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Neurodevelopmental disorders (NDDs) affect 2-4% of the population, are
predominantly genetic and remain unsolved in ~50% of individuals. We show
thatrare biallelic variants in RNU2-2 are enriched and over-transmitted in

individuals with unresolved NDDs. We define a recessive RNU2-2 syndrome,
delineate its unique genetic architecture and show that it manifests clinically
as asevere developmental and epileptic encephalopathy. We find that
candidate biallelic variants are significantly correlated with reduced U2-2
abundance, implicating compromised transcript stability as a probable
pathomechanism. We identify a decreased ratio of U2-2 toits paralog U2-1
as a potential diagnostic biomarker for this condition. We show that the
recessive RNU2-2 syndrome is genetically, clinically and mechanistically
distinct from the dominant RNU2-2 disorder. Within our cohort, the
recessive RNU2-2 syndrome emerges as by far the most frequent recessive
NDD, greatly disproportionate to the small genomic footprint of this
non-protein-coding gene.

NDDs are heterogeneous conditions that affect 2-4% of the
population'?. They are frequently genetic, and accurate diagnosis
underpins their clinical management, genetic counseling and repro-
ductive decision-making’. Even with genome sequencing, almost half
of NDD cases remain unsolved*”. Variants in several small nuclear RNA
(snRNA) genes cause human genetic conditions, including NDDs
(Supplementary Table1).

Spliceosomes are snRNAs containing complexes that are essential
for splicing®. U1, U2, U4 and U6 snRNAs are incorporated into the major
spliceosome, while equivalent Ul1, U12, U4atac and Ué6atac participate
inthe minor spliceosome. U5 functionsinboth spliceosomes’. The U2
snRNA recognizes the splicing branch site through RNA-RNA base
pairing during spliceosomal assembly and facilitates nucleophilic
attack of the branchpointadenosine at the 5’ splice site inintron lariat
formation®. U2 comprises 191 nucleotides and has two known, nearly
identical functional paralogs: U2-1and U2-2. U2-1is encoded from a
6.1kb tandem repeat array of five to 82 identical copies of RNU2-1 on
human chromosome 17 (ref. 9). U2-2 is encoded by single-exon gene
RNU2-2,located on chromosome 11. Recently, we and others discovered
afrequent dominant NDD caused by heterozygous RNU2-2 variants'®™.

Here, we describe a highly prevalent NDD and developmental
and epileptic encephalopathy (DEE) caused by biallelic RNU2-2 vari-
ants. We show that rare biallelic RNU2-2 variants are enriched and
over-transmitted in a cohort of individuals with unsolved NDDs. We
provide compelling evidence that these variants cause arecessive DEE
withadistinctive genetic architecture. We show that candidate variants
areassociated with U2-2 transcript depletion and adecreased U2-2:U2-1
transcript ratio. We also show that the dominant and recessive RNU2-2
disorders are genetically, clinically and mechanistically distinct. Finally,
we demonstrate that the recessive RVU2-2-related disorder is the most
common recessive NDD in our cohort.

Results

Biallelic RNU2-2 variants are enriched and over-transmitted in
individuals with unsolved NDD

Wereasoned that snRNAs are promising candidates for novel recessive
NDDs. We conducted an enrichment analysis for biallelic variants in
snRNA genes using aggregated short-read genome sequencing data
with statistical phasing from 78,051 individualsinthe 100,000 Genomes
Project (100kGP)'*"*. We quantified the frequency of rare (internal

e-mail: adam.jackson@manchester.ac.uk; siddharth.banka@manchester.ac.uk

Nature Genetics | Volume 58 | April 2026 | 798-809

798


http://www.nature.com/naturegenetics
https://doi.org/10.1038/s41588-026-02551-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s41588-026-02551-9&domain=pdf
mailto:adam.jackson@manchester.ac.uk
mailto:siddharth.banka@manchester.ac.uk

Article

https://doi.org/10.1038/s41588-026-02551-9

minor allele frequency of <0.001) homozygous and/or compound
heterozygous variants for all 1,901 snRNAs annotated in GENCODE
v.32.In total, we identified 1,897 homozygous and 1,692 compound
heterozygous variants in 2,486 individuals. We compared the frequency
of rare biallelic variants in individuals with unsolved NDD (n = 6,762)
versus all other individuals in this cohort (henceforth referred to
as ‘100kGP controls’; n=71,289). The 100kGP controls included
unaffected relatives, individuals with non-NDD phenotypes and indi-
viduals with previously solved NDD. We identified nominal enrich-
ment for biallelic variants in individuals with unsolved NDD in two
out of three snRNAs genes known to be associated with recessive
disorders, including RNU4-2 (refs. 14,15) (odds ratio (OR) = 5.75, 95%
Cl=1.75-17.0, two-sided Fisher’s exact test P= 0.00225) and RNU12
(refs. 16,17) (OR =3.84, 95% CI =1.48-8.95, P=0.00325) but not
RNUA4ATAC® (OR =1.56,95% Cl = 0.642-3.31, P= 0.252) (Fig. 1a and
Supplementary Table 2). We also identified significant enrichment for
rarebiallelicgenotypesin RNU2-2 (NR_199791.1) (all variants: OR = 4.40,
95% Cl=2.81-56.72, two-sided Fisher’s exact test P= 4.4 x 10°; homozy-
gousvariants: OR = 9.94,95% Cl =4.70-20.93, P=2.74 x10"%; compound
heterozygous variantsonly: OR =2.82,95% Cl =1.51-4.95,P=7 x107*).

