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Abstract

Background Spliceosomopathies are syndromes caused by pathogenic variants in genes involved in splicing and
mRNA metabolism. Here, we report a novel spliccosomopathy caused by de novo variants in SF383, encoding a
subunit of the spliceosomal SF3b complex.

Methods We performed genomic, clinical, computer-aided gestalt analysis, molecular dynamics simulations, and
functional studies using patient-derived fibroblasts.

Results Through international data sharing, we collected clinical and molecular data from 24 unrelated individuals
with heterozygous SF3B3 variants, mostly missense, consistent with autosomal dominant inheritance. Individuals
exhibited a congruent phenotype including autism spectrum disorder (ASD), developmental delay (DD), intellectual
disability (ID), language and motor delay, multiple congenital anomalies, and distinctive craniofacial features,
confirmed by GestaltMatcher analysis. In patient fibroblasts, SF383 mRNA was within the normal range, whereas
protein levels were reduced by approximately 15-30% depending on the variant. All-atom simulations revealed
impaired interactions of mutant SF3B3 with SF3b components. Transcriptome profiling revealed widespread gene
expression changes, including genes involved in cell-cycle regulation, urogenital development, heart morphogenesis,
neural crest differentiation, and neurogenesis. Alternative splicing analyses demonstrated specific alterations,
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including increased retained intron events. Functional assays confirmed cell-cycle abnormalities in patient-derived

fibroblasts.

Conclusions SF3B3 variants cause a novel spliceosomopathy with a continuous clinical spectrum, from extremely
severe prenatal forms with perinatal lethality to a milder form with autism ASD and DD/ID. These variants alter both
stability and function of the SF3b complex, resulting in dysregulated transcriptome, alternative splicing defects, and
downstream cellular consequences such as cell-cycle perturbation.

Keywords SF3B3, De novo, Spliceosomopathy, SF3b complex, All-atom simulation, RNA sequencing

Background

Neurodevelopmental disorders (NDDs) are complex con-
ditions and a significant public health concern, affecting
approximately 3% of the global population [1]. Defined
as “behavioural and cognitive disorders that arise during
the developmental period that involve significant diffi-
culties in the acquisition and execution of specific intel-
lectual, motor, language, or social functions” (ICD-11, h
ttps://icd.who.int/browsell/l-m/en), they frequently
manifest pleiotropic or complex syndromic features,
involving other organs in addition to the central nervous
system [2]. Although NDDs are largely of genetic origin,
the clinical and genetic heterogeneity of these conditions
represents a challenge to a syndrome-based approach
to diagnosis. The advent of next-generation sequencing
(NGS) technologies and an increasing number of bio-
informatic tools coupled with phenotypic and genomic
data-sharing platforms has dramatically improved the
diagnostic process. This has resulted in an enhanced pos-
sibility of establishing molecular causes and identifying
novel disease genes. Moreover, it has also highlighted the
importance of de novo variants in syndromic forms of
NDDs [3, 4].

Concurrently, an increasing body of evidence has
emerged indicating that pathogenic variants in genes
involved in mRNA splicing and RNA metabolism play a
role in the pathogenesis of NDDs [5, 6]. Indeed, patho-
genic variants in several core components of the spliceo-
some have been identified as the underlying cause of a
group of syndromes collectively known as spliceosomop-
athies [7, 8]. The spliceosome is one of the most com-
plex machineries of eukaryotic cells. It is responsible for
identifying noncoding intronic sequences within mRNA
precursors and facilitating the precise splicing process
that generates functional messengers in eukaryotes and
long non coding RNAs. Furthermore, the variation in the
patterns of intron removal (alternative splicing) contrib-
utes to proteome diversification. Indeed, higher eukary-
otes contain a U2-dependent (major) splicing pathway
and a less abundant Ul2-dependent (minor) one, which
splice-specific pre-mRNA introns (U2-type and U1l2-
type) differing in the splice site and branch point con-
sensus sequences. The core of the major spliceosome is
composed of small nuclear RNAs (U1, U2, U4, U5 and

U6) and more than 100 proteins, forming five ribonu-
cleoprotein complexes (snRNPs) [9]. The spliceosome
assembles on pre-mRNAs to establish a dynamic cascade
of RNA and protein interactions that facilitate removing
the introns and ligation of the exons [10]. The conforma-
tion and composition of the spliceosome, characterised
by multiple intermediary complexes (E, A, B, B*, B*, C
and P), are highly dynamic, allowing the machinery to
be accurate and flexible [11]. SF3b, an intrinsic compo-
nent of the functional U2 snRNP, plays a pivotal role in
recognition of the branch point sequence, facilitating the
assembly of the spliceosome and the conversion into the
active form (B** complex) in a process called activation
[12]. SE3b is a dynamic and integral component of four
intermediary complexes (A, B, and B**, B*) and com-
prises multiple proteins with varying molecular sizes and
distinct domains. The fundamental core of SF3b is struc-
tured with the SF3B1 protein associated with PHF5A,
SF3B3, SF3B5, SF3B2, SF3B6 and SF3B4 [13]. Recent
studies have indicated that mutations in several compo-
nents of the SF3b complex and other U2-associated splic-
ing factors are involved in the aetiology of rare human
syndromes. These include: (a) haploinsufficiency of
SF3B2, which is responsible for the craniofacial microso-
mia (MIM: #164210) [14], (b) heterozygous SF3B4 vari-
ants causing Nager syndrome (MIM: #154400) [15] (c)
somatic variants in SF3BI, U2AFI, and SRSF2 associated
with myelodysplastic syndromes (MIM: #614286) [16,
17] and (d) PHF5A, RNF113A, and PUF60 pathogenic
alterations detected in syndromic NDDs (MIM: #300953,
MIM: #615583) [18—20]. Somatic variants in SF3B3 have
been documented in several tumours (COSMIC v97),
with overexpression of the protein being a common fea-
ture. In accordance with these findings, SF3B3 knock-
down induced cell death in both in vitro and in vivo
cancer models through autophagy [21]. However, to date,
no evidence suggests that SF3B3 germline variants are
associated with human disease.

SE3B3 is not only a core component of the spliceosome,
but also a stable subunit of the transcriptional coactivator
SAGA/TFTC, which is a histone acetyltransferase com-
plex implicated in the regulation of gene expression via
chromatin remodelling. SF3B3 thus represents a versa-
tile scaffold protein that acts in various cellular contexts,
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coupling transcription and splicing processes [22-24].
Additionally, SF3B3 modulates the pre-mRNA splicing of
the Enhancer of Zeste 2 Polycomb Repressive Complex
2 Subunit (EZH2) [25], encoding a histone methyltrans-
ferase and a component of the polycomb repressive com-
plex 2 (PRC2), which is mutated in patients with Weaver
syndrome (MIM: #277590) [26]. Moreover, the Lysine-
Specific Demethylase 4B (KDM4B), mutated in patients
with a dominant form of NDD (MIM: #619320), regulates
the chromatin accessibility and couples the spliceosome
to the chromatin itself, eliciting its binding to the splicing
factor SF3B3 and thereby regulating the alternative splic-
ing of target RNAs [27].

In this study, we present clinical and molecular data,
collected through an international data-sharing initiative,
from 24 patients with de novo variants in SF3B3. These
variants are associated with a recognisable syndromic
NDD characterised by DD, ID, ASD, language and motor
delay, multiple congenital anomalies and a distinctive
gestalt. Furthermore, we elucidate the impact of SF3B3
protein variants on the functional dynamics of the SF3b
complex via all-atom simulation. Finally, we identify tran-
scriptomic and alternative splicing alterations as well as
functional cell-cycle dysregulation in patient-derived
fibroblasts. Taken together, these results suggest that
SE3B3 variants disrupt core SF3b functions, leading to
widespread molecular dysregulation that underlies a
novel autosomal dominant neurodevelopmental disorder.

Methods

Identification of patients

The study cohort comprised 24 patients. Subject 1 was
enrolled at the Institute for Maternal and Child Health
- IRCCS “Burlo Garofolo” - Trieste, Italy. The other
individuals were identified through multiple sources:
GeneMatcher (subjects 2-10, 12, 23-24) [28], the Pedi-
atric Cardiac Genomics Consortium (subjects 13-14),
research and clinical diagnostic laboratories (subjects 11
and 19), and published literature (subjects 15-18, 20-22).
Sources of ascertainment were not mutually exclusive,
and each patient was included once in the final cohort.
We collected clinical and genetic details via a stan-
dardised form from their clinicians/geneticists. All the
investigations were conducted according to the Decla-
ration of Helsinki principles and approved by the local
institutional ethics committees. We obtained informed
consent from all participants and permission to publish
patient photographs.

GestaltMatcher analysis

The GestaltMatcher algorithm [29] is a computa-
tional tool that converts facial characteristics captured
by a photograph into numerical descriptors, allow-
ing for quantitative comparison and clustering of facial
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phenotypes. The tool is part of Face2Gene (FDNA Inc.,
USA), a HIPAA-compliant platform, which enables the
interaction of different algorithms to analyse patients’
facial phenotypes and can be leveraged for syndrome
classification (lumping and splitting), phenotype delin-
eation, and patient clustering based on facial pheno-
type [30, 31]. The GestaltMatcher analysis conducted in
this study is the Pairwise Comparison Matrix (PCM), in
which images from a cohort of patients were compared
with the FDNA’s GestaltMatcher gallery (4300 images),
yielding degrees of similarity. The number in each of the
matrix cells represents the similarity rank achieved. Dark
green values (low rank) indicate higher similarity in facial
phenotypic features within the test cohort.

WES/WGS methods, data processing and validation

Unless otherwise indicated, trio or singleton whole
exome sequencing (WES) or whole genome sequenc-
ing (WGS) was performed at the respective institutions.
Genomic DNA was extracted from peripheral blood.
The target enrichment kits and WES/WGS statistics are
reported in Additional file 1: Table S1A. Data process-
ing, including sequence alignment to GRCh37/GRCh38,
variant filtering and prioritisation, were performed as
previously reported (Additional file 1: Table S1A and ref-
erences herein).

Confirmation and segregation analysis of variants has
been performed by Sanger sequencing. The SF3B3 Ref-
Seq NM_012426.5 transcript was used as a reference.

We predicted the variants’ functional impact through
a series of in silico prediction tools as detailed in Addi-
tional file 1: Table S1A. All the variants were interpreted
using VarSome [32] (https://varsome.com/), generating
a pathogenicity recommendation based on the Ameri-
can College of Medical Genetics and Genomics (ACMG)
guidelines [33] (Additional file 1: Table S1A). We evalu-
ated the clinical relevance of the identified variants by
consulting the following databases (last accession on 10
March 2025): ClinVar [34], Human Gene Mutation Data-
base (HGMD) Professional (Qiagen) [35], Online Men-
delian Inheritance in Man (OMIM) [36], and DECIPHER
[37].

