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Summary

The vast majority of human genes encode multiple isoforms through alternative splicing, and the temporal and spatial regulation of
those isoforms is critical for organismal development and function. The spliceosome, which regulates and executes splicing reactions,
is primarily composed of small nuclear ribonucleoproteins (SnRNPs) that consist of small nuclear RNAs (snRNAs) and protein subunits.
snRNA gene transcription is initiated by the snRNA-activating protein complex (SNAPc). Here, we report ten individuals, from eight fam-
ilies, with bi-allelic, deleterious SNAPC4 variants. SNAPC4 encoded one of the five SNAPc subunits that is critical for DNA binding. Most
affected individuals presented with delayed motor development and developmental regression after the first year of life, followed by pro-
gressive spasticity that led to gait alterations, paraparesis, and oromotor dysfunction. Most individuals had cerebral, cerebellar, or basal
ganglia volume loss by brain MRI. In the available cells from affected individuals, SNAPC4 abundance was decreased compared to un-
affected controls, suggesting that the bi-allelic variants affect SNAPC4 accumulation. The depletion of SNAPC4 levels in HeLa cell lines
via genomic editing led to decreased snRNA expression and global dysregulation of alternative splicing. Analysis of available fibroblasts
from affected individuals showed decreased snRNA expression and global dysregulation of alternative splicing compared to unaffected
cells. Altogether, these data suggest that these bi-allelic SNAPC4 variants result in loss of function and underlie the neuroregression and
progressive spasticity in these affected individuals.

Introduction This ubiquity not only expands transcriptomic complexity

but also serves as a post-transcriptional mechanism of
Alternative splicing is a ubiquitous mechanism within eu- modulating gene expression and function that is critically
karyotic genomes, particularly in the human genome, important in both development® and maintenance of
where 95% of exonic genes encode multiple isoforms."”” homeostasis in differentiated tissue.”” This process has
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been well characterized in the developing nervous system,
where differential alternative splicing can either serve as a
master switch over larger transcriptional programs'”'" or
be the mechanistic target of a developmental switch.'”
The importance of alternative splicing within the nervous
system is underscored by the neurological disorders linked
to its dysfunction, including amyotrophic lateral sclerosis
(ALS [MIM: 105400]),"* autism (MIM: 209850),"* Hunting-
ton disease (MIM: 143100),'> and NSRP1-related disorders
(MIM: 620001).'¢

Splicing is facilitated by small nuclear ribonucleopro-
teins (snRNPs),'” which are composed of a small nuclear
RNA (snRNA) and several protein subunits. The snRNA
components of snRNPs mediate the splicing reaction by
base pairing with canonical splicing motifs on pre-mRNAs,
mediating RNA-RNA interactions between snRNPs, and
facilitating broader RNA-protein reactions within the spli-
ceosome.'® There are five spliceosomal snRNPs in the ma-
jor spliceosome, i.e., U1, U2, U4, US, and U6; each plays a
distinct role in catalyzing the splicing reaction. The U1 and
U2 snRNPs are responsible for binding the 5’ splice site and
branch splice site, respectively, while the U4, U5, and U6
snRNPs form a tri-snRNP complex that is required for as-
sembly and function of the catalytic spliceosome.'®

The biogenesis of snRNPs is a multifaceted process
involving post-transcriptional modifications, assembly of
RNA and protein subunits, and trafficking between cellular
compartments.'? snRNP biogenesis starts with the tran-
scription of snRNA genes,”” all of which share a common
promoter sequence, the proximal sequence element
(PSE), which is recognized by the transcription-initiating
snRNA-activating protein complex (SNAPc).”! SNAPc
binding to the PSE is mediated through the SNAPC4 sub-
unit, while other subunits (SNAPC1, 2, 3, and 5) modify
PSE-binding affinity or mediate interactions with tran-
scriptional co-activators.””** There is no human disease
associated with variants in SNAPC4 (MIM: 602777).

In this study, we report ten individuals, from eight fam-
ilies, with bi-allelic variants in SNAPC4 who presented
with a neurodevelopmental disorder (NDD). The disease
course involved developmental and motor regression after
the first year of life, and progressive, ascending spasticity
with increased tone and deep tendon reflexes (DTRs), par-
aparesis, and oromotor dysfunction. Brain imaging re-
vealed atrophy of the cerebellum, cerebrum, and basal
ganglia. To investigate the consequence of the SNAPC4
loss-of-function (LOF) variants, we generated a SNAPC4-
deficient HelLa cell model and demonstrated a reduction
in snRNA expression that was associated with widespread
alternative splicing dysregulation. More importantly, we
observed similar reductions in snRNA expression and dys-
regulation of alternative splicing in fibroblasts from
affected individuals with LOF variants in SNAPC4, in
keeping with the role of SNAPC4 in modulating snRNA
expression and global alternative splicing. These results,
paired with the consistent neuroregression and progres-
sive spasticity observed in these affected individuals,

make SNAPC4 a compelling disease-associated gene for
the neurodevelopmental disease trait.

Material and methods

Affected individuals and clinical evaluation

Individual 1 was evaluated through research protocols of the Na-
tional Institutes of Health Undiagnosed Diseases Program®*>°
(76-HG-0238) and Undiagnosed Diseases Network (15-HG-0130)
approved by the NHGRI IRB. Individual 2 was evaluated and fol-
lowed at Texas Children’s Hospital (Houston, TX, USA), and she,
her parents, and unaffected siblings were consented under Baylor
College of Medicine IRB-approved protocol H-29697. Individuals
3 and 4 were clinically assessed and followed at the Center for
Rare Childhood Disorders at the Translational Genomics Research
Institute (TGen) (Phoenix, AZ, USA) and were enrolled under the
Center for Rare Childhood Disorders (C4RCD) research protocol
at TGen (WIRB # 20120789) approved by the Western IRB. Indi-
vidual 5 was evaluated under a study protocol approved by the
IRBs of the Faculty of Medicine, Yokohama City University, Japan.
Individual 6 was evaluated at Amsterdam University Medical Cen-
ters and consented under a research protocol (NL67721.018.19)
approved by the Amsterdam University Medical Center IRB. Indi-
viduals 7 and 8 were evaluated through research projects approved
by the National Ethics Committee (Comité de Protection des Per-
sonnes, Ile-de France II, number 20100A1481-38) and registered
at ClinicalTrials.gov (NCT01565005). Individual 9 was clinically
assessed and followed at Robert Debré Hospital and gave written
informed consent to DNA analysis and associated studies (Paris,
France). Individual 10 was evaluated and followed at Bambino
Gesu Children’s Hospital (Rome, Italy) and was consented under
the hospital’s diagnostic procedure protocol. Written consent for
all the participants under the age of 18 years was obtained from
the parents or guardians.

