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Abstract

Spliceosomal small nuclear RNA (snRNA) genes are an emerging cause of
neurodevelopmental disorders (NDDs). We analyzed genome sequencing data from
1,708 probands with undiagnosed NDDs enrolled in the Spanish national rare disease
programs and identified pathogenic variants in snRNA genes in 2.58% of individuals. We
report de novo variants in three shRNA genes, RNU4-2, RNU2-2 and RNU5B-1, and
biallelic variants in RNU4-2 and RNU2-2, including a deletion at the RNU4-2 locus. Two
individuals with biallelic variants in RNU4-1 were identified, suggesting this gene as a
potential candidate locus pending replication. Digenic combinations involving snRNA
genes were enriched in individuals with NDDs (OR=2.08, p=0.04), suggesting potential
digenic inheritance as an additional mutational mechanism. A domain-specific whole
blood DNA methylation episignature was identified in individuals with de novo RNU4-2
T-loop variants, while no robust episignature was identified for RNU2-2 or RNU5B-1. A
recognizable facial gestalt was identified in individuals with RNU4-2 variants using
Face2Gene, with strong discrimination from controls (AUC=0.948) and from individuals
with RNU2-2 variants (AUC=0.921). RNU2-2 variants were predominantly associated
with epileptic encephalopathy and RNU5B-1 with a broader phenotype. A prenatal
phenotype with intrauterine growth restriction was observed in 52% of individuals with
RNU4-2 variants, with a higher frequency in females (70%) than males (33%). These
findings expand the genetic and phenotypic landscape of snRNA-related disorders and
have implications for variant interpretation, genetic counseling, and prenatal
surveillance.

Keywords: small nuclear RNA (snRNA), neurodevelopmental disorders, genome

sequencing, biallelic variants, DNA methylation episignature, facial gestalt.
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INTRODUCTION

Genome sequencing (GS) has transformed the diagnosis of neurodevelopmental
disorders (NDDs) by enabling systematic interrogation of non-coding regions of the
genome. One of the most relevant recent findings is the identification that variants in the
spliceosomal small nuclear RNA (snRNA) genes are a frequent cause of NDDs. snRNAs
are core components of the major spliceosome, where they mediate intron recognition
and catalysis of pre-mRNA splicing. Pathogenic variants in at least four genes—RNU4-
2 (ReNU syndrome, OMIM#620823), RNU2-2 (OMIM#621238), RNUS5A-1
(OMIM#180691) and RNU5B-1 (OMIM#621090)—have been linked to NDDs '-°. RNU4-

2 alone accounts for approximately 0.4% of all NDD individuals '

, being the most
prevalent monogenic cause identified to date, excluding fragile X syndrome 7. RNU2-2
contributes an additional ~20% relative to this burden in its dominant form, with a
recessive form now estimated to be even more frequent >, In all cases, pathogenic
variants affect functionally important domains of the respective snRNA. For dominant
forms, clustering within specific constrained regions is well established'*=°. For recessive
RNU4-2, saturation genome editing has confirmed that biallelic variants map to
functionally depleted positions in distinct structural elements from those causing
dominant disease®'’; the structural basis of recessive RNU2-2 variants is less

systematically characterized 8%,

Transcriptomic and epigenomic studies have begun to clarify the underlying
mechanisms. Dominant RNU4-2 variants produce a reproducible signature of alternative
5' splice site selection detectable in blood and fibroblasts '°; dominant RNU2-2 variants
affect branchpoint recognition, with subtle splicing alterations in blood>'"; and RNU5B-1
variants impair loop I-mediated exon alignment, yielding a distinct 3’ splice site signature
45 The recessive forms operate through different mechanisms: biallelic RNU4-2 variants

lead to reduced transcript levels without producing the dominant alternative splice site
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signature °, while biallelic RNU2-2 variants result in reduced U2-2 snRNA abundance,
with splicing defects detectable in fibroblasts but not blood *'2. At the epigenomic level,
dominant RNU4-2 variants are associated with a reproducible DNA methylation
episignature; by contrast, individuals with RNUZ2-2 variants show only modest variant-
specific methylation changes that do not constitute a robust episignature . Unlike
RNU4ATAC-opathies of the minor spliceosome, in which biallelic variants cause

13,14

widespread intron retention , most major spliceosome snRNA variants produce a

more selective disruption of splicing fidelity, pointing to distinct underlying mechanisms

3,5,15

Nevertheless, the genetic and clinical landscape of snRNA-related neurodevelopmental
disorders remains incompletely defined. Current knowledge has been largely shaped by
a dominant de novo model, while the contribution of alternative mutational
mechanisms—including biallelic inheritance, structural variation, and potential oligogenic
interactions—has not been systematically explored ®'°. In addition, key aspects of
disease characterization, such as domain-specific epigenetic signatures, detailed
genotype—phenotype correlations, and early developmental manifestations, remain

limited.