The MetaDome web tool (v.1.0.1) [38] (https://stuart.
radboudumc.nl/metadome, last accession on 10 March
2025), a free available web server, was employed to fur-
ther interpret the SF3B3 variants. The MetaDome tool
[38] assesses the tolerance of mutations at each posi-
tion in a human protein. It combines data from genom-
ics and proteomics and maps variants from the gnomAD
database [39] and pathogenic ClinVar variants onto Pfam
protein domains, and uses this information to produce a
map of quantified tolerance to variation at every position
in the predicted protein.
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The algorithms I-Mutant2.0 [40] (https://folding.biofol
d.org/i-mutant/i-mutant2.0.html) and MUpro [41] (https
://mupro.proteomics.ics.uci.edu/) were used to assess the

protein’s stability (last accession on 23 November 2025)
(Additional file 1: Table S1B).

Structural model building and computational methods
The major component of the SF3b complex is the SF3B1
protein. The C-terminal region of SF3B1 comprises 22
HEAT repeats capable of undergoing a conformational
change from an open (RNA-free) to a closed (RNA-
bound) state. SF3B1 assumes an open conformation
at an early stage of the splicing cycle prior to the bind-
ing of the RNAs [42]. Subsequently, upon recognition
of the pre-mRNA, SF3B1 is “clamped” on the bound
U2 snRNA and pre-mRNA strands, thereby assuming
a closed state. Hence, to study the effects of the SF3B3
variants, we have built three different models of the SF3b
complex. The first model (termed Closed) was based on
the cryoEM structure of the human mature B** complex
(PDB ID: 6FF4) [43]. In this structure, missing protein
parts were modelled using other B** structures deposited
in the PDB (PDB IDs: 5758, 7DVQ) [44, 45]. The second
model (termed Open_1) was based on the x-ray struc-
ture of the SF3b core with an inhibitor bound (PDB ID:
6EN4) [46]. The third model (Open_2) was built on the
cryo-EM structure of the human 17S U2 snRNP (PDB
ID: 7Q3L) [47]. The Open models differ from the Closed
one in the protein composition (for a comprehensive list
of proteins, please refer to Additional file 2: Table S2), the
SE3B1 conformation and the relative position of SF3B1
and SF3B3. The Open_2 model, based on a more recent
cryo-EM structure, contains more protein components
than Open_1, and was built to monitor the impact of
SF3B3 variants on specific protein-protein interactions
present in the newly solved regions.

We modelled missing loops in the structures using
Modeller [48]. We prepared them in Schrodinger’s Pro-
tein Preparation Wizard [49, 50], including prediction of
the protonation states of ionizable residues using propKa
[51, 52]. Models were then solvated in a cubic water box
with a minimal distance from the solute to the box edge
of 12 A. NaCl 150 mM was added to the solvent. We cal-
culated the amount of ions required to reach the concen-
tration employing SLTCAP [53]. The topologies of the
model were built using AmberTools’ leap program [54].
We included the mutations by deleting the side chain
atoms of the wild-type residues and building the corre-
sponding mutated structure using the leap module of the
AmberTools. We converted the Amber topologies and
coordinates into the Gromacs format using parmed of
AmberTools [55] and described the system using follow-
ing force-field parameters: FF14SB for the protein [56],
OL3 for the RNA [57], TIP3P for the water molecules
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[58], Joung-Chetham for the Na™ and CI~ ions [59] and
a dummy atom model of Zn* ions [60]. All systems were
minimised, brought up to 300 °K and gently equilibrated,
applying the protocol detailed in Additional file 2: Table
S3. Production molecular dynamics simulations, per-
formed using Gromacs 2022 [61, 62], were run at 300 °K
and 1 bar; temperature and pressure were maintained
using Bussi thermostat and Parrinello-Rahman barostat,
respectively [63, 64]. A 2-fs integration time step was
used with all covalent bonds involving hydrogen atoms
constrained using the LINCS algorithm [65]. We treated
electrostatic interactions using the Particle Mesh Ewald
approach with a space cutoff of 10 A [66]. We conducted
analyses with cpptraj from AmberTools [67]. Binding free
energies were calculated with the Molecular Mechanics
Generalized Born Surface Area (MM/GBSA) approach
using the MMPBSA.py contained in the AmberTools
[68]. Structures were visualised using VMD [69].

RNA extraction

Total RNA was extracted from patient and age- and
sex-matched control fibroblast cell lines using the
RNeasy Mini Kit (Qiagen). DNase I treatment was per-
formed to ensure the absence of any DNA contamina-
tion, in accordance with the instructions provided by the
manufacturer.

Gene expression analysis and validation using quantitative
real-time PCR (qRT-PCR)

Total RNA (1 pg) was reverse transcribed into cDNA
using the iScript Advanced cDNA Synthesis Kit for
RT-qPCR (Bio-Rad). qRT-PCR was performed under
standard PCR conditions using the CFX96 Real-Time
PCR System (Bio-Rad) with iTaq Universal SYBR Green
Supermix (Bio-Rad) and custom-designed primers (listed
in Additional file 2: Table S4). The amplification proto-
col consisted of an initial denaturation at 95 °C for 30 s,
followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s,
and a final melting curve analysis from 65 °C to 95 °C
with 0.5 °C increments every 5 s. GAPDH was used as
the housekeeping gene for normalization. Relative gene
expression levels and fold changes were determined
using the 2"~AACt method [70]. All experiments were
performed in triplicate.

RNA sequencing

Library preparation and RNA sequencing were per-
formed by Novogene (https://en.novogene.com/).
Sequencing was performed on an Illumina Novaseq
platform, and 150-bp, paired-end reads were generated.
Briefly, the quantity and quality of the RNA was evalu-
ated with the RNA Nano 6000 Assay Kit on the Bioana-
lyzer 2100 system (Agilent Technologies). The messenger
RNA (mRNA) was purified from the total RNA using


https://folding.biofold.org/i-mutant/i-mutant2.0.html
https://folding.biofold.org/i-mutant/i-mutant2.0.html
https://mupro.proteomics.ics.uci.edu/
https://mupro.proteomics.ics.uci.edu/
https://en.novogene.com/

Musante et al. Genome Medicine (2026) 18:34

poly-T oligo-attached magnetic beads. The fragmenta-
tion was carried out using divalent cations under elevated
temperature in the First Strand Synthesis Reaction Buf-
fer (5X). First-strand cDNA was synthesised using ran-
dom hexamer primer and M-MuLV reverse transcriptase
(RNase H). Subsequently, second-strand cDNA synthesis
was performed using DNA polymerase I and RNase H.
The remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. After adenylation
of the 3’ ends of the DNA fragments, adaptors with a
hairpin loop structure were ligated to prepare for hybrid-
ization. In order to select cDNA fragments of preferen-
tially 370 ~420 bp in length, the library fragments were
purified using the AMPure XP system. Then PCR was
performed with Phusion High-Fidelity DNA polymerase,
Universal PCR primers and Index (X) Primer. Finally, the
PCR products were purified (AMPure XP system) and
the quality of the library was assessed using the Agilent
Bioanalyzer 2100 system. The clustering of the index-
coded samples was performed on a cBot Cluster Gen-
eration System using TruSeq PE Cluster Kit v3-cBot-HS
(Ilumina) following the manufacturer’s instructions. Raw
reads containing adapter, reads containing poly-N and
low-quality reads were successively removed through
Novogene in-house Perl scripts. Pair-ends clean reads
were aligned to GRChg38 human reference genome
using Hisat2 v.2.0.5 and assembled by StringTie v1.3.3b
[71]. Differential gene expression analysis was carried out
using DEseq2 R packages (v1.20.0). The overall distribu-
tion of differentially expressed genes (DEGs) was evalu-
ated using the following cut-off: up-regulated genes Fold
Change (FC) >2 and adjusted p-value (padj) <0.05; down-
regulated genes FC<0.5 and padj<0.05. ClusterProfiler
package (v4.6.2) from R was used for gene set enrichment
(GSE) and over-representation gene ontology (GO) anal-
ysis of the RNA sequencing data. Graphical representa-
tion of the RNA sequencing data was realised using the
ggplot2 R package (v3.4.2).

Differential alternative splicing (DAS) events were
analyzed using the rMATS algorithm. Significant events
were defined as those with a False Discovery Rate
(FDR)<0.05 and an absolute Inclusion Level Difference
(|IncLevelDifference|) =0.2.

To characterize splicing alterations, we first assessed
differences in the global distribution of event types
between patients and controls using the Wilcoxon rank-
sum test. Since patients carried distinct mutations,
Z-scores were calculated for each individual relative to
the control distribution to quantify deviations across
event types. To determine whether specific AS catego-
ries were selectively enriched among significant events,
a Chi-square test was used to compare the proportional
distribution of event types between all detected and sig-
nificant events.
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Representative events were visualized as grouped
sashimi plots using the rmats2sashimiplot package on
Python (v3.9.23).

We used the publicly available SRplot platform (https
://lwww.bioinformatics.com.cn/srplot) to prepare bubble
graphs, GO chords, and alluvial plots.

Cell culture and western blot

HEK293T were cultured in Dulbecco’s modified Eagle
medium (DMEM) with high glucose, sodium pyruvate
and L-glutamine (Euroclone), supplemented with 10%
v/v fetal bovine serum (Euroclone) and 50 units penicil-
lin/ 50 pg streptomycin (Euroclone). Fibroblast cell lines
were cultured in DMEM with high glucose, sodium pyru-
vate and L-glutamine (Euroclone), supplemented with
20% v/v fetal bovine serum (Euroclone) and 50 units pen-
icillin/ 50 pg streptomycin (Euroclone). Cells were main-
tained in a humidified incubator at 37 °C, 5% CO,,.