Sequencing

Quartet genome sequencing (GS) was performed on individual 1
at HudsonAlpha Institute for Biotechnology (Huntsville, AL)
through the Undiagnosed Diseases Network. Individual 2 under-
went clinical trio exome sequencing (ES) at Baylor Genetics (Hous-
ton, TX). Individual 3 underwent clinical trio ES at GeneDx
(Gaithersburg, MD). Individual 4 underwent clinical trio ES at
TGen (Phoenix, AZ). Individual 5 underwent clinical trio ES at Yo-
kohama City University Graduate School of Medicine (Yokohama,
Japan). Individual 6 underwent clinical trio ES by BGI (Shenzhen,
China). Individuals 7 and 8 underwent clinical trio ES (Intragen,
Evry, France), while individual 9 underwent clinical trio GS
(LBMS SeqOlIA, Paris, France). Individual 10 underwent an
expanded custom clinical exome sequencing that included more
than 10,000 genes (Twist Bioscience, California, USA). We utilized
GeneMatcher”’ to connect the researchers and clinicians.

Cell culture

Primary dermal fibroblasts from affected individuals 1, 2, 3, 4, and
6 were cultured from a forearm skin biopsy.”® Unaffected primary
dermal fibroblasts GM01652, GM07522, and GM09503 (Coriell
Institute for Medical Research) were used as controls. Fibroblasts
were cultured in high glucose DMEM (11965092, Thermo Fisher
Scientific) with 10% FBS (10082, Thermo Fisher Scientific), and
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1x antibiotic-antimycotic (15240, Thermo Fisher Scientific) at
37°C with 5% CO,.

We isolated lymphocytes from whole blood of individual 5 and
transformed them with Epstein-Barr virus to generate a lympho-
blastoid cell line. Unaffected lymphoblastoid cell lines AG09392
and AG15022 (Coriell Institute for Medical Research) were used
as controls. Lymphoblastoid cell lines were cultured in RPMI
(61870127, Thermo Fisher Scientific) with 10% FBS (10082,
Thermo Fisher Scientific) and 1x antibiotic-antimycotic (15240,
Thermo Fisher Scientific) at 37°C with 5% CO,.

RNA extraction and reverse transcription

Total RNA was extracted from cells with the RNeasy Mini Kit
(74104, Qiagen), following the manufacturer’s protocol. cDNA
was then synthesized with the Omniscript RT Kit (205111, Qia-
gen) and random nonamer primers (R7647, Millipore Sigma) at a
final concentration of 10 pM, following the manufacturer’s
protocol.

For individual 7, total RNA from dermal fibroblasts was ex-
tracted with a NucleoSpin RNA extraction kit (Macherey-Nagel,
Germany) according to the manufacturer’s protocol. Extracted
mRNA was analyzed for quality and concentration by spectropho-
tometry (Nanodrop2000, Thermo Fisher Scientific, Waltham, MA,
USA). Reverse transcription was performed with an iScript cDNA
synthesis kit (BioRad, Hercules, CA, USA).

Quantitative PCR

Relative expression of mRNA was analyzed via TagMan Gene
Expression Assays with the TagMan Gene Expression Assay Master
Mix (4370048, Thermo Fisher Scientific) and the 7500 Fast Real-
Time PCR System (Applied Biosystems). A full list of probes
and normalization is listed in the supplemental information
(Table S2 and supplemental methods, respectively).

cDNA sequencing

To determine the consequence of the splice site variants, we per-
formed RT-PCR followed by TOPO cloning to isolate and sequence
single alleles by using the TOPO TA Cloning Kit for Sequencing
(450030, Invitrogen), following the manufacturer’s protocol. De-
tails are provided in the supplemental methods.

Nonsense-mediated mRNA decay (NMD) analysis
Nonsense-mediated mRNA decay in cultured lymphoblastoid cells
from individual 5 was examined by using cycloheximide treat-
ment. DMSO with or without 30 pM cycloheximide (Sigma) was
added to the culture medium for 5 h, and total RNA was isolated
with RNeasy Mini Kit (74104, Qiagen). cDNA was synthesized
from 2 pg of total RNA with random hexamers via the
PrimeScript 1st Strand cDNA Synthesis Kit (Takara Bio), and
50 ng of cDNA was used for RT-PCR. PCR products were resolved
on 1% agarose gels and detected by ethidium bromide staining.

Sanger sequencing

PCR products were enzymatically cleaned up with the ExoSAP-IT
Express PCR Product Cleanup Reagent (75001.200.UL, Applied
Biosystems), following the manufacturer’s protocol. The clean
PCR product was then amplified with the BigDye Terminator
v3.1 Cycle Sequencing Kit (4337457, Applied Biosystems), and
the sequencing reaction was purified with the BigDye XTermina-
tor Purification Kit (4376485, Applied Biosystems), following the
manufacturer’s protocol. Sequencing reactions were separated by

capillary electrophoresis with the SeqStudio Genetic Analyzer Sys-
tem (A35645, Applied Biosystems). Sequences were analyzed with
Sequencher (version 5.4.6, build 46289, Gene Codes).

Generation of a HeLa SNAPC4-deficient cell line

We used CRISPR-Cas9 technology to generate a SNAPC4-deficient
HeLa cell line. In brief, we used guide RNAs (gRNAs) targeting
exons 2, 3, and 4 of SNAPC4 (Figure S1B, Table S1), and we isolated
single clones by using limiting dilution. We genotyped clonal pop-
ulations by using primers designed to encompass the targeted re-
gion (Figure S1C). We extracted DNA from the clones of interest
(control clone #1, KO clone #12, and KO clone #19) by using
the DNeasy Blood and Tissue Kit (Qiagen). The region was then
amplified via the Multiplex PCR Kit (206143, Qiagen) with the
primers listed in Table S1. Deficiency of SNAPC4 mRNA expression
was confirmed by quantitative PCR and immunoblot. TagMan
assay IDs used for quantitative PCR and antibodies for immuno-
blot are listed in Tables S2 and S3, respectively.

Immunoblot analysis

Cells were harvested from 70% to 90% confluent flasks of dermal
fibroblasts, washed with PBS, and lysed with 2x SDS lysis buffer
(250 mM Tris-HCI [pH 6.8], 4% SDS, 10% glycerol, Complete Pro-
tease Inhibitor Cocktail [Roche], and PhosSTOP phosphatase in-
hibitor cocktail [Roche]). Lysates were kept at room temperature
for 5 min, followed by sonication. After centrifugation, superna-
tants were transferred to a new tube and protein concentrations
were measured with the DC Protein Assay (Bio-Rad Laboratories).
Total protein was resolved by SDS-PAGE on 4%-15% Tris-Glycine
Gels (Bio-Rad Laboratories) and transferred to nitrocellulose mem-
branes via a Trans-Blot Turbo Transfer System (Bio-Rad Labora-
tories). Immunoblotting was carried out as described previously.*’
Full, uncropped images of all blots are included in the supple-
mental information (Figure S2).