In arare conditions cohort, for recessive conditions, affected
individuals are expected to inherit two pathogenic alleles from car-
rier parents more frequently than the expected one in four chance®.
Using genome sequencing data from 12,015 trios in the 100kGP, we
identified 49 triosin which both father and mother were heterozygous
for rare RNU2-2 variants. In total, 33 out of 49 offspring from these
trios were probands with unsolved NDD (18 homozygotes and 15 com-
pound heterozygotes). We detected asignificant over-transmission of
RNU2-2 variants from parents to probands with unsolved NDD ver-
sus the expected Mendelian ratios (chi-squared goodness-of-fit,
P=1.97 x107®) (Fig. 1b). For the remaining 16 trios in which the proband
did not have an unsolved NDD, there was no significant deviation
from the expected Mendelian ratio for any combination of variants
(Extended DataFig.1).

Collectively, the results suggest RNU2-2 is a likely recessive
NDD gene.

Read-based phasing identifies biallelic RNU2-2 variants

From the statistically phased sequencing data described above, we
identified 223 individuals with two or more rare RNU2-2 variants
(33 homozygous and 190 individuals with two different variants:
76 phased in trans and 114 phased in cis). To ensure accuracy of our
subsequent analyses, we manually inspected read alignments for all
190 individuals with more than onerare heterozygous RNU2-2 variant.
We identified 15 phase switch errors'>?°, including seven individuals
with variantsin transincorrectly phasedin cis, and eight with variants
incisincorrectly phasedin trans. After accounting for these errors, we
identified 33 homozygous and 75 confident compound heterozygous
genotypes in 100kGP (Fig. 1c and Extended Data Fig. 2).

Wenext searched foradditionalindividualsin100kGP notincluded
inthe statistically phased aggregated variant dataset, totaling 10,564
additional samples: 2,481 aligned to GRCh38 and 8,083 aligned to
GRCh37.Giventhat the RNU2-1repeatarray is not annotated in GRCh37
(ref.21), reads originating from RNU2-1 are often mapped as low-quality
RNU2-2 reads. This process reduces the alternate allele fraction of
true RNU2-2 variants and increases the rate of false-negative variant
calls. We mapped RNU2-2 reads from the GRCh37-mapped samples
to GRCh38. For individuals with more than one heterozygous RNU2-2
variant, we confirmed variant phasing by visual inspection of reads
in the Integrative Genomics Viewer (IGV)?*. We identified a further
14 individuals with biallelic RNU2-2 variants (four homozygous, ten
compound heterozygous; Fig. 1c and Extended Data Fig. 3).

In total, we identified 122 individuals with rare biallelic RNU2-2
variants from 100kGP. These included 37 individuals from 30 fami-
lies with 25 distinct homozygous variants (17 with unsolved NDDs

and 20 controls) and 85 individuals from 82 families with 80 distinct
compound heterozygous genotypes (23 with unsolved NDDs and
62 controls) (Fig. 1cand Supplementary Table 3).

The distribution of candidate variants is distinct from controls

RNU2-2 contains four evolutionarily conserved 5’ modules (stem 1, the
branchpointrecognition sequence, stemIland the Smbinding site) and
twoless conserved 3’ modules (stem Il and stem [V)*°, Visualization of
biallelic variantsin the U2-2 primary and secondary structure suggested
aclustering of deleterious variantsin the 5’ end of the transcript (Fig. 2
and Extended Data Fig. 4a,b). We compared the distributions of biallelic
RNU2-2variants inthe unsolved NDD cohort versus 100kGP controls and
UK Biobank (UKB) controls within this 5’ constrained region, which we
conservatively extend to n.67 to coincide with the junction of stemloop
llaand stemloop IIb (Extended Data Fig. 5). Homozygous variants were
scarceinall three cohorts, and we found no significant differencein the
number of unique homozygous variants within, or outside of, n.1-n.67
(NDD vs 100kGP controls: OR =1.56,95% Cl = 0.0860-28.1, two-tailed
Fisher’s exact test P=1; NDD vs UKB, OR =2.78, 95% CI = 0.157-49.2,
P=0.484) (Supplementary Table 4). However, for compound heterozy-
gous genotypes, we observed a strong enrichment of genotypes with
atleast one variant within n.1-n.67 in individuals with unsolved NDD
versus both100kGP controls (OR = 34.0, 95% Cl = 6.81-170, two-tailed
Fisher’s exact test P=1.07 x 10”) and 200,011 individuals in UKB
for whom statistically phased genome sequencing data were avail-
able" (OR =153, 95% Cl=19.8-1,180, P=1.90 x 10™°). In other reces-
sive RNU-opathies, variants in the Sm binding site are known to be
pathogenic™*. However, we did not detect statistical enrichment
of homozygous or compound heterozygous genotypes in the Sm
site (n.97-n.107) in individuals with unsolved NDD versus controls
(two-tailed Fisher’s exact test P> 0.0565) (Supplementary Table 4).

Validation across multiple cohorts confirms RNU2-2 as anovel
recessive disease gene

To prioritize probable disease-causing variants in our unsolved NDD
cohort, we filtered out any individuals with homozygous or compound
heterozygous variants that were also observed in population data-
bases (gnomADv4 (ref. 28), UKB? or All of Us*’) or in our 1I00kGP con-
trolsin the same combination. Specifically, compound heterozygous
genotypes were filtered from the unsolved NDD cohort if the same
combination of variants, that is, the same compound heterozygous
genotype, was observed in any control cohort. Ultimately, we pri-
oritized 31 rare biallelic genotypes in RNU2-2 (ten homozygous and
21 compound heterozygous) in 38 individuals from 31 families with
unsolved NDD. These formed our ‘discovery cohort’in 100kGP (Fig. 1c
and Supplementary Table 5).