For protein extraction, patients and controls’ fibro-
blasts were harvested and lysed in a lysis buffer (65 mM
Tris-HCL pH6.8, 26% w/v glycerol, 2% SDS, 0.01% bro-
mophenol blue). Subsequently, protein lysates were
purified using the QIAshredder (QIAGEN). Protein con-
centration was determined by Nanodrop One (Thermo
Fisher Scientific). We separated the protein lysates into
4-20% SDS-PAGEs and transferred them to PVDF mem-
branes. We blocked the membranes in 5% milk in TBST
to prevent non-specific antibody binding. We conducted
the immunoblotting with the primary antibody incubated
overnight at 4 °C, followed by three washing steps with
TBST and by the secondary antibody conjugated with
horseradish peroxidase (1 h at room temperature), devel-
oped using Clarity™ Western ECL Substrate (BioRad). We
captured images using the ChemiDoc MP imaging sys-
tem (BioRad) and quantified bands with Image] software
version 1.53e [72]. The following primary antibodies were
employed: rabbit polyclonal anti-SF3B3 (A302-508 A,
Bethyl Laboratories), rabbit polyclonal anti-SF3B1
(27684-1-AP, Proteintech), rabbit polyclonal anti-SF3B2
(10919-1-AP, Proteintech), rabbit polyclonal anti-SF3B4
(A303-950 A, Bethyl Laboratories), rabbit polyclonal
anti-SF3B14 (SF3B6) (12378-1-AP, Proteintech), rabbit
polyclonal anti-PHF5A (15554-1-AP, Proteintech), rab-
bit polyclonal anti-RNF113A (27018-1-AP, Proteintech),
mouse monoclonal anti-GAPDH (0411) (sc-47724, Santa
Cruz Biotechnology Inc). We utilised the following sec-
ondary antibodies: goat anti-rabbit IgG (H+L)-HRP
(#31460, Invitrogen) and donkey anti-mouse IgG (H +L)-
HRP (715-035-150, Jackson ImmunoResearch).

Cell fractionation assay

Patient-derived and control fibroblasts were plated at
5x10° cells per well in 6-well plates. After 24 h, cells
were harvested using trypsin-EDTA and subjected to


https://www.bioinformatics.com.cn/srplot
https://www.bioinformatics.com.cn/srplot

Musante et al. Genome Medicine (2026) 18:34

nuclear and cytoplasmic fractionation using the NE-PER
Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
Protein concentrations were determined, and equal
amounts of lysates were analyzed by Western blot using
anti-SF3B3 antibody (A302-508 A, Bethyl Laboratories).
Anti-Lamin A/C (SC-7292, Santa Cruz) and anti-Tubu-
lin antibodies (ab6160, Abcam) were used to assess the
purity of nuclear and cytoplasmic fractions, respectively.

MG132 treatment

Patient-derived and control fibroblasts were plated in
6-well plates at a density of 5x10°. After 24 h, cells
were treated with 10 uM MG132 or DMSO for 6 h at
37 °C. After treatment, the cells were lysed with a lysis
buffer (65 mM Tris-HCL pH6.8, 26% w/v glycerol, 2%
SDS, 0.01% bromophenol blue). Samples were purified
using the QIAshredder (QIAGEN). For all samples pro-
tein concentration was measured by Nanodrop. Lysates
were separated in SDS-PAGE and transferred to PVDF
membrane. Then western blot analyses were performed
as described in previous section. The membranes were
incubated with primary antibodies overnight at 4 °C.

Cloning of SF3B3 constructs and transient transfection
HEK293T cells were plated in 6-well plates at a density
of 5x10° cells per well one day prior to transfection.
Cells were co-transfected with 375 ng of either wild-
type or mutant SF3B3 constructs together with 150 ng
of pcDNA3.1-GFP using Lipofectamine 2000 (Thermo
Fisher Scientific) according to the manufacturer’s
instructions. GFP was used to control for transfection
efficiency. After 24 h, cells were harvested and lysed in
lysis buffer (65 mM Tris-HCI pH 6.8, 26% w/v glycerol,
2% SDS, 0.01% bromophenol blue). Lysates were clarified
using QIAshredder columns (QIAGEN) and subjected
to western blot analysis as described above. Membranes
were incubated overnight at 4 °C with primary anti-
bodies against FLAG (F3165, Sigma-Aldrich) and GFP
(11814460001, Roche). GAPDH was used as a loading
control, detected with mouse monoclonal anti-GAPDH
(sc-47724, Santa Cruz Biotechnology Inc).

Cell cycle analysis

In each experiment, 1x10° cells were collected, washed
with PBS, and fixed in ice-cold 70% ethanol. After cen-
trifugation, cell pellets were washed and resuspended in
PI/RNase Staining Buffer (BD Biosciences) for 15 min
at room temperature. For all samples, cellular debris
were excluded based on FSC-A/SSC-A gating, and sin-
glets were identified using PI-W versus PI-A dot plots.
Cell-cycle phase distribution was subsequently quanti-
fied from PI-A histograms. Samples were acquired on a
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FACSMelody flow cytometer (BD Bioscences) and ana-
lyzed using Flow]Jo v10.10.0 (BD Biosciences).

Developmental expression in human brain cortex

To extrapolate the developmental expression trend of
SF3b complex components and DEGs in the human
brain, we downloaded the developing human brain tran-
scriptome dataset from the BrainSpan databases (http://
www.brainspan.org) [73]. We used RNA sequencing data
from 8 to 11 neocortical regions from the 8th post-con-
ceptional week to the 40th postnatal year. The gene-level
RPKM expression values were further transformed to
log2 (RPKM + 1) values. To explore the temporal expres-
sion pattern in the cortex, the samples from the same
developmental time point were grouped together and
the expression values across those grouped samples were
averaged, as previously reported [74].

Data analysis and statistics

Quantitative data are presented using Microsoft Excel
as the meanz+standard deviation (SD). Two-tailed
homoscedastic Student’s t-test was used for comparison.
A p value<0.05 was considered statistically significant
(*p<0.05; *p<0.01; ***p<0.001). Shaded area error bar
plots have been created using R version 4.4.2 (R Founda-
tion for Statistical Computing).

Results

Through international collaborations, the GeneMatcher
[28], the Paediatric Cardiac Genomics Consortium
(PCGC), and from data from large cohorts of individuals
with NDDs previously published [75-77], we collected
a total of 24 individuals with a NDD and a heterozygous
SF3B3 variant.

Clinical description

We sent a standardised form to the clinicians to obtain
clinical details, including prenatal findings, growth,
neurodevelopment, congenital malformations, skeletal
abnormalities and facial features. For a few individuals
(15-18 and 20-21), we collected the available clinical
data from published descriptions [75-77].

The phenotypic characteristics of all individuals are
presented in Table 1. A more detailed description of
each individual and their clinical history is provided in
the supplementary information (Additional file 2: Case
Reports).

The clinical spectrum observed in individuals with
SF3B3 variants is consistent with a syndromic neuro-
developmental condition with disease severity ranging
from: (1) severe, with two newborns dying a few days
after birth and one foetus (individuals 9-11); (2) multi-
systemic, with multiple congenital malformations and a
typical gestalt (individuals 1-8, 12—18, and 24); (3) mild,
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Fig. 1 Genetic analysis of SF3B3 variants. (A) Facial features of subjects with de novo SF3B3 variants. Individuals P1 to P13 and P24 present with a multisys-
temic form of the SF3B3-associated disorder. It is noteworthy that these subjects exhibit a number of distinctive characteristics, including light hair colour,
a large/high forehead, hypertelorism, deeply set eyes with down slanted palpebral fissures, a typical nose characterised by a depressed nasal bridge with
a bulbous nasal tip, a smooth/broad philtrum and tented upper lip vermilion. P19 and P23 present with a milder form with ASD and DD/ID. (B) Schematic
representation of SF3B3 (NM_012426). Variants and their positions are shown. Lines and boxes indicate introns and exons, respectively. Exons are num-
bered with respect to the exon upstream of the first coding exon. (C) Schematic representation of the arrangement of the SF3B3 domains (top panel). The
protein contains three B-propeller domains: BPA (aa 11-404, blue), BPB (aa 442-772, green) and BPC (aa 1-10, 405-441, 773-1132, yellow), followed by
an a-helical C-terminal domain (CTD, aa 1133-1217, grey). The positions of the protein changes are indicated. The tolerance landscape of the SF383 gene
is shown in the lower panel (MetaDome web server [38]). The MetaDome analysis revealed that the mutations are located in regions of high intolerance
(low missense over synonymous variant count ratio). Variants associated with the severe, multisystemic and mild presentation are shown in violet, black

and blue, respectively. The c.2066C>T, p.(Thr689Pro) variant was identified in three unrelated individuals

with ASD and DD/ID always present (100%) but with-
out congenital anomalies or other features (individuals
19-23). Notably, 67% of the individuals exhibited at least
one prenatal finding.

The core clinical characteristics observed in individu-
als with SF3B3 variants included DD/ID, ranging from
mild to severe, and language delay (88% and 92%, respec-
tively). A high proportion of probands (69%) exhib-
ited behavioural features and/or ASD. Motor delay was
also frequently observed (92%). Spinal and brain MRI
or ultrasound was available for 11 individuals, reveal-
ing anomalies in 10 of them (91%). The most frequently
observed abnormalities were those affecting the corpus
callosum and enlargement of the ventricles. We noted a
recognisable pattern of human malformations, includ-
ing cardiac malformations (i.e., septal defects, PFO,
PVS, and tetralogy of Fallot) in 73% of the individuals,
genitourinary defects in 44% and skeletal abnormalities
in 69%. Additionally, 46% (6 out of 13) of the subjects
exhibited short stature. We requested frontal and lateral
photographs of each individual, and we obtained images
from nine probands with informed consent for publica-
tion (Fig. 1A). Moreover, the HPO terms for phenotypic
facial abnormalities were collected for two additional
subjects. The majority of patients exhibited a similar phe-
notypic spectrum characterised by a large/high forehead
(9/10), hypertelorism (8/11), deeply set eyes (7/10) with
downslanting palpebral fissures (6/10), a typical nose
characterised by a depressed nasal bridge (10/11) with a
bulbous nasal tip (10/11), low-set ears (7/10), a smooth
or broad philtrum (7/9) and tented upper lip vermil-
ion (6/10). Another common feature was the horizontal
crease on the chin (8/10) (Additional file 2: Table S5).
A consistent feature was the colour of the hair, which
ranged from light blonde to light brown. In a few cases,
paediatric and adult-age photographs of the same indi-
vidual were available, showing that the facial dysmor-
phisms became more pronounced with age (Fig. 1A).

In the most severely affected cases (individuals 9-11),
the clinical presentation showed a severe microcephaly
with a sloping forehead, growth retardation, multiple
anomalies and malformation.

Frontal facial photographs of nine probands were anal-
ysed with the GestaltMatcher algorithm to investigate the
occurrence of facial gestalt clustering in our cohort. The
photograph of subject P24 was not available at the time
of the analysis. The pairwise ranks of the patients’ pho-
tographs demonstrated remarkable similarities among
seven individuals affected by the multisystemic form of
the condition who were grouped in one cluster with a
gradient of similarity as indicated by the scores (Addi-
tional file 2: Fig S1). Notably, individuals P19 and P23,
who manifested the milder clinical phenotype (ASD and
DD), clustered away from all the others. Thus, the results,
suggested the presence of a specific facial gestalt charac-
teristic for this new syndrome.