RNA-sequencing (RNA-seq) analysis
For bulk RNA-seq, total RNA was extracted from HeLa cells with
the Maxwell RSC simplyRNA Cells Kit (AS1390, Promega). Full de-
tails of library preparation are described in the supplemental infor-
mation (supplemental methods). Briefly, we constructed stranded
poly(A)-selected mRNA libraries from total RNA and sequenced
these on an S$4 flow cell on a NovaSeq 6000 by using version 1.5
chemistry to achieve a minimum of 50 million 150 base read pairs.
The data were processed with RTA version 3.4.4. Reads were then
aligned to GRCh37 with HISAT2,% and read counts were gener-
ated with DESeq2.*! Differential expression was determined with
the results() function in the DESeq2*' R package. All differentially
expressed genes (adjusted p < 0.05) were then tested for func-
tional enrichment with the WebGestaltR** R package. To analyze
alternative splicing in the transcriptome, we ran rMATS*® with
the --variable-read-length and —allow-clipping flags functions by us-
ing the BAM files generated from the read alignment of samples.
For small RNA-seq, total RNA was extracted from HeLa cells and
fibroblasts with the Maxwell RSC miRNA from Tissue Kit (AS1460,
Promega) according to the manufacturer’s specifications. Small
RNA-seq was carried out by BGI Genomics (Shenzhen, China).
Briefly, total RNA was size selected for fragments between 50 bp
and 200 bp, which were sequenced with 50 bp single-end reads
at an average depth of 20 million reads per sample. Reads were
then aligned to GRCh37 by BGI. Next, counts were generated

The American Journal of Human Genetics 170, 663-680, April 6, 2023 665



with DESeq2.*! Differential expression was determined with the
results() function in the DESeq2*' R package.

Protein structure analysis

The structure of SNAPC4 bound to DNA was modeled for residues
Lys 345 to Gly 500, using the Prime software tools (Schrodinger),
with the crystal structure 1h88.pdb** as the template. Of the 156
residues modeled, 51 (33%) were identical to the nearest residue in
the template structure. The model was rendered with the programs
MolScript*® and Raster3D.*°

Statistical analysis
Differences in SNAPC4 mRNA, SNAPC4 protein, and various
snRNAs between the affected individual and control groups were
evaluated with either a two-sample t test (o = 0.05) if Shapiro’s
test showed normal distribution of data within each group
(p > 0.05) or Mann-Whitney U test (¢ = 0.05) if Shapiro’s test
showed nonnormal distribution of data within each group (p <
0.05). Differences in expression of SNAPC4 mRNA, SNAPC4 pro-
tein, and snRNAs between specific cell lines were evaluated with
either a two-way ANOVA (a = 0.05) if Shapiro’s test showed
normal distribution of data within each cell line (p > 0.05) or
the Kruskal-Wallis rank-sum test (o = 0.05) if Shapiro’s test showed
nonnormal distribution of data within one or more cell lines (p <
0.05). If a two-way ANOVA or Kruskal-Wallis rank-sum test showed
significance (p < 0.05), Tukey’s test (& = 0.05) or Dunn’s test (& =
0.05) was used for post-hoc analysis, respectively.

Enrichment for genes containing U12-type introns in differen-
tially spliced events from HeLa cells was tested with Fisher’s exact
test (a = 0.05). All statistical analyses were carried out with R.

Results

Bi-allelic SNAPC4 variants are associated with a
progressive neurodevelopmental disorder and lead to
SNAPC4 deficiency
We describe ten individuals, from eight families, who pre-
sented with an autosomal recessive NDD (Figure 1A and
Table 1). Their NDD is characterized by progressive spas-
ticity and developmental and motor regression after the
first year of life, initially presenting as progressive spastic
paraparesis that led to gait alterations. Further, they pre-
sented with generalized motor compromise including oro-
motor dysfunction; movement disorder associated with
dystonic posturing is seen in some affected individuals,
while in one individual a possible later lower motor
neuron compromise indicated by grouped fiber atrophy
on muscle biopsy was seen (individual 5) (Figure S3). Other
phenotypes noted included short stature (individuals 1-
10), microcephaly (individuals 1, 3-9) (Figure 1B), and
increased deep tendon reflexes (individuals 1-9) (Table 1).
Individuals 1, 2, 3, 5, 6, 7, 8, and 9 had MRI studies
of the brain (Figure 2), which showed evidence of struc-
tural abnormalities on one or more MRIs in individuals
1, 2, 6, 7, 8§, and 9 (Figures 2A, 2B, and 2E-2H).
Specifically, diffuse cerebral atrophy (individuals 1 and
6) (Figure 2A and 2E) as well as severe volume loss in
the cerebellum (individuals 2 and 6-9) (Figures 2B and

2E-2H) and basal ganglia (individuals 2 and 6)
(Figures 2B and 2E) were observed. Interestingly, the
age of onset was variable across the affected individuals.
While individual 1 had no reported findings at 2
years, cortical atrophy was only detected at 14 years
(Figure 2A). Additionally, while individuals 2 and 6
have similar findings in their most recent MRIs, their
acquisition of those abnormalities differed. Individual 2
initially showed evidence of only basal ganglia atrophy
at 18 months (Figure S4B) and of cerebellar atrophy at
5 years (Figure 2B). Conversely, individual 6 initially pre-
sented with severe cerebellar atrophy at 18 months
(Figure S4E), with note of basal ganglia atrophy only
evident at 2 years (Figure 2E). An MRI of individual 5
at 15 years showed moderate microcephaly (Figure 2D).
Of note, cerebellar atrophy was observed to be progres-
sive in individuals 2, 6, 7, and 8 (Figure S4). Childhood
head circumferences showed that five individuals were
microcephalic at birth (individuals 1, 5, 7-9, Figure 1B),
and others had normal head circumferences at birth
but fell off the normal growth curve later in life (individ-
uals 3, 4, 6, 10, Figure 1B). Images from all available brain
MRI studies (Figure S4), clinical histories (supplemental
note: case reports), and phenotyping (Table S4) are avail-
able in the supplemental information.

Exome or genome sequencing identified bi-allelic vari-
ants in SNAPC4, the DNA-binding subunit of the SNAP
complex (Figures 3A and 3B), in all affected individuals,
which were confirmed by Sanger sequencing and segre-
gated with disease. Affected individuals with these variants
were identified with the GeneMatcher platform.”” All the
variants were compound heterozygous pairs, except in in-
dividuals 7-9, who come from consanguineous families.
Of the 13 SNAPC4 alleles identified, six were missense,
one was nonsense, one was frameshift, and five were
splice site variants (Table 1). All splice site variants were
confirmed to interfere with splicing by cDNA sequencing
and ultimately introduce premature stop codons
(Figures S5 and S6). All missense variants—c.553A>G
(GenBank: NM_003086.3) (p.Lys185Glu [GenBank: NP_003
077.2]), ¢.595G>A (GenBank: NM_003086.3) (p.Asp199Asn
[GenBank: NP_003077.2]), c.1157A>G (GenBank: NM_003
086.3) (p.GIn386Arg [GenBank: NP_003077.2]), c.1321G>A
(GenBank: NM_003086.3) (p.Asp441Asn [GenBank: NP_003
077.2]), ¢.1436T>C (GenBank: NM_003086.3) (p.Ile479Thr
[GenBank: NP_003077.2]), ¢.2900G>T (GenBank: NM_003
086.3) (p.Gly967Val [GenBank: NP_003077.2])—were pre-
dicted to be pathogenic with in silico tools (Table S5). The
locations of the three missense variants within the DNA-
binding domain are highlighted in the modeled structure
of SNAPC4 (Figures 3C and 3D), with Asp 441 interacting
directly with the DNA. Asp 441 corresponds to Glu 132
in the homologous template structure (1h88.pdb**), while
GIn 386 and Ile 479 are unchanged from the correspond-
ing template residues. The variants p.GIn386Arg and
p-Asp441Asn alter the charge of the native residue, which
could potentially destabilize the interaction of SNAPC4
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Figure 1. Disease inheritance and head circumference measurements in individuals with bi-allelic SNAPC4 variants
(A) Pedigrees showing SNAPC4 genotypes and disease inheritance for families 1-8.
(B) Head circumference measurements for individuals 1-9.