Tovalidate our findings, we searched for candidate biallelic RNU2-
2variants in additional rare conditions databases. Specifically, we
looked for biallelic variants absent in the same combination from
UKB, gnomADv4 or 100kGP controls. For compound heterozygous
variants, guided by our observationsin the discovery cohort, we used
astringentapproachtoreduce theidentification of false positives and
included only those genotypesinwhichatleast one variantwasin the 5/
constrained region (n.1-n.67) or the Smsite (n.97-n.107). Using these
criteria, we identified ten additional individuals in the National Health
Service (NHS) Genomic Medicine Service (GMS) (n = 29,872 genomes
from 15,889 families with rare conditions), two in Solve-RD* (n =334
genomes), two in UDN-Aus*? (n =249 genomes from 94 families),
13 through the national LoqusDB?** database at Karolinska Univer-
sity Hospital, Sweden (n =29,782 clinical genomes from Stockholm
Region and 141 genomes for UDN Sweden), four in the South Korean
Undiagnosed Diseases database (n =1,089 whole genome sequencing
probands) and 14 cases were identified from the Lifer Omics Database
in Saudi Arabia (n = 6,657 genomes). Notably, although we did not
filter by phenotype at this stage, all 45 individuals had unsolved NDD
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Fig. 1| Biallelic variants in RNU2-2 are enriched and over-transmitted in
individuals with unsolved NDD. a, Manhattan plot showing biallelic variant
enrichment for all snRNAs (n =1,901). P values from two-sided Fisher’s exact
tests are shown for homozygous variants, compound heterozygous variants
and all biallelic variants. The Bonferroni significance threshold (P= 6.46 x107°
for 774 tests at « = 0.05) isindicated with a gray line. b, Stacked bar plot showing

transmission of heterozygous variants in RNU2-2 from parents to offspring. Only
trios in which both parents are carriers of heterozygous variants in RNU2-2 are
shown (n=49). ¢, Flowchart describing the variantidentification and filtering
strategy. Hom, homozygous; CH, compound heterozygous; Cis, variants in cis.
The dataunderlying the Manhattan plot are provided as Source Data.
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Fig. 2| Biallelic variant distributions in RNU2-2 (NR_199791.1) among unsolved
NDD cases and controls. Transcript diagram showing biallelic variants in RNU2-2.
Red squares depict candidate biallelic variants in individuals with unsolved NDD
from the discovery cohort (GEL), GMS, Solve-RD (EUR), UDN-Aus (AUS), Saudi
Arabian (SAU), South Korean (KOR) and Swedish (SWE) cohorts. Gray squares
show biallelic variants in UKB controls. Closed squares show homozygous
variants. Open squares show compound heterozygous variants. For candidate
variants depicted inred, the numbersin parentheses show the participant
identifier used in this study. Individuals carrying more than two variants are

combinations are shown, except for individuals with more than one homozygous
variant, for whom only homozygous variants are shown. Indels are plotted at
their most 5’ coordinate. Genotypes that contain variants extending past the
start or end coordinates of RNU2-2 are not shown. The extent of the branchpoint
recognition sequence (BPRS), Smsite, stemloops|, Ila, IIb, [lland IV are
highlighted in gray. The boundary of the 5’ constrained region at n.67 is shown
by whitespace between stem loop Ilaand stem loop IIb.
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(Fig. 1c). Finally, weidentified three additional affected siblings across
three cohorts through segregation analysis.

In total, combining individuals from our discovery and valida-
tion cohorts, we identified 84 individuals with NDD phenotypes from
67 families with candidate biallelic RNU2-2 variants (Fig. 2, Extended
Data Fig. 5, Supplementary Fig. 1 and Supplementary Table 5), only
one of whom (P56 in Supplementary Table 5) had another molecular
explanation identified by prior comprehensive genomic testing.

The recessive RNU2-2 syndrome is a DEE

We examined the phenotypic similarity of 31 unrelated individuals
with candidate biallelic RNU2-2 variants from our discovery cohort.
We excluded seven siblings from this analysis to prevent confound-
ing owing to relatedness. For these 31 individuals, we compared the
Human Phenotype Ontology (HPO) terms documented at recruit-
ment with 1,000 permutations of 31 randomly selected unrelated
individuals with NDD in 100kGP. HPO terms in the 31 individuals with
candidate RNU2-2variants were significantly more homogenous than
expected by chance (two-sided Monte Carlo P= 0.012; Fig. 3a).

Toidentify the clinical features underlying this phenotypic similar-
ity, we performed HPO term enrichment analysis for these 31 unrelated
individuals versus all other unrelated participants with NDD in 100kGP
(n=10,157). Significantly enriched HPO terms were consistent with a
DEE andincluded ‘generalized seizures’,‘encephalopathy’, ‘intellectual
disability’and ‘delayed speech and language development’ (Fig. 3b and
Supplementary Table6).

Next, we performed a detailed clinical characterization of the
recessive RNU2-2 syndrome. We gathered detailed phenotypic infor-
mation and clinical histories from 34 individuals (27 families) with
candidate biallelic RNU2-2 variants. Of these individuals, 16 were male
and 18 were female, and their ages ranged between 5 and 34 years
(Supplementary Table 7; case reports in Supplementary Note). All
individuals displayed developmental delay and intellectual disability.
Most individuals had motor delay (32 out of 34, 94.1%) and seizures
(32 out of 34,94.1%). Seizure onset occurred in the first year of life for
61.8% (21out of 34).73.5% (25 out of 34) of individuals were non-verbal
and 41.2% (14 out of 34) were unable to walk. Seizure semiology was
varied with generalized tonic-clonic seizures in 61.8% (21 out of 34),
myoclonic jerks in 38.2% (13 out of 34), absence seizures in 32.4%
(11 out of 34) and infantile spasm in 8% (three out of 34). Encepha-
lopathy was used as a clinical descriptor in 23.5% (eight out of 34).
Movement disorders were seen in 35.3% (12 out of 34). Bruxism was
noted in 17.6% (six out of 34). Gastrostomy feeding was required in
47%. Electroencephalograms were abnormal in 53.8% (14 out of 26),
with epileptiform spike activity in 50% (13 out of 26) and background
slowingindicative of encephalopathyin 26.9% (7 out of 26). Magnetic
resonance imaging scans were abnormal in 46% (13 out of 28), with
cerebral atrophy being most common (nine out of 28), followed by
enlarged extra-axial cerebrospinal fluid spaces in 14% (four out of 28)
(Fig. 3c). Facial dysmorphism was seen in most individuals (20 out
of 34) (Fig. 3d).