To address these gaps, we leveraged the Spanish national programs for undiagnosed
rare diseases—URD-Cat, ENoD-CIBERER, and IMPaCT-Gendémica, coordinated
through the CIBERER consortium'®'—which combine GS with standardized
phenotyping and data sharing across multiple centers. By analyzing 1,708 probands with
undiagnosed NDDs, we expand the genetic architecture of snRNA-related disorders
beyond the canonical de novo model, identifying pathogenic variants in 44 individuals:
38 with de novo variants across RNU4-2, RNU2-2 and RNUSB-1, and 6 with biallelic
variants in RNU4-2 and RNUZ2-2, including a structural deletion at the RNU4-2 locus.
Two additional individuals carried biallelic variants in RNU4-1, proposed here as a novel
candidate gene.
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Through integrated genomic, epigenetic, and phenotypic analyses, we define a domain-
specific DNA methylation episignature for RNU4-2, delineate gene-specific clinical
profiles supported by facial gestalt analysis, and identify a previously unrecognized
prenatal phenotype. Together, these findings underscore the relevance of undiagnosed
RD programs and contribute to refining the molecular and clinical framework of snRNA-
related disorders, with direct implications for variant interpretation, genetic counseling,

and diagnostic strategies.

SUBJECTS AND METHODS

Individuals enrolled in Spanish URD Programs

Inclusion criteria for individuals in the Spanish URD Programs (IMPaCT-Gendmica,
URD-Cat and ENoD-CIBERER) included: 1) a suspected genetic disorder that remained
undiagnosed; 2) a complete diagnostic assessment with exome sequencing, currently
considered standard-of-care in clinical genetics; 3) reanalysis of exome data if analysis
was done >1 year ago (most individuals); and 4) informed consent to the storage and
anonymous sharing of clinical and genomic data. There are no age or disease-type
restrictions, but most individuals are congenital or pediatric-onset, and predominantly

neurological disorders.

The aggregate data of these programs (until 12/2025) comprised 2,200 probands and
1,000 unaffected relatives (mostly parents), including 1,708 probands with NDDs.
Phenotypic information from all individuals has been collected on a platform developed
specifically for these programs, with standardized Human Phenotype Ontology (HPO)
terms '® to ensure consistent clinical data collection and analysis. An average of 11.3

terms per individual was recorded.
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Genome sequencing and data processing

1 ug of DNA was used for library preparation using the KAPA HyperPrep/ HyperPlus Kit
(Roche Sequencing Solutions, Inc.) following the manufacturer's protocol. GS libraries
were sequenced on the NovaSeq 6000 or NovaSeq X Plus (lllumina, Inc.) with 2x150 bp
pair-end reads, achieving 230X mean coverage, >400 bp mean insert size, and >15X

depth for 295% of the GRCh38. Details about processing are in supplementary material.

Reverse phenotyping

Clinical reevaluation was conducted at each participating institution for all individuals
carrying de novo pathogenic variants in RNU2-2, RNU4-2 or RNU5B-1, to ensure
accurate and standardized phenotypic data collection. A total of 200 individual HPO
terms were collected from the phenotypic data of the 38 individuals, and clinicians
(neuropediatrician and/or clinical geneticist) were responsible for validating and
expanding phenotypic annotations. To evaluate phenotypic variability among individuals
with variants in the three gene groups, we performed unsupervised hierarchical
clustering using HPO-coded features. Individuals with incomplete phenotypic annotation
(<20% features) were excluded, resulting in a final cohort of 32 individuals: 22 with
RNU4-2, 6 with RNU2-2, and 4 with RNU5B-1 variants. Clustering was based on
Euclidean distance and Ward’s linkage, and results were visualized through a heatmap

to illustrate shared and distinct phenotypic features.
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We compared the frequency of individual HPO terms across genes to identify gene-
specific phenotypic signatures. HPO terms were considered gene-specific if they showed
230% difference in frequency between genes and occurred in >50% of individuals for

the gene of interest.