Molecular findings

In total, we observed 22 different variants, including 18
missense changes, a one-amino-acid in-frame deletion,
one nonsense and two frameshifts (Fig. 1B; Table 1). The
missense variant (c.2066C>T, p.(Thr6891le)) was recur-
rent in three unrelated individuals. With the exception of
individual 23, for whom the paternal sample was unavail-
able for testing, all changes occurred de novo. All but two
of the single-nucleotide variants (SN'Vs) and insertion-
deletion (indels) variants were absent from the gnomAD
population database [39]; the two variants observed there
— ¢.88A>@G (one heterozygote; allele frequency: 6.210e-
7) and c.2506G>A (one heterozygote; allele frequency:
6.196e-7) — were extremely rare. Most variants are pre-
dicted to be damaging by in silico tools, with an average
CADD score of 27.1 (Additional file 1: Table S1A). The
deleterious nature of the changes is supported by the
high intolerance to both missense (Z score: 9.84) and
loss-of-function (LOF) variants (pLL:1; LOUEF=0.28)
of the SF3B3 gene (gnomAD v.4.1.0 [39]), . The major-
ity of the identified single amino acid changes and the
one-amino-acid in-frame deletion were located in two of
the three intertwined seven-bladed B-propeller domains
(BPA: aa 11-404 and BPB: aa 442-772) of SF3B3 (Fig. 1C
upper panel), which together with the third -propeller
domain (BPC (aa 1-10, 405-441, and 773-1132)) con-
tact the o-helical C-terminal domain (CTD; aa 1133—
1217), resulting in a fold that is essential for the binding
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of interacting partners [45]. The MetaDome analysis
revealed their location in regions of high intolerance of
the protein (Fig. 1C, bottom panel; Additional file 1:
Table S1A) [38]. I-Mutant2.0 and MuPro algorithms pre-
dicted a reduction in protein stability for the majority of
missense changes (Additional file 1: Table S1B) [40, 41].

We investigated the SF3B3 protein levels in the whole-
cell lysates from control and patient-derived fibro-
blasts of individuals 1, 2, 6 and 8, carrying the variants
c.2066C>T p.(Thr6891le), ¢.2183G>C p.(Arg728Pro),
c.647G>A p.(Gly216Asp) and ¢.3224C>A p.(Alal075Asp)
respectively, by immunoblotting. In cell lines from
all patients, SF3B3 protein levels were significantly
decreased by approximately 15-30% compared with con-
trols (Fig. 2A-B).

Because SF3B3 protein levels were reduced, we next
assessed whether this decrease originated at the tran-
script level. qRT-PCR analysis of fibroblast-derived
c¢DNA from individuals 1, 2, 6, and 8 demonstrated com-
parable SF3B3 mRNA levels between patients and con-
trols (Fig. 2C). Thus, the observed reduction in SF3B3
protein is not caused by altered transcript abundance
or transcript instability but instead likely reflects post-
transcriptional mechanisms. We next quantified several
additional components of the SF3b complex and one
associated protein (SF3B1, SF3B2, SF3B4, SF3B6, PHF5A,
and RNF113A). All but one were maintained at control-
like levels; SE3B1 was significantly reduced in fibroblasts
from patients 1, 2, and 6 (Fig. 2A-B). However, SF3B1
mRNA abundance was comparable between patient and
control samples (Additional file 2: Fig S2), again support-
ing a post-transcriptional effect.

To assess whether SF3B3 variants affect subcellular
localization, we performed cell fractionation followed
by western blotting. SF3B3 was detected exclusively in
the nuclear fraction in both control and patient fibro-
blasts (Additional file 2: Fig S3). Subtle changes within
nuclear subcompartments were not investigated. Having
ruled out major mislocalization, we next examined pro-
tein stability. Treatment of fibroblasts with the protea-
some inhibitor MG132 resulted in a significant increase
in SF3B3 levels in patients 2 and 6, suggesting enhanced
proteasome-mediated degradation of the mutant pro-
tein. Patient 8 showed a non-significant trend toward
increased SF3B3 after MG132 treatment (Additional file
2: Fig S4A-B). These findings indicate that reduced SF3B3
protein levels in some patient fibroblasts are at least par-
tially due to increased proteasomal degradation.

To further examine intrinsic protein stability outside
the patient fibroblast context, FLAG-tagged wild-type
and mutant SF3B3 constructs carrying the p.(Thr6891le),
p-(Arg728Pro), p.(Gly216Asp) and p.(Alal075Asp)
respectively, were transiently transfected in HEK293T
cells together with a construct expressing GFP, used as
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transfection efficiency control. Western blot analysis
after 24 h revealed that mutant proteins were consistently
less abundant than the wild-type protein, supporting the
interpretation that the amino acid substitutions them-
selves can compromise SF3B3 stability. GAPDH was used
as loading control (Additional file 2: Fig S5).

To evaluate SF3B3 contribution to neurodevelopmen-
tal traits, we performed bioinformatic analyses to assess
its expression trajectory along neocortex development,
employing the developing human brain transcriptome
dataset [73]. We observed that SF3B3 exhibits the highest
expression during the first 24 postconceptional weeks,
followed by a rapid decline before birth until 4 months
of age when it reaches a relatively constant level in late
childhood and adult stages (Additional file 2: Fig S6). The
same analysis, performed for other SF3b components
and RNFI113A, showed that the expression of SF3BI-
4 is higher in the prenatal stages and that SF3B4 has a
time-dependent expression profile similar to SF3B3. The
expression of RNF113A is similar in the prenatal, postna-
tal and later stages (Additional file 2: Fig S6).

All-atom simulations
To elucidate the impact of SF3B3 missense variants and
to gain insight into the specificity and severity of patho-
genic mechanisms associated with them, we used all-
atom molecular dynamic simulations. To this end we
have built three models of the SF3b complex (Additional
file 2: Fig S7). We mapped all amino acid changes onto
the structure of the SF3b core splicing factor, which con-
tained the SF3B1 protein in its closed conformation, as
observed in the B*" state of the spliceosome (Fig. 3A).
Most of the variants were located on the periphery/
surface of the SF3B3 protein, where they presumably
affected SF3B3 interactions with other proteins within
the spliceosome complex, thereby altering its function.
We then considered SF3b complex with SF3B3, either
in the wild type (WT) form or in the presence of six vari-
ants: N671S, T689I, R728P, G216D, H219P and A1075D.
The latter are designated in this section employing single
amino acid nomenclature. Although none of the afore-
mentioned variants was directly involved in the inter-
actions with RNA strands, they were selected because
all resided at the interface with different proteins form-
ing the SF3b complex. We then performed 500 ns of all
atom molecular dynamics simulation for each model. A
detailed inspection of the system in the presence of the
N671S, T6891 and R728P variants (Fig. 3B-C) revealed
that these variants disrupt the interaction between SF3B3
and RNF113A, triggering RNF113A dissociation or sig-
nificantly altering its positioning and/or its conforma-
tion (Fig. 3B). Briefly, the N671 residue was located at
the interface between the SF3B3 and RNF113A proteins
and its amide moiety was directly involved in a hydrogen
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Fig. 3 Binding mode of SF3B3 variants in the SF3b model. (A) Overview of the SF3b model (corresponding to the B state of the spliceosome, bearing
the SF3B1 protein in the closed conformation). The SF3B1, SF3B2, SF3B3, SF3B5, SF3A2, PHF5A and RNF113A proteins are shown as white, yellow, cyan,
green, tan, pink and magenta cartoons, respectively. The pre-mRNA strand and U2 snRNA are represented as blue and red cartoons, respectively. The
single amino acid variants numbered 1 to 18, are shown in van der Waals representation coloured according to severity: purple for the lethal, black for
syndromic and blue for non-syndromic ASD DD/ID. SF3B3 variants that were investigated via MD simulations are encircled by black boxes. (B) Distribu-
tion of the distances between the centre of mass of the RNF113A protein and the RNF113A-binding interface of SF3B3 (formed by residues 629-636,
669-696, 1108-1114, 1200-1217) for the wild type (WT) SF3B3 protein and in the presence of three variants (N671S, 7689, R728P). (C) Close-up of the
interactions established by the WT N671 and the mutated S671 residue. (D) Distance distribution of salt bridge interactions between the D241@SF3B3
and K602@SF3B1 in WT, G216D and H219P SF3B3 variants. (E) Close-up of the interactions formed by D214 and D216 in the G216D-containing SF3B3
model. The amino acids are indicated with single letter nomenclature. (F) Close-up of the conformational change of the SF3B3 loop (residues 214-219)
upon insertion of H219P variant. The loop established new interactions with SF3B1. (G) Close-up of the interactions formed by D1075 after the SF3B3

A1075D variant was introduced

bond with the R291 residue of RNF113A. When mutated
to S671, the hydroxyl group of the serine residue dis-
rupted the hydrogen bond to a nearby SF3B3 loop
(Fig. 3C). Similarly, when the T689 residue, located at the
SF3B3/RNF113A interface, was mutated to 1689 its inter-
actions with the RNF113A loop were lost (Additional file
2: Fig S8). Conversely, the R728 residue, buried inside
the SF3B3 core, formed an intramolecular salt bridge
interaction with E1180 (Additional file 2: Fig S8). This
interaction vanished upon the R728P mutation, thus trig-
gering the remodelling of E1180 to form an alternative
salt bridge interaction with the R690 residue at the inter-
acting interface with RNF113A (Additional file 2: Fig S8).
The G216D and H219P mutations were located in a loop
formed by residues 214-219, which directly interacted
with the SF3B1 protein. A comparison of different cryo-
EM structures (PDB: 6EN4 and 6FF4) showed that the
SE3B3 changed position with respect to the SF3B1 pro-
tein in the spliceosome A and B** state. Indeed, the sole-
noidal structure of SF3B1 underwent a conformational