Insummary, we demonstrate striking phenotypic convergencein
areverse-phenotyped** cohort with candidate biallelic RNU2-2 variants
and show that the recessive RNU2-2 disorder is a DEE.

Candidate biallelic variants are associated with reduced U2-2
abundance and a decreased U2-2:U2-1ratio

Recessive inheritance of the disorder described here suggests
loss-of-function as the probable pathomechanism, which can
occur by several means, including reduced transcript stability> .
We examined rRNA-depleted RNA sequencing data from blood in
100kGP and performed expression outlier analysis in 5,412 samples
using OUTRIDER*’. Nine individuals in this cohort had candidate
biallelic RNU2-2 variants, and eight of these individuals had signifi-
cantly lower RNU2-2 expression in OUTRIDER (false discovery rate

(FDR) P < 0.05) (Supplementary Table 8), whereas only six individuals
intheremainder of the cohort (n = 5,403) were significant expression
outliers for RNU2-2. Overall, RNU2-2 expression outliers were highly
over-represented among individuals with candidate RNU2-2 variants
(OR=7,372,95% Cl =795-68,400, P=4.68 x 107), suggesting reduced
U2-2 expression or reduced transcript stability as a potential mecha-
nism in most individuals with this disorder.

Interestingly, seven out of eight individuals with outlier RNU2-2
expression were also found to be an expression outlier for WDR74
(Supplementary Table 8). RNU2-2is located within the 5" untranslated
region of WDR74 on chromosome 11 (Extended Data Fig. 6a)*. We
observed no significant difference in the number of RNA sequencing
reads mappingto exclusively coding exons of WDR74between cases and
controls (meanreads per million (RPM) 0of 96.8 and 85.6, respectively;
two-tailed Mann-Whitney U-test P = 0.151) (Extended Data Fig. 6b,c).
Thisimplies that the apparent reduced WDR74 expressioninindividuals
with candidate RNU2-2 variants is a technical artefact.

Next, we explored the transcriptional relationship of U2-1and U2-2
in cases and controls in these transcriptomic data. First, we counted
reads mapping to RNU2-2inthe nineindividuals with candidate biallelic
variants and inanexpanded set of control samples (n = 5,443). Consist-
ent with our OUTRIDER results, RNU2-2 expression was significantly
lower for individuals with biallelic variants than controls (mean RPM
of 102 vs 757; two-tailed Mann-Whitney U-test P=1.53 x107°) (Fig. 4a
and Supplementary Table 9). Next, we found that expression of U2-1
and U2-2ishighly correlated (Pearson’s R=0.83,P < 2.2 x107%; Fig. 4b),
consistent with previous results. We did not detect any significant
OUTRIDER expression outliers for RNU2-1among any individualsin the
original cohort of 5,412 samples. Strikingly, all eight RNU2-2 OUTRIDER
outliersamongthe cases had asignificantly depleted ratio of U2-2:U2-1
expression (range, 0.352-0.688). No other individuals, including
the six RNU2-2 outliers from the control cohort, had a U2-2:U2-1ratio
in this range (n =5,448; range, 0.76-1.45). The mean RNU2-2 ratio
was significantly lower for the participants with candidate biallelic
variants than controls (0.56 vs 1.04, two-sided Mann-Whitney U-test
P=4.4x107) (Fig. 4c). These data suggest that the U2-2:U2-1ratio is
a more specific marker for the recessive RNU2-2 disorder than U2-2
expression alone.

Dominant and recessive RNU2-2 syndromes are distinct

We next set out to compare the dominant'®" and recessive RNU2-2 disor-
ders. The dominant RNU2-2 disorder is caused by alimited repertoire of
single nucleotide variants at the 5’ end of RNU2-2 (Extended DataFig. 5),
including highly recurrentvariantsatn.4 G > Aandn.35 A > G'*". Candi-
datebiallelic variantsin the recessive disorder are more widely distrib-
uted throughout RNU2-2, notwithstanding an enrichment of compound
heterozygous alleles at the 5’ end of the gene (Extended Data Fig. 5).
Overall, the genotypic spectrum of the recessive disorder appears
much broader than the dominant condition.

Next, we compared these disorders at the RNA level. Having
shown that candidate biallelic variants are associated with reduced
U2-2 abundance and a reduced U2-2:U2-1 ratio, we found that mean
U2-2 abundance in individuals with the dominant condition was no
different from controls (mean RPM of 745 vs. 955; two-tailed Mann-
Whitney U-test P=0.924) (Fig. 4a and Supplementary Table 10).
Similarly, the U2-2:U2-1ratio in these heterozygous participants did
not differ significantly from controls (range, 0.88-1.06 vs 0.76-1.08;
two-tailed Mann-Whitney U-test P= 0.07) (Fig. 4c). These data sug-
gest that U2-2 transcript depletionis probably a specific feature of the
recessive disorder.