Face-mask analysis

Frontal facial photographs of individuals with de novo dominant variants in RNU4-2,
RNU2-2 and RNU5B-1 genes were analyzed using the Face2Gene Research application
tool (FDNA Inc., USA) '°. The analysis included 15 individuals with RNU4-2 variants, 10
individuals with RNU2-2 variants, 4 individuals with RNU5B-1 variants and a comparison
cohort of 31 unaffected individuals. Controls were selected from unaffected individuals
available within the Face2Gene Research platform database matched for sex, ethnicity,

and age distribution (Table S1). Details of analysis in Supplementary material.

Genome-wide DNA methylation profiling

DNA samples were extracted from whole blood of 17 individuals with RNU4-2 variants,
5 individuals with RNUZ2-2 variants and 4 individuals with RNU5B-1 variants using
standard protocols (Table S2). Individuals’ samples, along with DNA samples from 47
age- and sex-matched controls were processed and hybridized to the lllumina Infinium
MethylationEPICv2 BeadChip arrays (San Diego, CA, USA) following the manufacturer’s

protocol. Additional details in Supplementary material.
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RESULTS

Expanded genetic architecture of snRNA-related

neurodevelopmental disorders

To systematically investigate the contribution of snRNA genes to neurodevelopmental
disorders (NDDs), we analyzed 1,708 probands enrolled in Spanish URD programs
using GS and detailed phenotypic data. We identified pathogenic variants in multiple
snRNA genes, revealing an expanded mutational landscape that includes de novo,

autosomal recessive, structural, and potentially oligogenic mechanisms.

We detected de novo pathogenic variants in 38 individuals involving RNU4-2, RNU2-2
and RNU5B-1, all affecting functionally constrained regions (Table 1; Figure 1A-B; Table
S3). Among these, 28 individuals carried heterozygous variants in RNU4-2, with a strong
enrichment in the T-loop and Stem Ill domains, which form part of the U4/U6 interaction
domain. The recurrent insertion n.64_65insT accounted for 70% of individuals,
confirming a mutational hotspot. De novo occurrence was confirmed in all but two
individuals both conceived via in vitro fertilization with anonymous gamete donors. Six
individuals carried recurrent de novo variants in RNU2-2 (n.35A>G and n.4G>A),
previously reported®. Four unrelated individuals carried de novo variants in RNU5B-1, all
clustering within the conserved loop | domain. We did not identify additional de novo
pathogenic variants in other members of the RNUS5 family or in the remaining candidate

snRNA genes analyzed *° .

We systematically searched for biallelic variants across 19 snRNA genes selected based
on high brain expression in GTEx (Figure S1). We identified six probands carrying rare
biallelic variants in RNU4-2 (3) and RNU2-2 (3), and two additional individuals with
biallelic variants in RNU4-1, supporting a broader mutational spectrum that includes

recessive configurations (Figure 1A-B; Table S4-S5).
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In RNU4-2, three individuals carried biallelic variants, including one individual with a SNV
(n.119A>G) in trans with a 1.3-kb deletion encompassing the entire gene (Figure 1C),
likely mediated by Non-Allelic Homologous Recombination (NHAR) between RNU4-1
and RNU4-2, highlighting an additional mutational mechanism at this locus. Parental
genome sequencing confirmed the segregation of each allele, with the deletion and the
SNV inherited from different parents, supporting a compound heterozygous
configuration. This represents, to our knowledge, the first structural alteration affecting

RNU4-2.

Similarly, three individuals, including two affected siblings, carried biallelic variants in
RNUZ2-2 and presented with neurodevelopmental delay and epileptic phenotypes. In both
RNU4-2 and RNU2-2, all biallelic configurations were consistent with either homozygous
or compound heterozygous states, supported by read-level evidence from GS, as the
two variants were never observed within the same sequencing reads. The segregation
and parental origin of each variant are detailed in Table 1. Notably, all corresponding
SNVs had been previously reported in individuals with recessive snRNA-related
disorders and were located outside the functional domains classically associated with
dominant de novo disease, supporting distinct mutational landscapes in recessive

contexts (Table 1, Table S6).