with DNA. The p.lle479Thr variant changes a hydrophobic  chain less suited to this environment. Consequently,
side chain that is oriented toward the protein core and p.le479Thr may cause misfolding of this region of
packs against Leu 467 and Ile 468 with a hydrophilic side SNAPC4, which is proximal to the bound DNA. Therefore,
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Table 1.

Summary of clinical and variant features of individuals with bi-allelic variants in SNAPC4

Variant or phenotype

Individual 1

Individual 2

Individual 3

Individual 4

Individual 5

Individual 6

Individual 7

Individual 8

Individual 9

Individual 10

Genomic changes

mRNA
changes

Amino acid changes

Inheritance pattern

9:2.139278469A>G,
9:2.139289331_
139289332del

¢.1436T>C, c.472-1_

472-2del

p.lle479Thr,
p-Gly158Valfs*65

paternal, maternal

9:2.139288738C>T,
9:139281936:C>A

c.595G>A,
c.1325+1G>T

p-Asp199Asn,
p.Arg434Glyfs*10

paternal, maternal

9:139281941:C>T, 9:139281941:C>T,

9:139282267:T>C
c.1321G>A,
c.1157A>G

p.-Asp441Asn,
p-GIn386Arg

paternal, maternal

9:139282267:T>C
c.1321G>A,
c.1157A>G

p-Asp441Asn,
p-GIn386Arg

paternal, maternal

9:139288780T>C,
9:139276275C>A

c.553A>G,
€.2317+1G>T

p-Lys185Glu,
p.Val752Argfs*155

paternal, maternal

9:139275263G>A,
9:139287120C>A

€.2428C>T,
c.737+5G>T

p-Arg810*,
p-Asn245Lysfs*1

paternal, maternal

9:g139274288C>T,
9:g139274288C>T

€.2527+1G>A,
C.2527+1G>A

p-Ser835Thrfs*86,
p-Ser835Thrfs*86

paternal, maternal

9:g139274288C>T,
9:g139274288C>T

€.2527+1G>A,
C.2527+1G>A

p-Ser835Thrfs*86,
p-Ser835Thrfs*86

paternal, maternal

9:g139274288C>T,
9:g139274288C>T

€.2527+1G>A,
€.2527+1G>A

p-Ser835Thrfs*86,
p.Ser835Thrfs*86

paternal, maternal

9:9.139277726_
139277736del,
9:9.139273379C>A

¢.1889_1899del,
¢.2900G>T

p.Val630Glyfs*76,
p.Gly967Val

paternal, maternal

Prenatal and perinatal history

Delivery

Birth weight

Birth length

NSVD

2,490 g (4" centile)

45.7 cm (3™ centile)

emergency C/S

3,345 g (60"
centile)

49.5 cm (58T
centile)

NSVD

3,288 g (45
centile)

unknown

NSVD

3,773 g (80
centile)

53.3 cm (96™
centile)

NSVD

2,138 g (1
centile)

45.5 cm (1%
centile)

NSVD

3,190 g (46™
centile)

51 cm (84™
centile)

NSVD

2,980 g (11
centile)

48 cm (10"
centile)

NSVD

2,790 g (7™
centile)

48 cm (16™
centile)

NSVD

2,640 g (1%
centile)

47 cm (2™
centile)

NSVD

3,400 g (54 centile)

unknown

Growth parameters

Abnormal
body weight

Short stature

+ (95 centile)

+ (12" centile)

+ (<1% centile)

+ (<1° centile)

+ (2" centile)

+ (<1* centile)

+ (<1* centile)

+ (<1% centile)

+ (1% centile)

+ (<1* centile)

+ (<1* centile)

+ (<1% centile)

+ (<1* centile)

+ (<1% centile)

+ (<1% centile)

+ (75™-90'" centile)

+ (10 centile)

Microcephaly +(=2.17 SD, - +(-2.128D, 2 4+ (-2.36 SD, 1% +(=3.4SD, <1 +(—4.12D, +(=58D, <1t + (=7 8D, <1 +(=5.58D, <1% -

1% centile, centile, 13 years) centile, 3 years) centile, 8.7 years) <1% centile, centile,12.5 years)  centile, 11 years) centile, 6.5 years)

9 months) 7 years)
Neurological findings
Developmental + (onset: + (onset: + (onset: + (onset: unclear + (onset: + (onset: + (onset: unclear + (onset: 24-36
and motor 15 months) 15 months) 30 months) 36 months) 6 months) 16 months) 18 months) months)
regression
Spasticity + (progressive, + (progressive, + (progressive, + (progressive, + + + + + +

ascending) ascending) ascending) ascending)
Spastic + + + + - - + + - -
quadriparesis
Dystonia + + + + unknown + - - - unknown
Oromotor + (dysarthria) + (drooling, + (drooling, + (drooling, + (drooling, + (drooling, + (drooling, + (drooling, - + (dysarthria)
dysfunction non-verbal) dysarthria) dysarthria) dysarthria) dysarthria) dysarthria) dysarthria)
Gait + non-ambulatory + + + non-ambulatory + + + +
abnormalities
Increased deep + + + + + + + + + -
tendon reflexes
Brain MRI findings mild cerebral severe atrophy of unknown none none severe atrophy of  severe cerebellar severe cerebellar severe cerebellar unknown

atrophy

cerebellum, striatum

cerebellum,
striatum, cerebrum

atrophy, mild
cerebral atrophy

atrophy

atrophy

All variants are in reference to transcript GenBank: NM_003086.3. Abbreviations: NVSD, normal vaginal spontaneous delivery; C/S, caesarean section.
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the structural modeling suggests that each of the three
missense mutations has the potential to perturb the affin-
ity of SNAPC4 for DNA.