From 5,546 participants with rare conditions for whom tran-
scriptomic data were available, we identified five individuals with
pathogenic heterozygous variants and nine individuals with candi-
date biallelic RNU2-2 variants. We compared these cases with a subset
of 301 controls with non-NDD phenotypes who were under 18 years
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Fig.3 | Therecessive RNU2-2syndromeis aDEE. a, Kernel density estimate and
boxplot showing the group phenotypic homogeneity of 1,000 permutations of
31randomly selected participants with NDDs in 100kGP versus 31individuals

with candidate biallelic variants in RNU2-2 (indicated by dashed red line). The
boxplot shows the median, quartiles and +1.5 times the interquartile range of the
data. Outliers are shown by filled black circles. b, Relative frequency of HPO terms
in unrelated individuals with rare biallelic variants in RNU2-2 versus unrelated
100kGP participants with NDD. HPO terms that differ in frequency between the
cohortsare shownin red (two-sided Fisher’s exact tests with Benjamini-Hochberg

FDR correction for 71tests at « = 0.05, P < 0.000704). Center points represent

the odds ratio; error bars, 95% confidence intervals. The raw data are provided
inSupplementary Table 7. ¢, T2-weighted axial brain MRIimages of individuals
with candidate variants in RNU2-2 showing enlarged CSF spaces and generalized
cerebral atrophy (P4, P5, P27 and P36). Prominent cerebral atrophy in the temporal
regionsis shown for P10.d, Facial photographs of individuals with candidate
biallelic variants in RNU2-2. Participant numbers and variant details in HGVS
nomenclature are shown. Informed consent was obtained from all families for the
publication of facialimages. Data underlying the plots are provided as Source Data.
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reads arising from chromosome 17. ¢, Boxplots showing the ratio of U2-2:U2-1
(RPM). Individuals with candidate biallelic variants in RNU2-2 are shown in red.
Individuals with pathogenic heterozygous variants in RNU2-2 are shown in blue.
Foraand c, Pvalues for two-tailed Mann-Whitney U-tests are shown. Box and
whisker plots show the median, quartiles and +1.5times the interquartile range of
the data. Data underlying the plots are provided as Source Data.

of age. We did not observe a significant difference in the number
of FDR-significant (FDR P < 0.10) splicing outliers between groups
(Extended Data Fig. 7a). Broadening our analysis to nominally sig-
nificant (P < 0.05) FRASER2 outliers showed that individuals with the
dominant disorder have a significantly greater number of nominally
significant splicing outliers in blood than controls (mean splicing
outliers, 7,072 vs 5,267; two-tailed Mann-Whitney U-test P= 0.0112),
whereas individuals with candidate biallelic variants did not (mean,
5,722 vs 5,266; P=0.695) (Fig. 5a). Given the prominence of seizures
inthe recessive disorder, we further subset our analysis to nominally
significant splicing outliers in known monogenic epilepsy genes
(PanelApp Australia v.1.178 Genetic Epilepsy panel). Again, we found
thatindividuals with the dominant disorder had asignificantly greater
number of splicing outliersin these genes than controls (mean, 482 vs
350; two-sided Mann-Whitney U-test P=0.00752), but we found no
such differencein candidate biallelic cases (mean, 358 vs 350; P= 0.825)
(Extended Data Fig. 7b). We next looked for aberrant splicing events
shared by individuals with the dominant or recessive disorders. We
compared the number of identical, nominally significant aberrant
splicing events shared by individuals with candidate RNU2-2 variants
versus 1,000 permutations of an equal number of randomly selected
controls. Individuals with the dominant disorder shared a greater
number of aberrant splicing events at annotated splice junctions
than expected by chance (n=1,930; two-sided percentile bootstrap
P=0.002, Bonferroni P=0.016) (Extended Data Fig. 8). No such sig-
nal was observed for participants with candidate biallelic variants
(Extended DataFig.9).Insummary, we were able to detect an aberrant
splicing signalinblood for individuals with the dominant disorder but
not with the recessive disorder.

Finally, we compared the clinical phenotypes of the dominant
and recessive conditions using detailed clinical information from
26 individuals with the recessive RNU2-2 NDD as well as published
clinical data for 21individuals with the dominant RNU2-2disorder'*".
We limited participants with the dominant condition to those carry-
ingthe highlyrecurrentn.4 G>A,n.35A>Gandn.35 A > Cvariants, as
only these variants reach the threshold for a ‘(Likely) Pathogenic’
classification by current ACMG criteria*. Principal component analy-
sis of 45 clinical features showed limited separation of the dominant
and recessive RNU2-2 conditions (Fig. 5b and Supplementary Fig. 2).

We therefore compared the frequency of individual phenotype terms
between the recessive and dominant disorders. The most strongly
enriched clinical features for the recessive disorder included ‘spasti-
city’ (OR=18.26,90% Cl =1.59-208, two-tailed Fisher’s exact test FDR
P=0.038) and ‘seizures in first year’ (OR=5.60, 90% CI=1.99-15.7,
FDR P=0.039;Fig.5cand Supplementary Table 11). The most strongly
enriched phenotypes for the dominant disorderincluded ‘stereotyped
hand movements’ (OR = 0.064,90% Cl = 0.018-0.22, FDRP=4.5x107")
and dysmorphicfacial features (OR = 0.031,90% Cl = 0.002-0.22, FDR
P=0.029; Fig.5c).

Takentogether, these datasuggest that the dominantand recessive
RNU2-2disorders are genetically, molecularly and clinically distinct.

Biallelic RNU2-2 variants cause the most common recessive
NDD in100kGP

Finally, we estimated the frequency of the recessive RNU2-2 disorder
compared to other recessive NDDs. We compared the number of indi-
viduals with candidate biallelic RNU2-2 variants versus the number
of individuals with a confirmed recessive NDD using exit question-
naire data from 10,157 individuals with NDD in 100kGP. The recessive
RNU2-2disorder is by far the most frequent recessive conditionin this
cohort (n=31), observed in over three times as many individuals as
VPS13B (Cohen syndrome, MIM 216550; n = 9), the next most frequent
diagnosis (Fig. 6a). Expanding our analysis to allNDD genes with ‘green’
review statusin theintellectual disability panel (R29) in PanelApp**, we
find that the recessive RNU2-2 disorder is the second-most frequent
diagnosis after RNU4-2-related ReNU syndrome (n = 59) and the only
recessive disorder among the top 20 most frequent diagnoses in this
cohort (Extended Data Fig. 10).