transition from the open to the closed conformation.
The loop containing the G216 and H219 residues con-
tributed to locking the different positions. Indeed, after
the G216D and H219P variants were introduced, the
interaction of this loop with SF3B1 in the open confor-
mation was strengthened. In particular, the G216D vari-
ant established a salt bridge between D214@SF3B3 and
K602@SF3B1 and, in addition, a new salt bridge interac-
tion was formed between the mutated D216@SF3B3 and
R594@SF3B1 (Fig. 3D-E). The H219P mutation, in con-
trast, had a more subtle effect; the rigid, unique backbone
properties of P219 caused changes in the conformation
of the loop (Fig. 3F), thus allowing other residues in the
loop to interact with SF3B1. The strengthening of the
interaction between SF3B1 and SF3B3 was supported
by a calculation of the binding free energy differences of
the SF3B3 loop 214-219 to the SF3B1 (Additional file 2:
Table S6), which became more negative (corresponding
to a stronger interaction) by 16.4 kcal/mol and 12.1 kcal/
mol, for G216D and H219P variants, respectively. We
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Fig. 4 I|dentification of differentially expressed genes (DEGS) in the transcriptome sequencing data of fibroblasts from subjects 1, 2, and 6 in comparison
with control fibroblasts. (A) Volcano plot of DEGs in SF383 patient-derived fibroblasts compared to controls. A total of 887 genes exhibited significant
differential expression between the patient and control groups, comprising 494 genes that were upregulated (red dots) and 393 genes that were down-
regulated (green dots). The filtering criteria applied were an adjusted p-value (padj) less than 0.05 and a cutoff of fold changes (FC) > 2 for upregulated
transcripts and FC < 0.5 for downregulated transcripts. The grey dots represent genes that did not meet the criteria for statistical significance. Of the top
100 significantly upregulated and downregulated genes (selected as arbitrary cutoff), 38 DEGs, highlighted in black and violet, are involved in Biological
Processes (BPs) relevant to the SF3B3-associated clinical presentation. These include urogenital system development, heart morphogenesis, and neural
crest differentiation. Furthermore, 29 of the top 100 significantly upregulated and downregulated genes are disease-causing genes as classified in the
HGMD database [35], related to conditions with clinical features similar to those observed in individuals with SF3B3 variants (highlighted in blue and vio-
let). The genes that are common to both the strategies used to interpret the biological relevance of the DEGs identified, are indicated in violet. (B) Bubble
plot illustrating the top 15 Gene Ontology (GO) BP significantly enriched in SF3B3 patients-derived fibroblasts in comparison to controls. These are related
to cell cycle regulation. (C) Bubble plot illustrating significant over-represented BPs related to the SF3B83-associated clinical presentation in SF3B3 patients-
derived fibroblasts. The colour of the nodes displayed in a gradient from red to green, corresponds to the decreasing order of the padj value. The size of
each node is proportional to the number of gene counts. (D-E) GO Chord plots: representation of the relationship between the 38 significant DEGs, listed
in Table 2, and their associated GO terms. The left of the plots shows the genes contributing to the enrichment, arranged in order of their logFC, which
is displayed in descending intensity of blue squares for the upregulated genes and yellow squares for the downregulated ones. The genes are linked to

their assigned terms via coloured ribbons chord

also investigated the effect of the A1075D variant, which
enabled the disordered loop formed by residues 1069—
1079 to acquire a partial a-helical character (Additional
file 2: Fig S9). Due to the formation of an intra-loop
hydrogen bond with R1079@SE3B3 in the open state, this
mutation additionally led to the formation of an inter-
protein hydrogen bond with R470@SF3A3 (Fig. 3G),
potentially increasing the interaction of SF3A3 with the
spliceosome.

Transcriptome analysis

Given that our data indicated impaired binding of mutant
SF3B3 proteins to other spliceosome components, we
investigated the transcriptome profiles of individuals car-
rying SF3B3 variants. We performed RNA sequencing on
patient-derived fibroblast cell lines from P1 (c.2066C>T,
p-(Thr6891le)), P2 (c.2183G>C, p.(Arg728Pro)), and P6
(c.647G>A, p.(Gly216Asp)), which were the only patient
samples available at the time the experiments were con-
ducted, as well as three unrelated controls.

We first compared gene expression distributions across
samples using boxplots, which showed similar gene den-
sity and number, and correlation analysis revealed a coef-
ficient (R*)>0.9 (Additional file 2: Fig SI0A-B). Principal
component analysis (PCA) indicated that controls and
patient samples clustered separately, with each group
showing similar pattern of variability (Additional file
2: Fig S10C). Differential expression analysis identified
887 genes significantly altered in patients compared to
controls, with 494 upregulated and 393 downregulated
(Fig. 4A).

To understand the biological significance of these
DEGs, we performed Gene Ontology (GO) enrich-
ment analysis. The top 15 significantly enriched biologi-
cal processes (BP) were related to cell cycle regulation
(Fig. 4B, Additional file 1: Table S7A), consistent with
KEGG pathway analysis, which highlighted the cell cycle
(hsa04110) as highly enriched (Additional file 1: Table

S7B). Moreover, the analysis revealed over-representa-
tion of BPs related to SF3B3-associated clinical features,
including urogenital system development, heart mor-
phogenesis, neural crest differentiation, neurogenesis,
neuron projection and axon development, neuron death,
and synapse organization (Fig. 4C, Additional file 1: Table
S7C). Notch signaling and regulation of trans-synaptic
signaling were also significantly enriched (Fig. 4C, Addi-
tional file 1: Table S7C).

Among the top 100 significantly up- and downregu-
lated genes (arbitrary cutoff), 38 DEGs encoded for
proteins involved in at least one of these processes,
including nine transcription factors or regulators: DLX2,
SOX11, SNAIIL, ID4, HES1, ZNF804A, SIX1, FOXF],
and TFAP2A (Fig. 4A, D-E; Table 2, Additional file 1:
Table S7C). Notably, DLX2, WNT7B, SOX11, and SNAII,
which are implicated in early heart, nervous system,
and urogenital development, ranked among the top ten
most upregulated genes. DLX2 and SNAI1 are also com-
ponents of the Notch signaling pathway (Fig. 4A, D-E;
Table 2, Additional file 1: Table S7C).

Next, we analyzed SF3B3 and neurodevelopmentally
relevant DEGs using the developing human brain RNA
dataset [73]. Interestingly, trajectories and differences
in the incline, decline and shape were observed (Addi-
tional file 2: Fig S11A-E). It was observed that WNT7B
and SOX11 exhibited higher expression in the prenatal
period, which decreased rapidly between 24 weeks ges-
tation and 4 months after birth as was also the case for
SF3B3. Conversely, expression of VGF, SNAP25 and SER-
PINF1 (also known as PEDF) exhibited a rapid increase
trajectory between the same time frame (Additional file
2: Fig S11F).

To further dig out for clinically relevant DEGs, we
adopted a second strategy. We systematically searched
for disease-causing genes, as classified in the Human
Genome Mutation Database (HGMD) Professional as
selection criteria [35], assuming that there might be
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Table 2 Genes within the top 100 significantly up- and downregulated in patients’samples, involved in biological processes related

to the SF3B3-associated clinical presentation and overrepresented in patients-derived fibroblasts

Up-regulated
Gene symbol Description Fold Change padj
DLX2 Distal-Less Homeobox 2 4.37 4.31E-17
WNT78B Wnt Family Member 78 36.08 1.54e-11
SOX11 SRY-Box Transcription Factor 11 35.86 3.11E-10
SNAI1 Snail Family Transcriptional Repressor 1 3.85 4.33e-10
VGF VGF Nerve Growth Factor Inducible 20.35 3.37E-09
PODXL Podocalyxin Like 5.86 6.84E-09
SFRP1 Secreted Frizzled Related Protein 1 2.75 2.35€-08
EPHB1 EPH Receptor B1 4.95 7.41E-08
SNAP25 Synaptosome Associated Protein 25 92.67 1.69E-07
1D4 Inhibitor Of DNA Binding 4 3.43 4.62E-07
HES1 Hes Family BHLH Transcription Factor 1 7.14 2.91E-06
oDC1 Ornithine Decarboxylase 1 2.04 3.63E-06
ZNF804A Zinc Finger Protein 804A 46.40 3.96E-06
FABPS Fatty Acid Binding Protein 5 3.20 1.12E-05
DRP2 Dystrophin Related Protein 2 6.66 1.34E-05
NEFH Neurofilament Heavy Chain 4.31 1.49€-05
NOS3 Nitric oxide synthase 3 10.00 2.40E-05
NES Nestin 4.10 3.29E-05
SiX1 SIXHomeobox 1 4.36 5.01E-05
Dce DCC Netrin 1 Receptor 268.89 7.76E-05
GABRAS Gamma-Aminobutyric Acid Type A Receptor Subunit Alphas 6.62 9.91E-05
SYNDIG1 Synapse Differentiation Inducing 1 3.95 9.91E-05
FOXF1 Forkhead Box F1 5.32 1.25E-04
SNCG Synuclein Gamma 5.12 1.32E-04
SDC1 Syndecan 1 3.00 1.59e-04
SNCB Synuclein Beta 29.72 2.09e-04
CD24 CD24 Molecule 10.44 2.16E-04
Down-regulated
APOD Apolipoprotein D 0.20 1.63E-21
CSF1 Colony Stimulating Factor 1 0.47 9.63E-11
CTSH Cathepsin H 0.09 1.73E-09
RGN Regucalcin 0.32 4.23E-08
NPTX2 Neuronal pentraxin 2 0.03 1.60E-06
CFD Complement factor D 0.21 2.25E-06
SLCIA3 Solute carrier family 1 member 3 0.28 2.46E-05
GLRB Glycine Receptor Beta 0.41 3.73E-05
SPRY1 Ornithine Decarboxylase 1 0.18 4.12€-05
SERPINF1 Serpin Family F Member 1 0.31 4.37e-05
TFAP2A Transcription Factor AP-2 Alpha 0.47 5.19E-05
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common features between the genetic regulatory net-
works of different diseases with an overlapping clinical
presentation. Focusing on the top 100 DEGs, we identi-
fied 29 disease-causing genes related to conditions with
clinical features similar to those presented by the SF3B3
patients (Fig. 4A; Table 3). Thus, combining the two strat-
egies, we identified 16 clinically and biologically relevant
DEGs, of which 13 were significantly up-regulated and 3
down-regulated (Fig. 4A and Additional file 2: Fig S12).

We also leveraged the RNA-seq dataset from Per-
volaraki et al., which charts human heart development
across 9, 12 16 weeks of gestation [78—80] which repre-
sent the timeline of the human fetal heart development
that is reasonably affected in the SF3B3 patients pre-
senting with cardiac malformations. Comparing the 887
DEGs in SF3B3 patient fibroblasts with genes differen-
tially expressed at 12 and 16 weeks gestation revealed 64
overlapping genes, 20 of which were among the top 100
DEGs in SF3B3 samples, including SOX11, SNAII, and
ID4 (Table 4).

Targeted analysis of spliceosomal components, based
on relevant GO terms, did not reveal any significant
DEGs, suggesting no compensatory transcriptional
effects. In particular, mRNA levels of SF3B3 and SF3B1
were similar between patients and controls, confirm-
ing qRT-PCR results (Fig. 2C, Additional file 2: Fig S2),
although protein levels were altered. Levels of SF3B2-6,
PHFS5A, and RNF113A were consistent across patient and
control samples (Additional file 1: Table S7D).