Two additional individuals carried compound heterozygous variants in RNU4-1, a gene
not previously established as a cause of neurodevelopmental disorders, suggesting a
potential but currently unconfirmed contribution in specific genetic contexts (Table 1,
Table S6). The relatively higher allele counts of these variants in gnomAD compared to
those in RNU4-2 and RNUZ2-2 are consistent with a recessive carrier state and do not
preclude pathogenicity in a biallelic context, but formal functional validation is lacking,

and these individuals should be considered as candidates pending replication. Notably,

one of these individuals also carries a de novo deletion affecting MED13L, which is
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considered the primary molecular diagnosis in this case, and therefore the contribution

of the RNU4-1 biallelic variants to the phenotype remains uncertain.

Not all biallelic configurations in RNU4-2 resulted in NDD. The variant n.7G>A,
previously reported in compound heterozygosity with NDD '° was identified in trans with
n.18_19insA in a family with autosomal dominant retinal dystrophy without
neurodevelopmental involvement %, indicating that allelic context critically determines
phenotypic outcome (Figure S2). These findings underscore that variant interpretation in

snRNA genes must account for variant position, zygosity, and allelic combination.

We observed a modest enrichment of digenic variant combinations in individuals with
NDDs compared to controls (OR = 2.08, p = 0.04; Figure S3). This analysis compared
the frequency of individuals carrying rare variants (AF <0.001) in two or more distinct
snRNA subunits between the NDD cohort (n=1,708) and a control group of 2,121
unaffected individuals, comprising 1,021 unaffected relatives from the URD programs
and 1,100 individuals with no reported neurodevelopmental phenotype, using Fisher's
exact test without correction for multiple comparisons given the exploratory nature of the
analysis. This modest but significant enrichment suggests that oligogenic mechanisms
involving different snRNA subunits may contribute to disease in a subset of individuals,

although this observation requires replication in independent cohorts.

A domain-specific episignature defines RNU4-2-associated

neurodevelopmental disorder

To further investigate the functional consequences of these variants, we evaluated their
predicted effects on RNA secondary structure across genes. RNAfold predictions
revealed variant-specific effects, supporting a role for structural context in modulating the
impact of snRNA variants. In RNU5B-1, the recurrent insertion (n.42_43insA) induced a

marked structural rearrangement, whereas single nucleotide substitutions produced only
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local perturbations (Figure S4). Similarly, biallelic variants in RNU4-1, RNU4-2 and
RNU2-2 were associated with distinct structural configurations, suggesting alternative
modes of disruption. Together, these observations indicate that the functional impact of

snRNA variants depends on their structural and domain context.

We next evaluated whether these differences were reflected at the epigenetic level
through DNA methylation profiling. Individuals with de novo RNU4-2 variants showed a
robust and reproducible episignature, particularly for variants affecting the T-loop domain
(Figure 2a-b, Table S7). This signature was supported by consistent methylation
changes and accurate classification using a support vector machine model (5/6
validation de novo samples correctly classified) (Figure S6a-b), with the misclassified
sample carrying a variant outside the main functional domain. The direction and
magnitude of methylation changes were concordant with other reported episignatures®
(Figure S6c¢), supporting reproducibility of the underlying biological signal and a domain-

specific epigenetic effect.

To further explore whether this episignature was shared by other inheritance models, we
applied the RNU4-2 classifier to an additional individual carrying biallelic variants in
RNU4-2 (harboring a deletion in frans with n.119A>G; U4-p32) (Figure S6b). This sample
was not classified within the RNU4-2 episignature, suggesting that this biallelic
configuration may not recapitulate the epigenetic signature observed in individuals with

de novo variants.

Functional enrichment analyses of genomic regions contributing to the RNU4-2
episignature, indicated alterations in regulatory chromatin states, including enhancer and
repressive-associated histone marks (H3K27me3 and H3K9me3) (Figure S6d-e).
Transcription factor binding site analysis revealed enrichment for cohesin complex
components (SMC1A, SMC3 and RAD21) (Figure S6f), suggesting a potential link

between spliceosomal dysfunction and chromatin organization. Differentially methylated
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regions were also enriched for loci overlapping genes involved in neurodevelopment and
synaptic function, including ATG16L2, LRFN1 and CALN1(Table S8, Figures S8-14). A
hypomethylated region overlapping the promoter of the RNUG6-672P pseudogene
suggests a potential downstream or compensatory regulatory response within the

spliceosomal network (Figure 2c).