We previously identified 11 individuals with the dominant
RNU2-2 syndrome in 100kGP'. Now, the discovery of 38 individuals
with the recessive RNU2-2 syndrome brings the total number of indi-
viduals in this cohort with an RNU2-2-related diagnosis to 49 out of
7,968 (0.61%).

The recently discovered RNU-opathies (dominant and reces-
sive RNU4-2 (refs. 14,15,43,44), dominant and recessive RNU2-2
(refs. 10,11) and dominant RNUSB-1 syndromes'®) account for 118
out of 7,968 (1.48%) individuals with previously unsolved NDDs
in 100kGP (Fig. 6b). This finding is particularly remarkable given
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Fig. 5| Molecular and phenotypic distinction between the recessive and
dominant RNU2-2 disorders. a, Nominally significant FRASER2 outliers
(P<0.05)incarriers of candidate variants in RNU2-2 versus controls. P values
from two-tailed Mann-Whitney U-tests are shown. Box and whisker plots show
the median, quartiles and +1.5 times the interquartile range of the data. b, PCA
scatterplot of HPO terms in the recessive and dominant RNU2-2 disorders. The
proportion of the variance explained by each principal component is shown

inthe axis labels. Ellipses were generated using the default parameters of the
factoextra R package. c, Relative frequency of HPO terms in the recessive and
dominant RNU2-2 disorders. Odds ratios after Haldane-Anscombe correction
are shown. Error bars show 90% confidence intervals, centered around the odds
ratio represented as a circle. Filled circles show FDR-significant P values from
two-sided Fisher’s exact tests (a = 0.05). Data underlying the plots are provided
as Source Data.

that these genes have a combined genomic footprint of 448 bp
(thatis, onein1.35x 10’ bp of GRCh38).

In summary, biallelic RNU2-2 variants are a highly frequent
unrecognized cause of NDD with seizures.

Discussion
Here, we describe an NDD caused by rare biallelic RNU2-2 variants,
define the geneticarchitecture of the disorder, characterizeits clinical
presentation, show that most candidate variants probably result in
transcript depletion, identify an RNA-based potential diagnostic
biomarker for the condition and find that the recessive RNU2-2-
related syndrome is the most common recessive NDD in 100kGP.
Our conclusions are supported by other recent independent
studies***¢, one of which also uses the 100kGP cohort*.

RNU2-2is a single-exon non-coding gene of only 191 bp. Given
this compact size, it is remarkable that variants in this gene are

responsible for such afrequentrecessive disorder. Notably, our ascer-
tainment criteria were stringent, andit is possible that some pathogenic
variant combinations could have been filtered out.

Among our candidate cases in 100kGP, compound heterozygous
genotypes were more frequent than homozygous genotypes, and we
did notidentify ahigh number of consanguineous families. The distri-
bution of compound heterozygous variants among our cases suggests
that specific variant combinations are important to the etiology of
the disorder. We speculate that acombination of two strongly delete-
rious RNU2-2 alleles may be non-viable, while two mildly deleterious
alleles may not cause a clinically obvious phenotype, and the recessive
RNU2-2-related syndrome occurs only within a specific window of
residual U2-2 function. We note that homozygous variants are scarce
in the 5’ end of RNU2-2 in both disease and control populations,
whereas this regionis enriched for compound heterozygous variants
inindividuals with NDD, suggesting that some 5’ homozygous variants
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individuals with unsolved NDD in 100kGP explained by pathogenic variants in
the recently described ‘RNU-opathy’ genes. Note that a shows counts of families,
whereas b shows counts ofindividuals.

could be lethal. Such a ‘Goldilocks’ phenomenon has precedent in
other small non-coding RNA genes associated with recessive condi-
tions, including RNU7-1 (ref. 47) and SNORD118 (ref. 27).

The broad genotypic spectrum of this recessive disorder
presents an obstacle to variantinterpretationinthe clinical setting. We
provide strong statistical and clinical evidence for RNU2-2 as a novel
recessive disorder gene, whereas many of our candidate variants will
be classed as variants of uncertain significance according to clinical
variant interpretation guidance. The interpretation of non-coding
variants is known to be especially challenging*®. Future studies that
leverage larger cohorts of affected individuals and variant-specific
functional data using approaches such as saturation genome editing
can facilitate clinical variant interpretation.

We show that the recessive RNU2-2-related syndrome is a DEE
characterized by severe to profound global developmental delay, intel-
lectual disability, early-onset seizures of varying semiology, movement
disorders, requirement of gastrostomy feeding, abnormal electro-
encephalograms and evidence of cerebral atrophy on neuroimaging.
More detailed natural history studies will be essential to investigate

therange and frequency of clinical features and comorbidities caused
by this disorder.

Consistent with a recessive mode of inheritance, we show
that candidate biallelic RNU2-2variants are associated with U2-2
transcript depletion, indicative of a loss-of-function mechanism. We
reason that the transcript depletion we observe may be secondary to
reduced transcript stability. Understanding the molecular basis of
this disorder will be critical for the development of targeted therapies.