Finally, qRT-PCR validation on a subset of DEGs
(WNT7B, SOX11, SNAIl, APOD, SERPINFI, CSFI) in
patients 1, 2, 6, and 8 confirmed RNA-seq results (Addi-
tional file 2: Fig S13).

Alternative splicing analysis

We evaluated RNA sequencing data to assess global and
individual patient alterations in alternative splicing (AS)
events.

Global analysis including all three patients versus con-
trols did not reveal statistically significant differences for
most event types (Additional file 2: Fig S14). Given that
the patients carry distinct variants, we next analyzed
each individually versus controls. Z-score analysis indi-
cated that retained intron (RI) events showed the largest
deviations from control values. Two patients had positive
Z-scores (~1.5-1.9), whereas one patient showed nega-
tive Z-scores across all event types, indicating patient-
specific differences in splicing, particularly for RI events
(Additional file 2: Fig S15).

Analysis of AS events revealed 332 significantly
enriched. Skipped exon (SE) events are the predomi-
nant class (~72% of all events), a trend maintained even
among significantly altered events (72% of significant
events). Notably, RI events were overrepresented among
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significantly altered events (8% vs 5% of all events), while
mutually exclusive exon (MXE) events were relatively
underrepresented (7% vs 11%). Proportions of alternative
3 splice site (A3SS) and alternative 5’ splice site (A5SS)
events remained largely unchanged (6-7%) (Additional
file 2: Fig S16). Chi-square tests comparing the propor-
tions of total versus significantly altered events confirmed
significant overrepresentation for RI (p=9.82E-03) and
underrepresentation for MXE (p=4.11E-02), but not
for SE, A3SS, or A5SS (p>0.05) (Additional file 1: Table
S8A). These results indicate distinct splicing signatures
potentially associated with the patient condition.

Restricting the global analysis to patients 1 and 2,
who carry functionally related variants, revealed a trend
toward enrichment of RI events (p=0.083), consistent
with the individual Z-score analysis and suggesting a
shared mechanistic effect (Additional file 2: Fig S17).

Filtered rMATS events (FDR<0.05, |IncLevelDiffer-
ence| > 0.2) generate a list of genes associated with signif-
icantly altered splicing. Among these, 26 RI events were
significantly enriched in patients compared to controls.
Sashimi plots illustrating these RI events are shown in
Additional file 2: Fig S18.

Gene Ontology enrichment analysis of significantly
altered events highlighted cellular components (Addi-
tional file 2: Fig S19, Additional file 1: Table S8B), indi-
cating potential structural or compartment-specific
involvement. Targeted analysis of spliceosomal compo-
nents, based on relevant GO terms, identified five genes
affected by significant altered alternative splicing (Addi-
tional file 2: Table S9 and Additional file 2: Fig S20).

KEGG pathway analysis highlighted two pathways
(Additional file 1: Table S8C), potentially related to the
observed phenotype, although further investigation is
required.

Cell cycle analysis

To further investigate the cellular consequences of the
identified SF3B3 variants, we analysed cell cycle distri-
bution in four patient-derived fibroblast lines using flow
cytometry. The analysis revealed significant alterations
in cell cycle distribution in patients 1 and 8, carrying
the variants ¢.2066C>T, p.(Thr689Ile) and c¢.3224C>A,
p.(Alal075Asp), respectively. Fibroblasts from patient 1
showed a significant accumulation of cells in the GO/G1
phase (79.9% vs. ~73% in controls; p <0.05), accompanied
by a clear reduction in the S-phase population (7.6% vs.
~11%). In contrast, fibroblasts from patient 8 exhibited a
highly significant increase in the G2/M population (20.5%
vs. ~14-16% in controls; p<0.01), suggesting impaired
progression through the G2/M checkpoint (Additional
file 2: Fig S21). The remaining two patient lines did not
show significant deviations from control distributions.
Together, these findings indicate that SF3B3 variants
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Table 3 Disease-causing genes (HGMD) [35] within the top 100 significantly up- and downregulated genes in the SF3B3 patient-
derived fibroblasts. The conditions associated with these genes, resulting in an overlapping clinical presentation to the SF383-
syndrome, are indicated. AR: autosomal recessive; AD: autosomal dominant; XL: X-linked

Up-regulated
::‘T’zl Description C:::\dge padj Inheritance, disease, reference
CCDC8 |Coiled-Coil Domain Containing 8 4.36 §.55E-10 [AR, 3M syndrome, PMID: 21737058
SOX11 |SRY-Box Transcription Factor 11 35.86 3.11E-10 |AD, Coffin Siris/ID, PMID: 24886874
PODXL |Podocalyxin Lke 5.86 6.84E-09 |AD, focal segmental glomerulosclerosis, PMID: 30523047
SNAP25 |Synaptosome Associated Protein 25 92.67 | 1.69E-07 |AD, Epilepsy and intellectual disability, PMID: 25003006
SIK1B  |Salt Inducible Kinase 1B 1053 3.46E-06 |AD, Developmental epilepsy, PMID: 25839329
DCBLD2 |Discoidin, CUB And LCCL Domain Containing 2 2.28 3.61E-06 |AR, Intellectual disability syndrome, PMID: 34145321
ODC1 |Omithine Decarboxylase 1 2.04 3.63E-06 |AD, Syndromic neurodevelopmental disorder, PMID: 30475435
DRP2  |Dystrophin Related Protein 2 6.66 1.34E-05 [XL, Charcot-Marie-Tooth neuropathy, PMID: 26227883
NEFH  |Neurofilament Heavy Chain 431 1.49E-05 |AD, Charcot-Marie-Tooth neuropathy, PMID: 32780247
NOS3  |Nitric Oxide Synthase 3 9.99 2.40E-05 |AD, Primary ovarian insufficiency, PMID: 34480478
Six1 SIX Homeobox 1 436 5.01E-05 |AD, Branchio-oto-renal syndrome, PMID: 15141091
Dce DCC Netrin 1 Receptor 268.89 | 7.76E-05 |AD, Corpus callosum agenesis, PMD: 28250454
GABRAS |Gamma-Aminobutyric Acid Type A Receptor Subunit Alphas 6.62 9.91E-05 |AD, Seizure, PMID: 30033060
SH3TC2 |SH3 Domain And Tetratricopeptide Repeats 2 3.98 9.91E-05 |AR, Charcot-Marie-Tooth neuropathy, PMID: 20220177
SYNDIG1 |Synapse Differentiation Inducing 1 3.95 9.91E-05 |AD, Lower plasmatriglyceride leve| PMID: 26934567
FOXF1 |Forkhead BoxF1 5.32 1.25E-04 |AD, alveolar capillary dysplasia and other malformations, PMID: 19500772
MYOM2 |Myomesin 2 13.32 1.48E-04 |AD, Conotruncal heart defects, PMID: 35872890; AD, Tetralogy of Fallot PMID: 35872890
SNCB  |Synuclein Beta 29.72 2.09E-04 |AD, Dementia with Lewy bodies, PMID: 15365127
Down-regulated
ASTN1 |Astrotactin 1 0.07 1.65E-18 |AD, Autism/CC anomalies, PMID: 24381
CTSH |Cathepsin H 0.09 1.73E-09 |AR, Severe myopia, PMID: 23830514
MYO1D [Myosin ID 0.42 2.23E-09 |AD, Visceral heterotaxy, PMID: 34589502
REV3L [REV3Like, DNA Directed Polymerase Zeta Catalytic Subunit 0.46 9.19E-06 |AR, Syndromic DD, PMID: 33474647
CADPS2 [Calcium Dependent Secretion Activator 2 0.38 1.93E-05 |AD, Autism, PMID: 24737869
FAM20A [FAM20A Golgi Associaed Secretory Pahway Pseudokinase 0.21 2.78E-05 |AR, Enamel-renal syndrome, PMID: 23468644
SERPINF1 [Serpin Family F Member 1 0.31 4.37E-05 |AR, Osteogenesis imperfecta, PMID: 21353196
TFAP2A |Transcription Factor AP-2 Alpha 0.47 5.19E-05 |AD, Branchio-oculo-facial syndrome, PMID: 18423521
TYMP |Thymidine Phosphorylase 0.28 8.30E-05 |AR, Mitochondrial neurogastrointestinal encephalomyopathy, PMID: 9924029
OBSCN |Obscurin, Cytoskeletal Calmodulin And Titin-Interacting RhoGEF 0.48 1.12E-04 |AD, Cardiomyopathy, PMID: 34601892
CTSK  |Cathepsin K 0.27 2.36E-04 |AR, Pycnodysostosis, PMID: 8703060

can perturb cell cycle progression in a patient-specific
manner, either by promoting G0/G1 accumulation or by
delaying progression through G2/M, consistent with the
transcriptomic evidence of dysregulated cell cycle control
(Additional file 1: Table S7B).

Discussion

The present study demonstrates that heterozygous germ-
line variants in SF3B3 cause a novel syndrome. The
SF3B3-associated clinical features are consistent with
those described for other spliceosomopathies, with the
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Table 4 Genes, within the top 100 significantly up- and downregulated in SF3B3 patient-derived fibroblasts, which are also
differentially expressed at different stages of human heart development. w9: 9 weeks gestational age; w12: 12 weeks gestational age;

w16: 16 weeks gestational age

Up-regulated
Gene symbol Description Fold Change padj differential expression during
human heart development
SOX11 SRY-box 11 35.86 3.11E-10 |down-regulated in w16 vs w9
SNAI1 snail family transcriptional repressor 1 3.85 4.33E-10 |down-regulated in w12 and w16 vs w9
FSD1 fibronectin type Il and SPRY domain containing 1 3.31 5.06E-08 |down-regulated in w16 vs w9
D4 inhibitor of DNA binding 4, HLH protein 3.43 4.62E-07 |down-regulated in w16 vs w9
B4AGALNT4 beta-1,4-N-acetyl-galactosaminyltransferase 4 3.84 1.91E-06 |down-regulated in w12 and w16 vs w9
NEFH neurofilament heavy polypeptide 431 1.49E-05 |down-regulated in w12 and w16 vs w9
ADGRL4 adhesion G protein-coupled receptor L4 291 3.93E-05 |up-regulated in w16 vs w9
SH3TC2 SH3 domain and tetratricopeptide repeats 2 3.98 9.91E-05 up-regulated in w12 vs w9
MYOM2 myomesin 2 13.32 1.48E-04 up-regulated in w16 vs w9
Down-regulated
HLA-C major histocompatibility complex, class |, C 0.32 9.58E-10  |up-regulated in w16 vs w9
CBX7 chromobox 7 0.42 3.66E-09 up-regulated in w16 vs w9
TXNIP thioredoxin interacting protein 0.22 3.71E-09 up-regulated in w16 vs w9
DKK2 dickkopf WNT signaling pathway inhibitor 2 0.22 6.15E-09 |down-regulated in w12 vs w9
COL23A1 collagen type XXIlIl alpha 1 chain 0.01 1.42E-08 |down-regulated in w16 vs w9
NEAT1 nuclear paraspeckle assembly transcript 1 0.34 8.18E-08  |up-regulated in w16 vs w9
CFB complement factor B 0.33 1.12E-05 |up-regulated in w16 vs w9
AKAP6 A-kinase anchoring protein 6 0.25 5.86E-05 |up-regulated in w16 vs w9
PODN podocan 0.28 6.59E-05 up-regulated in w12 vs w9
SLC27A1 solute carrier family 27 member 1 0.45 1.65E-04 |up-regulated in w16 vs w9
CTSK cathepsin K 0.27 2.36E-04 |up-regulated in w16 vs w9