In contrast, no robust or reproducible episignatures could be defined for RNU2-2 or
RNU5B-1 (Figure S7). Notably, although most individuals with RNU5B-1 variants did not
show clear classification, one individual displayed slightly higher probabilities of
assignment to the RNU4-2 group compared to controls (Figure S6b), suggesting partial

epigenetic convergence without supporting a consistent gene-specific signature.

Gene-specific clinical phenotypes in snRNA-related NDDs

To systematically assess whether individuals with de novo variants show gene-specific
phenotypic patterns, we performed reverse phenotyping across the cohort, followed by
unsupervised clustering based on Human Phenotype Ontology (HPO) terms. A total of

200 unique HPO terms were annotated (Table S9).

Unsupervised clustering revealed three principal phenotypic groups (Figure S15). Two
clusters were predominantly composed of individuals with RNU4-2 variants, whereas a
third cluster included all individuals with RNU2-2 variants together with most individuals
with RNUSB-1 variants. Within this cluster, individuals with RNU2-2 variants showed a
relatively homogeneous clinical profile, while individuals with RNU5B-1 variants
displayed greater phenotypic variability. Clustering was independent of age, supporting

a primary role of genotype in phenotypic stratification.

Across all genes, shared features included global developmental delay, intellectual
disability, motor delay, and speech impairment. However, gene-specific patterns were

evident. RNU4-2 variants were associated with craniofacial and neuroanatomical
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abnormalities, including microcephaly, hypotelorism and corpus callosum hypoplasia.
RNU2-2 variants were more frequently associated with severe epileptic encephalopathy
and developmental regression, with less distinctive craniofacial features, whereas

RNUSB-1 presented a broader and more heterogeneous phenotype (Figure 3a).

Within RNU4-2, variants clustered mainly in the T-loop domain. Individuals carrying T-
loop variants tended to exhibit more severe clinical features compared to those with

variants in Stem Ill, although this observation is limited by sample size.

Facial gestalt analysis supports gene-specific craniofacial profiles

To determine whether these gene-specific clinical differences were also reflected in facial
morphology, we performed computational facial phenotyping using DeepGestalt and

GestaltMatcher.

DeepGestalt multiclass classification showed partial separation between groups (mean
accuracy 53.3%, exceeding the class-balanced random expectation of 39.2%) (Figure
4a). Binary analyses demonstrated robust discrimination of individuals with RNU4-2
variants from both controls (AUC = 0.948, p = 0.003) and individuals with RNU2-2
variants (AUC = 0.921, p = 0.035) (Figure 4b-c), supporting a consistent and
recognizable facial gestalt. In contrast, individuals with RNU2-2 variants were not reliably

distinguished from controls, consistent with their less distinctive craniofacial phenotype.

GestaltMatcher analysis further supported these findings, with RNU4-2 individuals
clustering more closely together, whereas individuals with RNU5B-1 variants appeared
more dispersed across the facial phenotype space, consistent with their greater clinical

heterogeneity (Figure 4d).
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Prenatal manifestations expand the phenotypic spectrum of RNU4-2-

associated disorder

Given the consistent clinical profile observed in RNU4-2, we next examined whether
features of the disorder could be detected during prenatal development. A distinct
prenatal phenotype was identified in individuals with RNU4-2 variants, characterized by
intrauterine growth restriction (IUGR), reduced birth weight, prematurity and mild
ventriculomegaly, with a marked female predominance. IUGR was observed in 13 of 25
individuals with RNU4-2 variants for whom prenatal data were available (52%), with a
striking sex difference: 9 of 13 affected females (70%) versus 4 of 12 affected males
(33%) presented with [IUGR. Preterm birth was also more frequent in females, occurring
in 4 of 13 (31%) compared to 1 of 12 males (9%). Mean birth weight was lower in females
(2,483 +388 g) than in males (3,051 +483 g),and remained reduced after excluding
preterm individuals (females: 2,591 +383 g; males: 3,117 £499 g). These features were
not observed in individuals with RNU2-2 or RNU5B-1 variants, all of whom were born at

term with no reported IUGR (Figure 3b, Table S10).