SNAPC4-deficient cell lines show decreased snRNA
expression and dysregulated global alternative splicing
Given that the majority of the SNAPC4 variants are LOF, we
generated SNAPC4-deficient HeLa cell lines generated by
CRISPR-Cas9 editing (KO12 and KO19) (Figure S1). In
these SNAPC4-deficient cell lines, relative SNAPC4 mRNA
expression at the exon 2-3 boundary was significantly
reduced when compared to controls (Figure 4A, p <
7.09 x 10’5), while downstream expression (exon 22-23)
was less affected. That difference is consistent with
the location of CRISPR guide RNA targets in exons 2 and
3 (Figure S1A). Protein levels reflected this reduction, as
immunoblot of whole cell lysates from both cell lines
showed significantly less protein compared to a parental
control cell line (Figure 4B, p < 1.04 x 107?).

Because SNAPC4 plays a critical role in snRNA transcrip-
tion, we hypothesized that SNAPC4 deficiency could alter
snRNA expression. Via small RNA-seq, we measured
snRNA expression in SNAPC4-deficient cell lines compared
to the parental, wild-type cell line. We observed that the
summed expression of all snRNAs was reduced in
SNAPC4-deficient cell lines, although it did not reach the
threshold of significance (Figure 4C, p = 0.056). While
the expression of the majority of the snRNAs measured

Figure 2. Magnetic resonance imaging
(MRI) studies of the brain in individuals
with bi-allelic SNAPC4 variants

To investigate the presence of structural
brain abnormalities that may associate
with the described neurodevelopmental
disorder, MRI studies of the brain from in-
dividuals 1 (A), 2 (B), 3 (C), 5 (D), 6 (E), 7
(F), 8 (G), and 9 (H) were reviewed for
structural abnormalities. Images demon-
strating atrophy to specific structures are
indicated with red (cerebellum), yellow
(cerebral cortex), or blue (basal ganglia) ar-
rows. Images include T1-weighted (T1),
T2-weighted (T2), and FLAIR images.

were reduced to 45%-50% in both
SNAPC4-deficient cell lines, only
expression of RNU4-1 and RNU4ATAC
(Figure 4D) (KO12, p < 0.05)
and RNUSA-1 (Figure 4D) (KO19, p
< 0.05) were significantly reduced
when compared to control.

To determine the effects of
SNAPC4 and snRNA deficiency on
alternative splicing throughout the
transcriptome, we performed bulk
RNA-seq. We applied the Multivar-
iate Analysis of Transcript Splicing
(tMATS) software®® to determine
which alternative splicing events occurred significantly
more or less frequently in SNAPC4-deficient cell lines
compared to control. rMATS evaluates five types of alter-
native splicing events, i.e., skipped exon (SE), retained
intron (RI), mutually exclusive exons (MXE), alternative
5’ splice site (ASSS), and alternative 3’ splice site (A3SS).
Using rtMATS, we detected 7,496 differentially spliced
alternative splicing events via a false discovery rate
(FDR) of <0.05 (Table S6) between SNAPC4-deficient
HelLa cells and control. All samples were hierarchically
clustered on the basis of the frequency of differentially
spliced alternative splicing events, which showed segre-
gation of all samples (Figure 5A). We also performed
PCA on all differentially spliced events to further vali-
date their capacity to distinguish samples. PCA showed
that replicates of each sample clustered tightly and
distinctly (Figure 5B). To identify functional blocks of
genes most likely to be linked to SNAPC4 deficiency,
we used k-means clustering to identify clusters 3 and 4
(Figure 5A), which had average Z scores that positively
correlated between KO12 and KO19 but were negatively
correlated between control and both KO12 and KO19.
We then sought to characterize the biological relevance
of the genes containing the alternative splicing events
in clusters 3 and 4 by performing Gene Ontology
(GO) Biological Process (BP) term enrichment analysis.
The top enriched GO BP terms by FDR showed
that cluster 3 alternative splicing events were most
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Figure 3. Mapping of SNAPC4 variants compared to functional elements

(A) Schematic representation of the SNAP complex and snRNA transcription.

(B) Locations of variants from affected individuals relative to functional domains in SNAPC4.

(C) Homology model of human SNAPC4 (amino acid residues 345-500) bound with DNA, built using the crystal structure 1h88.pdb as
template. The protein backbone is colored by sequence identity to the template, gold where identical (33%) and turquoise where
different. Side chains of residues mutated in affected individuals are shown as space-filling; the DNA is shown as sticks.

(D) Portion of the model containing Asp 441, after a 90-degree rotation.

associated with genes involved in RNA splicing, trans-
port, and processing (Figure 5C) (Table S8). Additional
enriched terms in cluster 3 suggest an impact of SNAPC4
deficiency on microtubule regulation during mitosis

(Figure 5C) (Table S8). Cluster 4 had only one enriched
GO term, which recapitulated the impact of SNAPC4
deficiency on microtubule regulation during mitosis
(Figure 5C) (Table S8).
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Cc Figure 4. Cellular characterization of
SNAPC4 deficiency in the HeLa SNAPC4-

1.2+ deficient cells
(A) To evaluate the effect of CRISPR editing
on SNAPC4 mRNA expression, relative
mRNA expression was quantified in
SNAPC4-deficient (KO12 and KO19) and

control HeLa cells at three exon-exon
junctions (three technical replicates, error
bars represent +1 SEM); HPRT1 was used
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Relative Expression
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as an endogenous control, and the control
cells were used as the reference sample.
007177 Expression differences were tested with
& RIS two-Way ANOVA and Tukey’s test for
RS ;
< post-hoc analysis.
(B) Immunoblot was used to evaluate the

ENUOATAS effect of CRISPR editing on SNAPC4 pro-
tein levels (n = 3, error bars represent =1
SEM); vinculin was used as the loading
control. Protein differences were tested us-
ing two-way ANOVA, and Tukey’s test for

post-hoc analysis.
i (C) Downstream consequences of changes
in SNAPC4 levels were evaluated by

\So o

\o .fv © ¢‘° 0 3 ﬂo (L 2 &4 ,\ & \@ ,@ ,\q \\o ,@ ,9 @ ,@ @ measuring the summed expression of all

S &
S €€ ¢ & & &

& major and minor spliceosomal with
small RNA-seq; expression was normalized

against total counts in that sample (n = 3, error bars represent =1 SEM).
(D) Expression of specific spliceosomal snRNAs was evaluated with the same normalization procedure (n = 3, error bars represent + 1
SEM). Expression differences across samples were tested with two-way ANOVA and Tukey’s test for post-hoc analysis, and expression

differences across groups were tested with a two-sample t test. p < 0.