majority of affected organ systems being ectodermal-
derived nervous system and craniofacial skeleton, as
well as mesodermal-derived ones. In particular, patients
with SF3B3 variants exhibited a consistent phenotype,
characterised by ASD, DD or ID, language and motor
delay, and multiple congenital defects, including cardiac
and urogenital malformations. Deep-phenotyping high-
lighted the existence of three levels of severity in a broad
continuous spectrum ranging from the most severe form
characterised by microcephaly with sloping forehead,
intrauterine growth retardation, major malformations
and early death after birth, to a multisystemic form, pre-
senting with mild to severe intellectual disability, along
with abnormal behaviour, congenital malformations and
typical facial gestalt. The third form, which is milder, is
associated with ASD without malformations (Fig. 5A).
Patients affected from the severe form deeply differ from
the others in terms of clinical picture. In this regard, the
severe microcephaly, jointly with the distinctive facies
(resembling a form of microcephalic dwarfism) of these
individuals, appears to delineate a condition of marked
severity.

SF3B3 encodes the splicing factor 3B subunit 3, a
component of the U2 snRNP complex of the spliceo-
some. This complex is responsible for accurate splicing
by removing noncoding sequences (introns) and ligating
coding sequences (exons).

It has been demonstrated that mutations in more than
two dozen of the components of this machinery cause
human diseases known as spliceosomopathies, which
result in a severely compromised accuracy of splicing
and altered gene expression [7, 8, 81-84]. Although pre-
mRNA splicing is a global process, the associated dis-
orders tend to affect specific cell types and the derived
tissues due to the tissue specificity of several spliceo-
some components [7, 8, 72, 73]. The majority of spliceo-
somopathies, including those linked to variants in key
components of the SF3b complex PHF5A, SF3B2 and
SF3B4, exhibit craniofacial abnormalities [8, 14, 18, 85].
The SF3B3 individuals who presented with the multisys-
temic form shared several craniofacial features, including
a large/high forehead, hypertelorism, deeply set eyes with
downslanting palpebral fissures, a typical nose charac-
terised by a depressed nasal bridge with a bulbous nasal
tip, low-set ears, a smooth/broad philtrum, a tented
upper lip vermilion and a horizontal crease on the chin.
Furthermore, all the most severe cases presented with
microcephaly. As the recognition of facial features may
be challenging and ultimately constrained by individ-
ual human expertise, we employed the GestaltMatcher
(GM), a tool that was effective in reaching a correct diag-
nosis of ultra-rare syndromes [29, 86]. The computer-
assisted analysis of the facial images of nine individuals
revealed that the SF3B3 patients with the multisystemic
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Fig. 5 Clinical spectrum of the SF3B3-associated condition: consequences of genetic variants and pathogenic mechanisms. (A) The alluvial plot illus-
trates, from left to right, the clinical presentation of the condition, which ranges from a severe form, through a multisystemic form and ending with a
milder form (column 1); SF3B3 protein variants (column 2); and presentation according to the major five phenotype categories (column 3). (B) Graphical
summary of three clusters of missense variants and sketch of their effect on the SF3b complex. The SF3b complex components and single amino acid
variants are depicted and colored as in Fig. 3A. First cluster of variants, including p.Asn671Ser, p.Thr689lle, and p.Arg728Pro, disrupts the interaction
between SF3B3 and RNF113A causing RNF113A dissociation from the SF3b complex. Second cluster, including variants p.Gly216Asp and p.His219Pro,
strengthens the interactions between SF3B3 and SF3B1 hindering the SF3B1 conformational transition from open to closed state. The third cluster, repre-
sented by p.Ala1075Asp variant, strengthens SF3B3's interactions with SF3A3, thus preventing its dissociation required to progress in the splicing cycle. (C)
Different SF3B3 variants result in distinct molecular mechanisms underlying a phenotypic continuum. Percentage of variants'type identified in the three
forms: severe, multisystemic and milder are shown in degrees of grey. LOF: loss of function. Different SF383 variants cause the clinical spectrum of the con-
dition, likely through distinct molecular mechanisms. Missense changes can lead to amino acid substitutions that alter protein-protein binding, reducing
splicing efficiency or fidelity. In addition, single amino acid changes can also result in a partial loss of the SF3B3, presumably due to an increase in the
instability of the protein itself upon a specific mutation. Rare null mutations, such as nonsense/frameshift mutations that result in premature terminations
and large deletions (DECIPHER acc. no.s 393580 and 501047) leading to no SF3B3 production, appear to be associated with a milder SF383 phenotype
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form cluster within a group, indicating the existence of
distinctive craniofacial characteristics for this condition.
While the analysis would benefit from including addi-
tional patients to further define the syndrome’s gestalt
phenotype, the results suggest that GM might be a valu-
able tool in accelerating an early diagnosis.

In the present study, we have identified 22 variants in
the SF3B3 gene, comprising 18 missense changes, a one-
amino-acid in-frame deletion, one nonsense variant, and
two frameshifts. The analysis with several prediction
tools indicated a gradient of pathogenicity for the differ-
ent variants, consistent with the clinical presentation’s
severity (Additional file 1: Table S1A).

In patients’ fibroblasts we observed a reduction in
SF3B3 protein levels ranging from approximately 15% to
30%, while homeostatic levels of SF3B2, SF3B4, SF3B6,
PHF5A, and RNF113A were maintained. In contrast,
SF3B1 levels were decreased in fibroblasts from patients
1, 2, and 6, suggesting individual differences in the abil-
ity to maintain normal levels of this critical splicing fac-
tor. Despite well-established autoregulatory and feedback
mechanisms of other spliceosomal components [18], our
data do not support the presence of such regulation for
SF3B3-related condition. This reinforces the idea that
even modest reductions in SF3B3 expression may have
pronounced, cell-type—specific consequences during
embryonic development—particularly in vulnerable pop-
ulations such as neurons and neural crest cells. Evidence
from other syndromes supports the plausibility of such
cellular vulnerabilities: conditional knockout of factors
such as Sf3b4, Eftud2 and Snrpb in mouse embryos leads
to aberrant splicing and defects in neuronal and neu-
ral crest cell development, resulting in microcephaly or
craniofacial malformations [81, 87-89], phenotypes that
closely mirror the human syndromic conditions associ-
ated with pathogenic variants in these genes [15, 90, 91].
Our findings suggest that impaired SF3B3 stability—
together with variant-specific functional defects—may
similarly disrupt RNA processing during critical develop-
mental windows, contributing to the neurodevelopmental
and craniofacial features observed in affected individuals.

The all-atom molecular dynamics simulations have
made a unique contribution to the decryption of the
complexity of spliccosome assembly along the splicing
cycle. They have shed light on the role of disease-causing
variants in genes coding its components [92, 93] and in
this study revealed a remarkable impact of the SF3B3
missense variants on complex assembly and function.
The analysis identified three clusters of variants, each
exhibiting a distinctive impact on the molecular and
functional dynamics of SF3b (Fig. 5B). The first clus-
ter (p.(Asn671Ser), p.(Thr689lle), and p.(Arg728Pro))
weakened the interactions with RNF113A. This pro-
tein is a component of the B** complex and is involved
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in recognising the guanine nucleotide at the 5-end of
the 5'-splice site (5’'SS). It directly interacts with several
splicing factors within the spliceosome complex, includ-
ing SF3B2 [94]. RNF113A modulates the structural rear-
rangements that facilitate the relocation of the 5SS into
the catalytic centre for the first splicing reaction [43]. Fur-
thermore, RNF113A interacts and polyubiquitinates the
U5 snRNP BRR2 DExD/H-box ATPase, a splicing heli-
case responsible for U4/U6 unwinding during spliceoso-
mal activation, which is involved in the DNA alkylation
damage repair process [95]. In this scenario, the investi-
gated variants, by disrupting the interactions between
RNF113A and SF3B3, could hinder the formation of the
B** complex, thus preventing the first catalytic step, ulti-
mately resulting in reduced splicing efficiency or fidelity.

It is noteworthy that a reduction in RNF113A activ-
ity is linked to neurodevelopmental disorders, includ-
ing autism and X-linked trichothiodystrophy syndrome,
characterised by intellectual disability, ataxia, seizures
and microcephaly [96].

The second cluster of variants (p.(Gly216Asp) and
p.(His219Pro)) may hinder the conformational transition
from the open to the closed state, which is essential for
the formation of the B** spliceosome complex. It may
result in the stalling of the splicing cycle and a subse-
quent compromise in splicing efficiency. In light of the
experimental evidence on cancer-associated SF3B1 vari-
ants, we speculate that these mutations may have a more
pronounced impact on the recognition of ‘weak’ sub-
optimal intronic sequences (i.e., sequences which have
a reduced base pair complementarity to U2 snRNA). It
may result in greater difficulties to ‘outcompete’ the vari-
ants’ effect in comparison to ‘strong’ optimal pre-mRNA
sequences, which may instead be able to trigger the for-
mation of a closed SF3B1 structure even in the presence
of the variants. Finally, the majority of spliceosome pro-
teins contain intrinsically disordered regions (IDRs) pre-
sumably to promiscuously interact with other proteins
and thus facilitate the transitions between different stages
of the splicing cycle. As such, the p.(Alal075Asp) variant,
representing the third cluster, may hinder the possibil-
ity of interacting with and quickly exchanging binding
partners. This could affect the progression of the spliceo-
some along the splicing cycle, thus lowering its efficiency.
This hypothesis is corroborated by the observation that
Alal075 interacts with different partners in the Open/
Closed SF3b models. Specifically, it forms an electrostatic
salt bridge with SF3A3, part of the spliceosome in E, A
and B states. However, this interaction is lost during the
transition into the B** complex, when SF3B1 assumes a
closed conformation. Here, the p.(Alal075Asp) variant
interacts with the SF3B2 protein.