Together, these findings indicate that RNU4-2-associated disorder includes a previously
underrecognized prenatal component and suggest that spliceosomal dysfunction may
impact early human development. This pattern is consistent with disorders affecting the
minor spliceosome, supporting a broader role of RNA splicing in prenatal growth and

neurodevelopment 2'-23,

DISCUSSION

Our data support a model in which both de novo and biallelic variants in shnRNA genes
contribute to neurodevelopmental disorders (NDDs) through distinct molecular
mechanisms. Across genes, de novo variants consistently localize to highly constrained
functional domains, whereas biallelic variants tend to occur outside these regions. This
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positional segregation suggests fundamentally different modes of disruption, in line with
transcriptomic studies indicating domain-specific effects for dominant variants and more

variable, likely hypomorphic perturbations in recessive contexts' 10,

A key finding of this study is the identification of a robust, domain-specific DNA
methylation episignature associated with de novo RNU4-2 variants. This signature is
driven by alterations in the T-loop domain and provides functional evidence for domain-
dependent pathogenicity at this locus. In contrast, the individual with biallelic RNU4-2
variants (n=1) was not classified within the dominant episignature, which may suggest
that this configuration does not recapitulate the epigenetic signature observed in de novo
disease; however, this observation is based on a single individual and should be
interpreted with caution pending validation in larger recessive cohorts. Similarly, the lack
of consistent episignatures for RNU2-2 and RNU5B-1 further highlights the

heterogeneity of downstream effects across genes and inheritance modes .

Beyond classification, epigenetic profiling also provides insight into downstream
mechanisms. Enrichment for histone marks associated with enhancer and repressive
chromatin states, together with overrepresentation of binding sites for cohesin complex
components (SMC1A, SMC3 and RADZ21), suggests a link between spliceosomal
dysfunction and chromatin organization. Notably, cohesin interacts directly with splicing

factors and components of the U4/U6.U5 tri-snRNP complex 24

, and actively regulates
alternative splicing — a connection that may be relevant to the overlapping phenotypic
features observed between snRNA-related disorders and Cornelia de Lange syndrome,
in which cohesin dysfunction is causal ?. In addition, differentially methylated regions
overlapping genes involved in neurodevelopment and synaptic function, as well as a

hypomethylated region at the promoter of the RNU6-672P pseudogene, point to potential

downstream or compensatory regulatory responses within the spliceosomal network.
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From a genetic perspective, we further expand the architecture of snRNA-related
disorders by identifying novel mutational configurations. In particular, we report the first
structural alteration affecting RNU4-2, consisting of a complete gene deletion in trans
with a previously reported variant (n.119A>G). In addition, we identified biallelic variants

in RNU4-1, a gene not previously directly associated with neurodevelopmental disorders.

Although RNU4-1 has been less extensively studied than RNU4-2, recent evidence
indicates that it is functionally expressed, supporting a potential role in spliceosomal
activity despite lower expression levels in the brain ® and suggesting that its contribution
to disease may become evident in specific genetic contexts. Nevertheless, interpretation
is further limited by the fact that one of the two individuals also carries a de novo deletion
affecting MED13L, considered the primary molecular diagnosis in that case. Together
with the absence of functional validation, RNU4-1 should therefore be regarded as a

candidate gene pending replication in independent cohorts.

Notably, a recent report has described a deletion encompassing both RNU4-2 and
RNU4-1, associated with atypical developmental phenotype and raising the hypothesis
that reduced U4 snRNA dosage may contribute to disease through haploinsufficiency
mechanisms ?’. However, the absence of a neurodevelopmental phenotype in the father
of the affected individual — who carries the heterozygous deletion in isolation —
suggests that haploinsufficiency of RNU4-2 alone may be insufficient to cause a clinically
relevant phenotype. Together, these observations point to a model in which disease
manifestation may depend on the combined perturbation of multiple spliceosomal
components. In this context, our data further support the possibility that digenic or
oligogenic mechanisms involving snRNA genes may contribute to phenotypic variability,

as we observe an enrichment in individuals with NDDs compared to non-NDD controls.

These molecular differences translate into clinically distinct phenotypes. Deep
phenotypic characterization, supported by standardized HPO coding and automated

facial analysis, confirms that snRNA-related disorders represent clinically distinct
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entities. In line with these observations and previous reports **2, distinct phenotypic
patterns emerge across genes, with RNU4-2 variants associated with more consistent
craniofacial and neuroanatomical features, RNU2-2 variants more frequently linked to
severe epileptic encephalopathy and developmental regression, and individuals with

RNUSB-1 variants showing greater phenotypic heterogeneity.