SNAPC4-deficient fibroblasts from affected individuals
have decreased snRNA expression and dysregulated
global alternative splicing

To assess the consequences of SNAPC4 deficiency in pri-
mary cell lines from affected individuals, we measured
SNAPC4 expression. Group-wise relative SNAPC4 mRNA
expression was significantly decreased in fibroblasts
derived from affected individuals compared to controls
(Figure 6A, p = 2.15 x 10~ *) but not in the lymphoblastoid
cell lines (Figure 6B, p = 0.781). SNAPC4 showed a signif-
icant decrease in abundance in fibroblasts (Figure 6C, p =
2.13 x 107° and lymphoblastoid cells (Figure 6D, p =
1.76 x 107% from affected individuals compared to
controls. These results suggest that the bi-allelic variants
lead to SNAPC4 deficiency and could alter snRNA tran-
scription. Using small RNA-seq, we quantified snRNA tran-
scription and, although the summed expression of all
snRNAs did not vary between cells from affected individ-
uals and controls (Figure 6E, p = 0.664), expression of spe-
cific snRNAs did vary between the two groups. There was
an average decrease in expression of RNUI-1 (45%),
RNU2-1 (42%), RNU4-1 (24%), and RNUS5A-1 (72%) in
affected individual cells compared to controls and those
decreases were statistically significant in RNU2-1 and
RNUSA-1 (Figure 6F p < 0.0343). Within the group-wise
patterns of snRNA expression, there was variability across
fibroblasts from affected individuals. Expression was
reduced in the RNU1-1 (range: 55%-72%), RNU4-1 (range:
85%-90%), and RNUS5A-1 (range: 86%-95%) snRNAs in in-
dividuals 1, 2, and 6 compared to control, although only
RNUS5A-1 was statistically significant in individuals 1 and

05, *; p < 0.01, **; p < 0.001, ***.

6 (Figure 6F p < 0.00942). Expression of RNU2-1 was
reduced by at least 43% in individuals 3, 4, and 6, although
that difference was not statistically significant (Figure 6F,
p = 0.76). Primary cell lines were not available for individ-
uals 7-10 for functional characterization.

To assess the impact of changes in snRNA expression on
alternative splicing throughout the transcriptome, we used
MATS to analyze RNA-seq data. tMATS detected 5,523
differentially spliced alternative splicing events (Table S7,
FDR < 0.05) between control and affected individual fibro-
blasts. All samples were hierarchically clustered on the ba-
sis of the frequency of differentially spliced events
(Figure 7A), which showed segregation of all sample repli-
cates, as well as the affected individual and control fibro-
blasts. Next, PCA was performed on all differentially
spliced events. PCA showed that replicates of each sample
clustered well and affected individual and control fibro-
blasts clusters were distinct (Figure 7B). Additionally, there
was stratification between individuals 1, 2, and 6 and indi-
viduals 3 and 4 (Figures 7A and 7B). To characterize func-
tional groups of genes linked to SNAPC4 deficiency, we
used k-means clustering to identify clusters 1 and 2
(Figure 7A). By performing GO BP term enrichment anal-
ysis in clusters 1 and 2, we observed that RNA splicing,
mRNA processing, and microtubule cytoskeleton organiza-
tion involved in mitosis were enriched (Figure 7C,
Table S8); these pathways were also enriched in at least
one cluster in the SNAPC4-deficient HeLa cell lines
(Figure 5C, Table S8). There are also enriched processes
that are distinct to either our HeLa or fibroblast models,
including “process utilizing autophagic mechanism” in
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Figure 5. Analysis of global alternative splicing in SNAPC4-deficient Hela cells

In order to assess the downstream functional consequences of SNAPC4 and snRNA deficiency in our HeLa model, we identified signif-
icant alternative splicing (differentially spliced) events between SNAPC4-deficient and control HeLa cells by using rMATs. The fre-
quencies of all differentially spliced events in each sample were hierarchically clustered (A) to assess sample segregation and to identify
blocks of genes with correlated splicing frequency changes. Sample segregation was further assessed by principal-component analysis
(PCA) (B) of differentially spliced event frequencies. Splicing events in clusters 3 and 4 were had frequencies that were positively corre-
lated between SNAPC4-deficient cells (KO12 and KO19), and negatively correlated with control cells, indicating they are more likely to
be linked to SNAPC4 deficiency than splicing events in other clusters. To characterize functional consequences of splicing changes,
splicing events in clusters 3 and 4 were then analyzed for Gene Ontology (GO) Biological Process (BP) enrichment and annotated for
events belonging to recurrent functional categories (C).
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Figure 6. Cellular characterization of fibroblasts derived from individuals with bi-allelic SNAPC4 variants

To evaluate the impact of bi-allelic SNAPC4 variants, relative expression of SNAPC4 mRNA was assessed in affected individual and control
fibroblasts (A) and lymphoblastoid cell lines (B) via RT-qPCR (three technical replicates, error bars represent =1 SEM); HPRT1, TBP, and
POLR2A were used as endogenous controls, and control 1 and 2 were used as reference samples. Expression differences were tested with
Kruskal-Wallis test and Dunn’s test for post-hoc analysis. To evaluate the impact of changes in mRNA expression, SNAPC4 protein levels
in fibroblasts (C) and lymphoblastoid cell lines (D) were quantified with immunoblot (n = 3, error bars represent =1 SEM); vinculin was
used as the loading control in fibroblasts, and beta-actin was used in lymphoblastoid cell lines. Expression differences were tested with
two-way ANOVA and Tukey’s test for post-hoc analysis. Downstream consequences of changes in SNAPC4 abundance were evaluated by
measuring the summed expression of all major and minor spliceosomal snRNAs in fibroblasts derived from affected individuals compared
to controls via small RNA-seq (E); expression in each sample was normalized against total counts in that sample (n = 4, error bars
represent +1 SEM). (F) The expression of specific major and minor spliceosomal snRNAs were then evaluated with the same normalization
procedure (n = 4, error bars represent + 1 SEM). Expression differences across samples were tested using two-way ANOVA and Tukey’s Test for
post-hoc analysis, and expression differences across groups were tested with a two-sample t test. p < 0.05, *; p < 0.01, **; p < 0.001, ***.
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Figure 7. Analysis of global alternative splicing in fibroblasts derived from individuals with bi-allelic SNAPC4 variants

In order to assess the downstream functional consequences of SNAPC4 and snRNA deficiency in fibroblasts derived from affected indi-
viduals, we identified significant alternative splicing (differentially spliced) events compared to unaffected fibroblasts. All differentially
spliced events in each sample were hierarchically clustered (A) to assess sample segregation and to identify blocks of genes with corre-
lated splicing frequency changes. Further assessment of sample segregation was done by principal-component analysis (PCA) (B) of
differentially spliced event frequencies. To characterize functional consequences of splicing changes, splicing events in clusters 1 and
2 were analyzed for Gene Ontology (GO) Biological Process (BP) enrichment (C).

674 The American Journal of Human Genetics 110, 663-680, April 6, 2023



fibroblasts (Figure 7C, Table S8) and “ribonucleoprotein
complex biogenesis” in HeLa cells (Figure 5C, Table S8).