Our findings suggest that SF3B3 variants may impair
the complex formation and progression through the
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different phases of the splicing cycle or lead to altered
splicing kinetics. While the spliceosome is active in all
cell types, with the majority of the proteins presumably
expressed ubiquitously throughout development, there
are some expression biases towards specific tissue types
and developmental time points [97]. Concerning this
matter, we know that certain cell types are more suscep-
tible to splicing inhibition and that the splicing kinetics
of individual introns is variable depending on the origin
of the cells [98]. Furthermore, cells with elevated splicing
kinetics, such as neural progenitor cells in the developing
embryo, may be more susceptible even to minor pertur-
bation of the spliceosomal function.

With regard to the SF3B3 variants associated with
the severe form, identified in the probands P9, P10, and
P11, it is only possible to speculate about their func-
tional consequences. While no direct contacts between
the mutated residue and the protein partners can be
observed in any of the available structures, all contain
intrinsically disordered regions (IDRs) for which it is dif-
ficult to extract structural data by cryo-EM studies. The
presence of IDRs is a common feature of most splicing
factors or proteins that are involved in pre-mRNA selec-
tion and/or proofreading since they help to mediate tran-
sition through different stages of the splicing cycle [99].

In our cohort, we have identified three LOF SF3B3
variants in the individuals P12, P19 and P23, exhib-
iting different degrees of severity. Two variants
(c.1242_1243insCTGGC, p.(Asn417Trpfs*21) and
c.1390C>T, p.(Argd64*)), associated with milder pheno-
type with ASD and DD/ID in P19 and P23, are located
closer to the 5" end of the gene and their transcripts likely
undergo nonsense-mediated decay (NMD). This hypoth-
esis is corroborated by the identification of two individu-
als in the DECIPHER database [37] with small deletions
of the 16q22.1, encompassing the SF3B3 gene. The afore-
mentioned deletions result in a haploinsufficiency, with
one at least confirmed to be de novo. Such variants are
associated with a phenotype characterised by ASD or/
and ID (DECIPHER acc. no.s 393580 and 501047). Nota-
bly, the only other gene with a high pHaplo score in these
deletions is AP1G1. Nevertheless, heterozygous patho-
genic variants of this gene are associated with a syn-
dromic phenotype (MIM: #619467). Furthermore, while
the homozygous knockout of the $f363 mouse ortholog
impacts lethality at an early stage of embryonic develop-
ment (prior to organogenesis), the heterozygous mouse
exhibited behavioural abnormalities, hyperactivity,
abnormal coat pigmentation, and corneal morphology
without any other prominent anomalies or congenital
malformations [100] (MGI: 6159653). These observations
suggest that haploinsufficiency of SF3B3 is associated
with a milder presentation with DD/ID and ASD.
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Notably, the third LOF variant, c¢.2364dup,
p.(Val789Cysfs*5), was identified in individual P12, exhib-
iting a phenotype consistent with a syndromic presenta-
tion. Given that this mutation occurs more proximal to
the 3’ end of the gene, it may escape NMD and result in
a mutant protein retaining some altered functional pro-
tein activity or acting in a dominant-negative fashion. This
hypothesis has not been investigated due to the unavail-
ability of biological materials and thus still requires con-
firmation. Nevertheless, studies have demonstrated that
nonsense SN'Vs and frameshift indels variants are enriched
towards the 3’ end of the affected gene in the control pop-
ulation, resulting in aberrant mRNAs expressed at levels
comparable to wild-type ones, indicating a greater toler-
ance to truncation close to the end of the coding sequence
[101]. In this regard, it has been demonstrated in patient-
derived fibroblast cell lines that some transcripts harbour-
ing PTCs in SF3B4 and PHF5A escape NMD, resulting
thereby in stable mutant transcripts [18, 102].

The analysis of RNA sequencing data from patient-
derived fibroblasts revealed transcriptional and post-
transcriptional dysregulation. Differential expression
(DE) analysis identified cell cycle regulators as the most
prominently affected gene class, consistent with altered
cell cycle profiles observed by flow cytometry. These
findings indicate that SF3B3 variants disrupt core tran-
scriptional programs controlling proliferation and cell
cycle progression, a process increasingly recognized as
relevant to neurodevelopmental disorders [103]. Proper
cell cycle regulation is crucial for growth, differentiation,
morphogenesis, and organogenesis, with rapidly prolif-
erating cells such as neural precursors being particularly
sensitive to spliceosomal perturbations [81, 104]. Coor-
dinated cell proliferation is required for correct tissue
organization, and disruptions in division or cell death
can cause severe developmental defects and contribute
to central nervous system pathophysiology [105-107].
Because fibroblast transcriptomes cannot fully reca-
pitulate tissue-specific developmental processes, these
expression changes should be interpreted as hypothesis-
generating rather than as direct mechanistic evidence.

Given the pivotal role of splicing in gene expression,
mutations, altered expression, or post-translational mod-
ifications in over 30 core spliceosomal components—
including PHF5A, a SF3b complex component linked to
a novel spliceosomopathy overlapping SF3B3-associated
phenotypes—can disrupt cell cycle progression [18,
81, 108]. In line with the essential roles of spliceosomal
components, including SF3B3, in cell progression, sur-
vival, and differentiation—as evidenced by early embry-
onic lethality in knockout mice [81]—the transcriptome
analysis revealed significant enrichment of DEGs
involved in urogenital system development, heart mor-
phogenesis, neural crest differentiation, neuronal death,
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neurogenesis, and Notch signaling. Key DEGs included
genes that encode for transcription factors SOX11, HES],
SIX1, ID4, and SNAI1, which orchestrate early embry-
onic development, organogenesis, and neural differen-
tiation. These factors interact with Notch signaling, with
ID4 modulating HES1 activity to control neural stem/
progenitor cell proliferation and differentiation [109-
117]. Dysregulation of this network in SF3B3 patient
fibroblasts suggests disrupted spatiotemporal control of
cell fate, consistent with the observed neural and organ
developmental defects and the novel neurodevelopmen-
tal phenotype associated with SF3B3 variants.

AS analysis revealed patient-specific alterations, notably
the overrepresentation of RI events, suggesting a potential
disease-specific splicing signature. RI events can modulate
mRNA stability and translation, mechanisms critical dur-
ing embryonic development [118, 119]. Consistent with
our observations, mutations in the spliceosomal compo-
nent EFTUD2 cause extensive intron retention, illustrat-
ing that RI can reflect core spliceosomal dysfunction [120].
Other spliceosome components, including SF3B1 and
ZRSR2, are also associated with intron retention in dis-
ease contexts [121, 122]. Across all significantly altered AS
events—not limited to RI—Gene Ontology enrichment
highlighted ionotropic glutamate and neurotransmitter
receptor complexes, NuA4/H4-H2A histone acetyltrans-
ferases, nuclear matrix components, and adhesion/ECM
pathways, indicating potential impacts on synaptic excit-
ability, transcriptional regulation, and structural programs
relevant to congenital malformations [123—-125]. Together,
these findings suggest that SF3B3 could coordinate cell
cycle progression at the transcriptional level while con-
trolling isoform-specific programs affecting for synaptic
function, chromatin organization, and cell architecture.
The RI signature might link post-transcriptional regula-
tion to transcriptional and cell cycle alterations, providing
a mechanistic framework connecting aberrant splicing,
DEGs, and the neurodevelopmental phenotypes charac-
teristic of this novel SF3B3-related condition.

Finally, analysis of expression trajectories during
human neurodevelopment revealed potential co-regu-
lation modules between SF3B3 and DEGs enriched in
neurobiologically relevant GO processes. For example,
WNT7B, DLX2, and SOX11 show higher expression until
late mid-fetal development, followed by a rapid decrease
between 24 and 37 weeks of gestation, paralleling SF3B3
patterns. Similarly, genes such as DCX, VGS, SNAP2S5,
and SERPINFI1 display temporal expression consistent
with neuronal progenitor activity, dendrite formation,
and synapse development [73]. These observations sug-
gest that aberrant SF3B3 levels may disrupt finely con-
trolled spatiotemporal gene expression during brain
development, potentially affecting neuronal maturation.
Further studies are needed to validate this hypothesis.
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Conclusions

We report on 24 individuals with de novo heterozygous
SF3B3 variants responsible for a novel syndromic neu-
rodevelopmental disorder characterised by DD, ID, lan-
guage and motor delay, multiple congenital anomalies,
and distinctive craniofacial gestalt. The clinical severity
of the condition ranges from an extremely severe pre-
natal form, which may result in perinatal lethality, to a
milder presentation with ASD and DD/ID.

The phenotypic spectrum associated with SF3B3 vari-
ants likely results from distinct molecular mechanisms,
which contribute to varying extents depending on the
specific variant (Fig. 5C). A gradient of pathogenicity is
consistent with the severity of clinical presentation. Mis-
sense variants, which account for 100%, 86%, and 60% of
all identified variants in the most severe, multisystemic,
and milder forms, respectively, lead to amino acid sub-
stitutions that alter SF3B3 function, including protein-
protein interactions within the SE3b complex, resulting in
reduced splicing efficiency or fidelity. These variants also
produce partial loss of SF3B3, likely due to conformational
changes that increase intrinsic protein instability. Protea-
some inhibition experiments suggest that reduced pro-
tein stability may contribute to the phenotype, although
variant-specific effects appear complex. Rare null variants
(nonsense and frameshift), predominantly associated with
milder phenotypes, as well as large deletions (reported in
DECIPHER [37]), likely cause SF3B3 haploinsufficiency.

Importantly, patient-derived fibroblasts carrying SF3B3
variants exhibit widespread transcriptomic changes,
including dysregulation of cell cycle genes and a distinct
alternative splicing profile (e.g., retained introns and
other splicing alterations). Functionally, clear cell cycle
perturbations are observed in some patients, highlight-
ing the interplay between quantitative (protein level) and
qualitative (functional) effects of SF3B3 variants. These
observations indicate that multiple mechanisms—includ-
ing altered protein stability and impaired function—con-
verge to affect transcriptome fidelity, alternative splicing,
and downstream cellular processes, collectively shaping
the clinical spectrum.

We note that while these findings help explain how
variants in SF3B3 can produce a continuous spectrum of
clinical phenotypes, the diversity of phenotypes across
SE3b-related syndromes likely reflects differences in
expression patterns, variant-specific effects, and tissue-
specific splicing programs. Our study is also limited
by the use of fibroblasts as a surrogate model, the rela-
tively small sample size, and the lack of in vivo validation.
Nonetheless, these results underscore the importance
of variant-specific effects in SF3B3-related neurodevel-
opmental disorders and provide a framework for future
functional studies to dissect the underlying pathogenic
mechanisms.
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