Importantly, our study also identifies a prenatal phenotype associated with RNU4-2
variants, characterized by intrauterine growth restriction (IUGR), reduced birth weight,
and mild ventriculomegaly, with a notable female predominance. These findings suggest
that RNU4-2 disruption may affect early developmental processes beyond the central
nervous system and indicate that this gene should be considered in cases of unexplained
prenatal growth restriction, particularly in females and when standard genetic testing is
inconclusive. Similar prenatal manifestations have been reported in disorders affecting

components of the minor spliceosome, such as RNU4ATAC-opathies 2"?2

supporting a
broader role of spliceosomal dysfunction in early human development . However, as
prenatal data were collected retrospectively across multiple centers, prospective studies

will be needed to fully characterize the prevalence and spectrum of prenatal

manifestations in RNU4-2-associated disorder.

At a broader level, this study underscores the importance of genome-wide approaches
for capturing noncoding variation and highlights the clinical utility of coordinated national
programs combining standardized phenotyping and data sharing '®'", which identified
pathogenic snRNA variants in 2.58% of previously unsolved individuals with NDDs.
Altogether, our findings expand the genetic and phenotypic landscape of snRNA-related
disorders and support a model of context-dependent spliceosomal dysfunction, with
future transcriptomic and epigenomic studies needed to further define the impact of

allelic and domain-specific effects.
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TABLE & FIGURES

Table 1. Pathogenic variants detected in snRNA genes in NDD individuals from the Spanish URD

Programs. The table includes variant-related information, such as HGVS nomenclature, chromosomal

location (GRCh38) and altered gene domain. It is also indicated the total number of variant carriers among

Spanish undiagnosed NDDs, inheritance pattern and genotypes. Except for n.66A>G, which has an allele

count (AC) of 1, all variants have ACs of 0 in gnomAD v4.1. Variants n.69G>C and n.77_78insC have not

been previously described. *Previously reported. **This individual is also a carrier of a de novo deletion

encompassing MED13L (GRCh38:12:115999405-116018153). ***This individual is also a carrier of a

genomic duplication encompassing HNRNPH1 and RUFY1, reported as likely pathogenic ?°( Individual 3).

?: Unknown: non-paternal, maternal sample unavailable.

Position AC Dominant Recessive
Gene Variant Domain Probands Genotype
(GRCh38) gnomADv4 de novo biallelic
n.4G>A chr11:62841806 U6 binding domain 0 1* 1 - het
RNU2-2 Branch site
n.35A>G chr11:62841775 0 5* 5 - het
recognition domain
T-loop (quasi-
n.64_65insT chr12:120291839 0 20* 19+? - het
pseudoknot)
T-loop (quasi-
n.66A>G chr12:120291838 1 2 (MZT) 2 - het
pseudoknot)
T-loop (quasi-
n.67A>G chr12:120291837 0 1 ? - het
pseudoknot)
T-loop (RBM42
RNU42 | gec>T chr12:120291835 0 1 1 - het
interaction)
T-loop (RBM42
n.69C>G chr12:120291835 0 1 1 - het
interaction)
n.77_78insC chr12:120291826 Stem IIl 0 1 1 - het
n.77_78insT chr12:120291826 Stem IIl 0 1 1 - het
n.78A>C chr12:120291826 Stem IIl 0 1 1 - het
n.37G>C chr15:65304713 5'loop | 0 1 1 - het
RNU5B-1 n.39C>G chr15:65304715 5'loop | 0 1 1 - het
n.42_43insA chr15:65304718 5'loop | 0 2 2 - het
38
Branch site
n.19G>A chr11:62841791 1 - pat
recognition domain
1 comp het
RNU2-2 chr11:62841679- Binding site SM
n.107_118del 4 - mat
62841690 proteins
n.39T>G chr11:62841771 Stem la 0 2 (Sibs) - pat comp het
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629