Discussion

In this study, we present ten individuals, from eight unre-
lated families, with bi-allelic SNAPC4 variants that are
either absent or rare in gnomAD, are predicted to be
deleterious by in silico tools, segregate with disease
(Figure 1A, Table S5), and lead to reduced SNAPC4 expres-
sion in primary fibroblasts. Each individual had at least
one null variant, except the siblings (individuals 3 and 4)
who had compound heterozygous missense variants.
Nonetheless, these missense variants, p.GIn386Arg and
p-Asp441Asn, are within the DNA-binding domain and
alter the charge of the native residue and could potentially
destabilize the interaction of SNAPC4 with DNA. The ma-
jority of the affected individuals presented with an NDD
characterized by delayed motor development noted
around 1 year of age. Delayed developmental milestones
were followed by developmental regression with progres-
sive spasticity, initially presenting as progressive spastic
paraparesis that led to gait alterations, with further gener-
alized motor compromise including oromotor dysfunc-
tion, and movement disorder in some affected individuals.
Microcephaly was observed in most affected individuals at
birth (individuals 1, 5, and 7-10) (Figure 1B) or later in life
(individuals 3, 4, and 6) (Figure 1B).

While the onset and progression of this disorder appears
variable, there is an apparent negative correlation between
SNAPC4 abundance and severity of MRI findings. Affected
individuals with more severe reductions of SNAPC4 abun-
dance (individuals 2 and 6) (Figure 6C) had striking find-
ings of rapidly progressive volume loss in the basal ganglia
and rapidly developing severe cerebellar atrophy
(Figures 2B and 2E). In addition, individual 6 had progres-
sive cerebral white matter abnormalities and cerebral vol-
ume loss by 6 years of age. Individuals 7-9 also showed
striking cerebellar atrophy on MRI (Figures 2F-2H). Given
that individuals 7-9 are all homozygous for a truncating
variant in SNAPC4, we hypothesize that their low
SNAPC4 protein levels are similar to those of individuals
2 and 6. Further variability in this disorder may be ex-
plained by a genotype-phenotype correlation. The pres-
ence of two truncating alleles was associated with develop-
mental regression at ages 30-36 months (individuals 3 and
4) (Table 1), and the presence of a single truncating allele
was associated with developmental regression at
15 months in both individuals 1 and 2, but 24-36 months
in individual 10 (Table 1). Individual 5 also had one trun-
cating allele, but it was not clear his development re-
gressed, although he did show mild spastic paraplegia in
early childhood (Table S4). However, it is not clear whether
two truncating SNAPC4 variants are associated with earlier
regression when compared to a single truncating variant:
individual 6 had developmental regression at 6 months

(Table 1), while individuals 7 and 8 regressed at 16—
18 months (Table 1). Individual 9 also had two truncating
alleles, but it was not clear whether his development re-
gressed (Table 1). Given the more consistent correlation be-
tween SNAPC4 levels and MRI findings than truncating al-
leles and regression onset, it appears that the net effect of
SNAPC4 variants on protein levels are a better predictor
of disease severity than genotype alone.

Moreover, in terms of brain MRI findings, affected indi-
viduals with reduced, albeit more preserved, SNAPC4 levels
(individuals 1, 3, and 5) (Figure 6C) had either normal
studies or findings of a nonspecific cerebral volume loss
(Figures 2A, 2C, and 2D). In individual 5, lower motor
neuron compromise was observed by muscle biopsy and
clinical evaluation (Figure S3). These observations suggest
that the presence of truncating SNAPC4 variants, and the
resulting decrease in translated SNAPC4 (Figures 6C and
6D), could influence disease progression and severity.

In our SNAPC4-deficient cell lines generated by genome
editing, there was a decrease in expression of some snRNAs
(Figure 4D, p < 0.032), consistent with the proposed role
of SNAPC4 in mammalian snRNA transcription.’
Comparing snRNA expression in fibroblasts from affected
individuals to controls demonstrated statistically signifi-
cant reduced expression for RNU2-1 and RNUS5A-1
(Figure 6F p < 0.0343), consistent with the selective
changes in the snRNA expression we found in our HeLa
model and in a D. rerio model of Snapc4 deficiency.?’

Reduced snRNA expression in these SNAPC4-deficient
HeLa cell lines was associated with transcriptome-wide
changes in alternative splicing for KO12 and KO19
(Figure 5A). Notably, the functional enrichment for
mRNA transport and splicing replicate similar findings in
an snRNA-knockdown study’® and are consistent with
the known role of spliceosomal proteins in regulating
splicing of their own pre-mRNAs.*’ Similarly, changes in
snRNA expression in affected individual fibroblasts was
associated with a massive disruption of alternative splicing
throughout the transcriptome (Figures 7A and 7B). The
global alternative splicing changes seen in cells from
affected individuals demonstrate that SNAPC4 variants
have important cellular consequences and can be consid-
ered pathogenic. Intriguingly, the functional enrichment
of clusters of differentially spliced genes in cells from
affected individuals showed some similar results to that
in our HeLa model. Specifically, there was enrichment for
microtubule regulation during mitosis, mRNA transport,
and mRNA splicing (Figures 5C and 7C). The overlap in
functional enrichment for differentially spliced genes in
two independent models of SNAPC4 deficiency suggests
that, despite the high cell-type specificity of splicing pro-
grams, there may be some universal consequences of
SNAPC4 deficiency.

Nonetheless, there are distinct pathway enrichments
among differentially spliced genes in our two models.
Interestingly, these distinct processes are linked to Mende-
lian neurological disorders.*”*" In SNAPC4-deficient HeLa
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cells there was functional enrichment for genes involved
in noncoding RNA processing (Figure 5C), including
EXOSC3 (MIM: 606489), which is required for maturation
of transcribed snRNAs. Intriguingly, deleterious variants in
EXOSC3 are linked to a neurological disorder characterized
in part by cerebellar hypoplasia,** a phenotype observed in
the affected individuals in this study. In fibroblasts derived
from affected individuals, there was enrichment for a vari-
ety of pathways, including several related to autophagy
(Figure 7C), the dysfunction of which has been linked to
neurodegenerative disorders including Parkinson’s and
Alzheimer’s.*® These distinct processes could represent
cell-type-specific consequences of SNAPC4 deficiency. We
hypothesize that those differences are the result of discrete
transcriptome profiles and therefore distinct populations
of molecules regulating splicing. However, evaluating
that hypothesis will require additional experiments assess-
ing splicing dysregulation across a wider range of SNAPC4-
deficient cell types, including neuronal cells.

The critical and ancient role of SNAPc in cell biology,
and specifically the SNAPC4 subunit, is validated by
mutant models of SNAPC4 orthologs in animal models.
In the D. rerio model, a C-terminal truncating variant in
Snapc4 was associated with reduced expression of U4 and
US5.>” This D. rerio model displayed embryonic lethality
when translation of Snapc4 was blocked and was reported
to have a gut malformation phenotype; neurological phe-
notypes were not evaluated.?” Further, completely block-
ing Snapc4 translation was embryonic lethal in D. rerio,
affirming the requirement of Snapc4 for basal cell func-
tions and development. In A. thaliana, homozygous delete-
rious variants in AtSNAPc4 are most likely lethal,** indi-
cating the conserved importance of SNAPC4 function
across distant eukaryotic phyla. Unfortunately, no
mammalian model deficient in SNAPC4 has been
described. In M. musculus, phenotyping data are only avail-
able for heterozygous null mice.