Importantly, we find that a reduced U2-2:U2-1 ratio is a specific
marker for the recessive disorder. This finding is important because
we observed some controls with significantly low U2-2 expression
butapreserved U2-2:U2-1ratio. These paralogous genes differ at only
nine nucleotides (Supplementary Fig. 3), four of which are weakly
conserved positions adjacent to the Sm site'’. It is therefore plausi-
ble that U2-1 may partially compensate for under-expression of U2-2
(ref.49). This compensatory effect may be especially true in blood, in
which the expression of U2-1relative to U2-2 is greater thaninbrain or
retinal tissue'® and the expression of both genes is highly correlated. A
reduced U2-2:U2-1ratioinblood implies either stable U2-1expression
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independent of U2-2 levels or compensatory over-expression of U2-1in
response to U2-2 depletion. The technical limits of short-read sequenc-
ing for repetitive regions make amore in-depth analysis of the RNU2-1
locusin this current cohort challenging.

Deleterious variantsina core component of the spliceosome may
be expected to disruptsplicing. We observed ameasurableincreasein
aberrant splicing eventsin blood fromindividuals with the dominant
RNU2-2 disorder but not in the recessive disorder. Further RNA stud-
ies are warranted to clarify the splicing defect of the recessive RNU2-2
disorder, using other sequencing approaches, patient-derived cell
lines, clinically relevant tissues or in vitro and in vivo model systems,
including animal models. Of note, the RNU2-2 gene is disrupted in
rodent models (Supplementary Fig. 4).

Although our findings will need replicationin other populations,
we found that RNU2-2 was the most common recessive NDD in the
100kGP. The discovery of a highly prevalent severe recessive disorder
is especially important because accurate carrier testing owing to
family history or through extended carrier screening programs can
inform reproductive decisions, including prenatal testing. Several
factors may explainwhy the genetic basis of such a prevalent recessive
disorder has remained elusive until now. These include the absence
of RNU2-2 in exome capture kits, previous annotation of RNU2-2 as
a pseudogene and confounding of accurate detection of RNU2-2
variants owing to the absence of the RNU2-1 locus from the GRCh37
assembly. Finally, the high density of variants in the gene, the relative
paucity’’ of founder variants and the preponderance of compound
heterozygous genotypes in this condition reduce the efficacy of tradi-
tional recessive disease gene discovery approaches. Epidemiological
studies todetermine theincidence, prevalence and carrier rates for the
recessive RNU2-2 syndrome will be required in the future.

In summary, we describe a highly prevalent NDD and DEE caused
by biallelic RNU2-2 variants, which will enable diagnosis for thou-
sands of individuals with unsolved NDDs worldwide and catalyze
future research into the biology, epidemiology and treatment of
this condition.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41588-026-02551-9.

References

1. Heady, N., Watkins, A., John, A. & Hutchings, H. Prevalence of
neurodevelopmental disorders and their impact on the health
and social well-being among looked after children (LAC):

a systematic review protocol. Syst. Rev. 11, 49 (2022).

2. Sabariego-Navarro, M., Fernandez-Blanco, A, Sierra, C. &
Dierssen, M. Neurodevelopmental disorders: 2022 update.

Free Neuropathol. 3, 8 (2022).

3. Copeland, H. et al. Large-scale evaluation of outcomes after
a genetic diagnosis in children with severe developmental
disorders. Genet. Med. Open 2,101864 (2024).

4. The 100,000 Genomes Project Pilot Investigators. 100,000
Genomes pilot on rare-disease diagnosis in health care—
preliminary report. N. Engl. J. Med. 385, 1868-1880 (2021).

5. Wright, C. F. et al. Genomic diagnosis of rare pediatric disease in the
United Kingdom and Ireland. N. Engl. J. Med. 388, 1559-1571 (2023).

6. Deutsch, H. M., Song, Y. &Li, D. Spliceosome complex and
neurodevelopmental disorders. Curr. Opin. Genet. Dev. 93,
102358 (2025).

7. Tarn, W.-Y. & Steitz, J. A. A novel spliceosome containing U11, U12,
and U5 snRNPs excises a minor class (AT-AC) intron in vitro. Cell
84, 801-811(1996).

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

20.

30.

Tholen, J., Razew, M., Weis, F. & Galej, W. P. Structural basis of
branch site recognition by the human spliceosome. Science 375,
50-57 (2022).

Tessereau, C. et al. Estimation of the RNU2macrosatellite
mutation rate by BRCAT mutation tracing. Nucleic Acids Res. 42,
9121-9130 (2014).

Jackson, A. et al. Analysis of R-loop forming regions identifies
RNU2-2and RNU5B-1 as neurodevelopmental disorder genes.
Nat. Genet. 57, 1362-1366 (2025).

Greene, D. et al. Mutations in the small nuclear RNA gene RNU2-2
cause a severe neurodevelopmental disorder with prominent
epilepsy. Nat. Genet. 57, 1367-1373 (2025).

Shi, S. et al. A Genomics England haplotype reference panel and
imputation of UK Biobank. Nat. Genet. 56, 1800-1803 (2024).
Caulfield, M. et al. The National Genomics Research and
Healthcare Knowledgebase. Figshare https://doi.org/10.6084/
m9.figshare.4530893.v5 (2019).

De Jonghe, J. et al. Saturation genome editing of RNU4-2 reveals
distinct dominant and recessive neurodevelopmental disorders.
Preprint at https://doi.org/10.1101/2025.04.08.25325442 (2025).
Rius, R. et al. Biallelic variants in the non-coding RNA gene RNU4-2
cause a recessive neurodevelopmental syndrome with distinct
white matter changes. Preprint at https://doi.org/10.1101/2025.
08.13.25333306 (2025).

Xing, C. et al. Biallelic variants in RNU12cause CDAGS syndrome.
Hum. Mutat. 42,1042-1052 (2021).

Elsaid, M. F. et al. Mutation in noncoding RNA RNU12 causes early
onset cerebellar ataxia. Ann. Neurol. 81, 68-78 (2017).