n.181G>C chr11:62841629 - 6 mat
n.39A>C chr12:120293199 5' Stem loop 138 pat
1 comp het
n.57G>A chr12:120293181 Stem | 3 mat
RNU4-1
n.61A>G chr12:120293177 Stem | 35 pat
1** comp het
n.80A>G chr12:120293158 Stem IIl 12 mat
n.31T>G chr12:120291873 5' stem loop 0 i mat & pat hom
n.119A>G chr12:120291785 3' Stem loop 8 mat
RNU4-2 chr12:120291763- | Entire U4-1 & U4-2 1 comp het
1.778kbdel 0 pat
120293127 genes
n.140G>C chr12:120291764 3' Stem loop 1 1 Mat & pat hom
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Figure 1 Schematic representation of pathogenic variants detected in snRNA genes in NDD

individuals from the Spanish URD Programs. A. Schematic representation of the major spliceosome

complex illustrating the dynamic transitions through different intermediate stages: A complex, pre-B

complex, pre-catalytic B complex and activated spliccosome B complex. Highlighted in colour are the

domains of the snRNA genes (U2, U4, and U5) where the identified mutations are located. Adapted from

(Boesler et al. 2016 3°) B. Variant distribution across snRNA genes in our cohort. The upper panel shows

de novo variants, while the lower panel displays biallelic variants. Lines connect variants found in the same

individual, representing combinatorial configurations. Colors indicate the structural domain in which each
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640 variant is located. Circles represent individuals from our cohort, whereas triangles correspond to previously
641 reported variants from published studies.  C. Visualization of the deletion identified in individual U4-p32,
642 which spans both RNU4-2 and RNU4-1 Genome browser views of the individual and both parents are shown
643 for comparison. The black pin marks the single nucleotide variant (SNV) located within the affected region.

644 The black arrows marks the deletion.
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Figure 2 DNA methylation analyses in individuals with de novo RNU4-2 variants. A. Hierarchical
clustering analysis using RNU4-2 (U4)-specific probes. Rows correspond to selected probes, while columns
represent individual samples. Methylation levels range from blue (hypomethylated) to red (hypermethylated).
RNU2-2 (U2), RNU4-2 (U4), RNU5B-1 (U5), and control groups are labelled in blue, pink, yellow, and grey,
respectively. Samples are also categorized into training (red) and validation (green) cohorts. B.
Multidimensional Scaling (MDS) plot of selected probes, with U2, U4, U5, and control groups represented in
blue, pink, yellow, and grey, respectively. C. Differentially methylated region (DMR) identified in the promoter
of RNU6-672P. Upper panel: UCSC Genome Browser screenshot displaying the genomic context of the
DMR, including annotated genes (blue), CpG islands (green), H3K27Ac marks, ENCODE cis regulatory
elements (transcription start sites (TSS; red), enhancers (E; yellow), and weak enhancers (WE; pale yellow))
, GeneHancer annotations and JASPAR Transcription factor binding site. Lower panel: plot showing
methylation levels (mean + confidence intervals) for each CpG probe within the DMR in U4 individuals (pink)

and others (gray).

32



659

A.

Motor delay

Intellectual disability

Global developmental delay

Delayed speech and language development
Growth abnormality

Gastrointestinal

Generalized hypotonia

Face Dysmorphias
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Figure 3 Phenotypic spectrum and birth weight differences in individuals with de novo snRNA
variants. A. Left panel: Human Phenotype Ontology (HPO) representation of the most common phenotypic
features observed in individuals with variants in each snRNA gene (RNU2-2 (U2), RNU4-2 (U4), and
RNU5B-1 (U5), along with the specific HPO terms unique to each group. Phenotypes are categorized into
major classes: neurological (blue), neuromuscular/motor impairment (purple), dysmorphic features (green),
and other (yellow). Right panel: Overall HPO frequency distribution across each group (U2, U4, and U5). B.
Birth weight distribution stratified by sex. After excluding preterm individuals, individuals with RNU4-2
variants were compared to those with variants in RNU2-2 or RNU5B-1 (grouped as RNU2-2 + RNU5B-1),

using two-sample t-tests for each comparison. P < 0.05 (*); not significant (n.s.).
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671

672  Figure 4 Facial analysis of individuals with de novo snRNA variants. A. Composite facial masks
673  generated using the FDNA system for individuals with variants in RNU4-2(U4), RNU2-2(U2), and unaffected

674  individuals. B-C. Binary comparison results. D. t-SNE visualization illustrating the clustering of facial

675  phenotypes across the cohort.

676
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