The mechanism linking SNAPC4 deficiency to neurolog-
ical dysfunction remains to be explored. However, there is
precedent for a defect in snRNP biogenesis causing a
neurological disorder. Spinal muscular atrophy (SMA
[MIM: 253300]) is a neurodegenerative disease that results
from bi-allelic pathogenic variants in SMNI1 (MIM:
600354), which encodes a protein required for snRNP as-
sembly. The precise etiology of neuronal dysfunction in
SMA is still emerging, although several important factors
have been identified in murine SMA models. There is a
greater reduction of the Ull and U12 snRNPs in brain
and spinal cord of a murine SMA model,*> which may in-
fluence the neurological phenotype in SMA as a result of
the enrichment for voltage-gated ion channels in genes
containing Ul2-type introns.*> A similar reduction in
expression of minor spliceosomal snRNAs does not appear
in our fibroblasts from affected individuals (Figure 6F p >
0.082). The expression of the minor spliceosomal snRNA
U4ATAC is reduced in our HeLa model (Figure 4H, p =
0.0172), but that reduction is equivalent to that of major

spliceosome snRNAs. Although rMATS analysis in our
HeLa model showed 349 significant alternative splicing
events in genes with U12-type introns, that does not repre-
sent a significant enrichment over events in genes without
U12-type introns (Figure SA, p = 0.58). SMN1 has also been
implicated in cellular processes independent of its sSnRNP
assembly function that may contribute to the neuronal pa-
thology of SMA, including DNA repair, translation, macro-
molecule trafficking, and cytoskeleton maintenance.*®
These differences in affected pathways in SMA compared
to those identified in the affected individuals with bi-allelic
SNAPC4 variants may explain, in part, the differences in
SMA and SNAPC4-related NDD (Figure 7C, Table S8); while
the former is characterized by lower motor neuron degen-
eration, the latter is currently associated with upper motor
neuron dysfunction.

Intriguingly, LOF variants in another snRNP assembly
factor, GEMINS (MIM: 607005), have been shown to cause
a neurodevelopmental disorder characterized by hypoto-
nia and cerebellar ataxia (MIM: 619333), which bears a
closer resemblance to the clinical presentation of the
affected individuals we report here.*” This shows that the
pathology of variants disrupting snRNP biogenesis is high-
ly gene dependent. The clinical presentation of individuals
with LOF GEMINS variants provides corroborating evi-
dence that disruption of snRNP biogenesis can result in a
neurodevelopmental disorder that primarily affects upper
motor neurons, as we have hypothesized with SNAPC4.
In addition to variants affecting snRNP protein subunits,
variants in a U2 spliceosomal snRNA gene have been
associated with neurodegeneration,*® demonstrating the
potential of variants affecting either protein or RNA com-
ponents of snRNPs to cause neurological disease. Beyond
the disruption of snRNP biogenesis, a neurological disorder
has also been associated with LOF variants in the regulato-
ry splicing factor NSRPI,'® further demonstrating the
connection between spliceosomal disruption and neuro-
logical disorders.

There are several limitations to our study. First, while
fibroblasts from affected individuals and a SNAPC4-defi-
cient HeLa model showed notable SNAPC4 deficiency
and downstream alterations in snRNA expression
(Figures 4C, 4D, 6C, 6D, and 6F) and dysregulation of alter-
native splicing (Figures 5 and 7), we have not assessed cells
from the nervous system that seem to be the most affected
in this disorder for similar changes. Nevertheless, our re-
sults utilizing available cell lines point to an intriguing
consequence of SNAPC4 deficiency: defects in splicing of
genes encoding spliceosomal machinery and nucleopor-
ins. Previous work has shown that disrupted nucleoporin
activity®” and dysregulation of spliceosome subunits>>"
are linked to neurological disease, indicating that mis-
splicing of those genes in the context of SNAPC4 defi-
ciency may contribute to the neurological phenotype in
these affected individuals. Both a SNAPC4-deficient HeLa
model and skin fibroblasts from affected individuals
showed that among differentially spliced genes there was
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an enrichment of genes related to the spliceosome
and mRNA transport, including nucleoporin genes
(Figures 5C and 7C, Table S8).

While alternative splicing is utilized in all human tis-
sues, it is particularly important in the nervous system,
which utilizes the highest number of unique isoforms of
all tissues. Specifically, alternative splicing plays key roles
in regulating gene expression during differentiation of em-
bryonic cells into neurons'”'"*? and allows for rapid
splicing and translation of large transcripts in response to
stimuli.® The potential of altered splicing of genes encod-
ing spliceosomal machinery to influence neurological dis-
ease is not novel, as altered splicing profiles of the Ul
snRNP protein subunit gene SNRNP70 (MIM: 180740)
have been linked to a specific ALS subtype.>” Nucleoporin
genes have also been associated with numerous neurolog-
ical diseases, including Achalasia-Addisonianism-Alacrima
syndrome (triple A syndrome [MIM: 231550]) and ALS,
and have been shown to be important for nervous system
development.*” We propose that a disruption of alterna-
tive splicing associated with SNAPC4 deficiency impacts
neuron differentiation and function; future studies will
be required to evaluate this hypothesis in relevant cells, tis-
sues, or animal models.

Second, there are phenotypic characteristics unique to
some patients. For example, high arched palate was observed
in individuals 1 and 2, variable dysmorphic features were
noted in individuals 5, 6, and 9, and other features in other
affected individuals (Table S4). We do not know whether
these are part of the phenotypic spectrum of SNAPC4 defi-
ciency or due to other factors, including genotypic back-
ground. Identification of additional individuals will most
likely help clarify the phenotype associated with SNAPC4
deficiency. Lastly, while we highlight the function of
SNAPC4 in influencing the spliceosome, there remains the
possibility there are uncharacterized functions of SNAPC4
beyonditsrolein snRNA transcription. GO enrichment anal-
ysis of differentially expressed genes from fibroblasts of
affected individuals and SNAPC4-deficient HeLa cells
showed enrichment for GO BP terms related to cell cycle
phase transition and checkpoints, DNA replication, vesicle
localization, and angiogenesis (Table S8), which may
contribute to dysfunction within the nervous system.

Conclusion

We present ten individuals with bi-allelic SNAPC4 variants
and an NDD primarily characterized by progressive spas-
ticity. Characterization of SNAPC4-deficient HeLa cell lines
showed that SNAPC4 deficiency impairs snRNA transcrip-
tion and has broad consequences on alternative splicing
throughout the transcriptome. Fibroblasts from affected
individuals exhibited SNAPC4 deficiency, with similarly
broad consequences as in our HeLa models. Furthermore,
there is significant overlap in the functional enrichment
of differentially spliced genes in our HeLa model and fibro-
blasts derived from affected individuals, indicating that
there are some universal consequences of SNAPC4 defi-

ciency, despite the highly tissue-specific nature of splicing
programs. These data present compelling evidence for
deleterious SNAPC4 variants as the cause of an NDD with
neuroregression and progressive spasticity and implicate
a member of the SNAP complex in Mendelian disease.
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