presents a novel missense mutation (c.1091A>C, p.
Lys364Thr) in the SMARCBI gene, which is associated with Coffin-
Siris syndrome type 3 (CSS3) and meningioma in two adult siblings.
Our findings broaden the phenotypic spectrum of SMARCBI-related
disorders and suggest a potential relationship between SMARCB1
mutations and tumor development.

The pathogenicity of the c.1091A>C mutation was assessed via
multiple in silico prediction tools, which suggested a likely
association with disease. This mutation results in the substitution
of lysine with threonine at position 364 (K364T), which alters the
protein’s hydrophobicity and enhances its interactions within the
three-dimensional structure. Lysine 364 is highly conserved across
various mammalian species, underscoring its functional impor-
tance. Transcriptome analysis of a stable IOMM-Lee cell line
expressing the K364T-mutant SMARCBI1 revealed significant
alterations in gene expression profiles, notably activating pathways
associated with neurodegeneration and tumor progression, such as
the P38-ERK pathway. The increased expressions of P38 MAPK,
ERK1/2, and phosphorylated ERK1/2, confirmed by western blot
analysis, highlights the potential mechanistic link between these

__________ K-,---__,,_H__,l____,_,____,_,___
. ¢.233-1G>A

c.1091A>C

p.Lys364Thr

with CSS3 or meningioma
pathogenic SMARCB1 variants with base changes in green and amino acid changes in red. (B) Representative images of the crystal structure,
including the interactions between SMARCB1 and H2AC6 or H2BC4.

(A) Detailed distribution of reported

mutations and the pathogenesis of both CSS and meningiomas.

Our study identified the ¢.1091 A>C mutation in two adult patients
with CSS3 who exhibited selective difficulties in verbal learning and
language delay, in contrast to the severe intellectual disabilities
typically reported in CSS3 patients. Additionally, one patient
developed meningioma, a finding that has not been previously
reported in patients with CSS3. This discovery suggests that
SMARCBI mutations may predispose individuals to tumor develop-
ment, potentially influenced by the patient’s age at diagnosis and
phenotype, which underscores the need for extended follow-up and
phenotypic studies in adult CSS patients. Long-term monitoring of
patients with SMARCBI mutations could provide valuable insights
into the progression of CSS and the risk of tumor development,
ultimately improving patient management and outcomes.

Given that mutations in the SWI/SNF subunits contribute to the
development of cancer and neurodevelopmental disorders, ther-
apeutic manipulation has garnered significant attention. Further-
more, genome-wide perturbation screenings of tumor cells with
SWI/SNF mutations have informed drug discovery and clinical trials
[2,16,49]. Three strategies for directly targeting SWI/SNF complexes
are summarized below: (a) Design small molecules that bind to
bromodomains, thereby inhibiting histone post-translational mod-
ifications (PTMs) and ultimately blocking the chromatin localiza-
tion of SWI/SNF complexes, such as BRD9 inhibitors [50,51]. (b)
Develop ATPase inhibitors to catalytically inactivate SWI/SNF
complexes, such as BRMO014 and FHD-286 (NCT04891757)
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[52,53]. c) Utilize proteolysis-targeting chimeras (PROTACsS) for the
targeted degradation of SWI/SNF subunits, including ACBI1/2
[54,55], JQ-ds-4 [56], PRT3789 (NCT05639751), CFT-8634
(NCT05355753) and FHD-609 (NCT04965753). Additionally, the
activities of polycomb repressive complex 2 (PRC2) [57], DNA
damage repair pathways [58], and sensitivity to immune checkpoint
inhibition have been identified as therapeutic vulnerabilities [59]. In
this study, MOE docking analysis identified RG7112 as a potential
therapeutic drug with high binding affinity for the mutated
SMARCBI protein. This drug targets the MDM2-P53 pathway and
is currently undergoing clinical trials for the treatment of leukemia
[33]. Moreover, we hypothesize that MAPK pathway inhibitors may
also have potential therapeutic effects on SMARCBI1-mutant
meningiomas.

In conclusion, this study highlights the novel association between
a SMARCBI mutation and CSS3, as well as meningioma, thereby
expanding our understanding of SMARCBI1-related disorders.
Further research is essential to elucidate the mechanisms that link
SMARCBI mutations to tumor development and to explore potential
therapeutic interventions for affected individuals.
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