Merico, D. et al. Compound heterozygous mutations in the
noncoding RNU4ATACcause Roifman Syndrome by disrupting
minor intron splicing. Nat. Commun. 6, 8718 (2015).

Epi4K Consortium, EuroEPINOMICS-RES Consortium &

Epilepsy Phenome Genome Project. Application of rare variant
transmission disequilibrium tests to epileptic encephalopathy trio
sequence data. Eur. J. Hum. Genet. 25, 894-899 (2017).
Browning, B. L. & Browning, S. R. Genotype error biases trio-based
estimates of haplotype phase accuracy. Am. J. Hum. Genet. 109,
1016-1025 (2022).

Bousquets-Mufoz, P. et al. PanCancer analysis of somatic
mutations in repetitive regions reveals recurrent mutations in
snRNA U2. NPJ Genom. Med. 7,19 (2022).

Robinson, J. T. et al. Integrative Genomics Viewer. Nat. Biotechnol.
29, 24-26 (2011).

Wilkinson, M. E., Charenton, C. & Nagai, K. RNA splicing by the
spliceosome. Annu. Rev. Biochem. 89, 359-388 (2020).

Rodgers, M. L. et al. Conformational dynamics of stem Il of the
U2 snRNA. RNA 22, 225-236 (2016).

Panek, J. et al. The SMN complex drives structural changes in
human snRNAs to enable snRNP assembly. Nat. Commun. 14,
6580 (2023).

Jacobson, M. R., Rhoadhouse, M. & Pederson, T. U2 small nuclear
RNA 3' end formation is directed by a critical internal structure
distinct from the processing site. Mol. Cell. Biol. 13, 1119-1129 (1993).
Jenkinson, E. M. et al. Mutations in SNORD118cause the cerebral
microangiopathy leukoencephalopathy with calcifications and
cysts. Nat. Genet. 48, 1185-1192 (2016).

Karczewski, K. J. et al. The mutational constraint spectrum
quantified from variation in 141,456 humans. Nature 581, 434-443
(2020).

UK Biobank Whole-Genome Sequencing Consortium.
Whole-genome sequencing of 490,640 UK Biobank participants.
Nature 645, 692-701(2025).

All of Us Research Program Genomics Investigators. Genomic
data in the All of Us Research Program. Nature 627, 340-346
(2024).

Nature Genetics | Volume 58 | April 2026 | 798-809

807


http://www.nature.com/naturegenetics
https://doi.org/10.1038/s41588-026-02551-9
https://doi.org/10.6084/m9.figshare.4530893.v5
https://doi.org/10.6084/m9.figshare.4530893.v5
https://doi.org/10.1101/2025.04.08.25325442
https://doi.org/10.1101/2025.08.13.25333306
https://doi.org/10.1101/2025.08.13.25333306

Article

https://doi.org/10.1038/s41588-026-02551-9

31. Laurie, S. et al. Genomic reanalysis of a pan-European rare-disease 45. Leitdo, E. et al. Systematic analysis of sSnRNA genes reveals
resource yields new diagnoses. Nat. Med. 31, 478-489 (2025). frequent RNU2-2 variants in dominant and recessive

32. Pais, L. S. et al. seqr: a web-based analysis and collaboration tool developmental and epileptic encephalopathies. Preprint at
for rare disease genomics. Hum. Mutat. 43, 698-707 (2022). https://doi.org/10.1101/2025.09.02.25334923 (2025).

33. Magnusson, M. et al. Loqusdb: added value of an observations 46. Greene, D. et al. Biallelic variants in RNU2-2 cause the most
database of local genomic variation. BMC Bioinformatics 21, 273 prevalent known recessive neurodevelopmental disorder.
(2020). Preprint at https://doi.org/10.1101/2025.08.26.25334179

34. de Goede, C. et al. Role of reverse phenotyping in interpretation (2025).
of next generation sequencing data and a review of INPP5Erelated  47. Naesens, L. et al. Mutations in RNU7-1 weaken secondary RNA
disorders. Eur. J. Paediatr. Neurol. 20, 286-295 (2016). structure, induce MCP-1and CXCL10 in CSF, and result in

35. Benoit-Pilven, C. et al. Clinical interpretation of variants identified Aicardi-Goutiéres syndrome with severe end-organ involvement.
in RNU4ATAC, a non-coding spliceosomal gene. PLoS ONE 15, J. Clin. Immunol. 42, 962-974 (2022).

0235655 (2020). 48. Ellingford, J. M. et al. Recommendations for clinical interpretation

36. Van Der Feltz, C. & Hoskins, A. A. Structural and functional of variants found in non-coding regions of the genome. Genome
modularity of the U2 snRNP in pre-mRNA splicing. Crit. Rev. Med. 14,73 (2022).

Biochem. Mol. Biol. 54, 443-465 (2019). 49. Kosmyna, B., Gupta, V. & Query, C. Transcriptional analysis

37. Huang, Q. A human U2 RNA mutant stalled in 3' end processing supports the expression of human snRNA variants and reveals
is impaired in nuclear import. Nucleic Acids Res. 27,1025-1031 U2 snRNA homeostasis by an abundant U2 variant. Preprint at
(1999). https://doi.org/10.1101/2020.01.24.917260 (2020).

38. Perriman, R. & Ares, M. Invariant U2 snRNA nucleotides form a 50. Banka, S. et al. Identification and characterization of an inborn
stem loop to recognize the intron early in splicing. Mol. Cell 38, error of metabolism caused by dihydrofolate reductase
1416-427 (2010). deficiency. Am. J. Hum. Genet. 88, 216-225 (2011).

39. Sashital, D. G., Venditti, V., Angers, C. G., Cornilescu, G. & Butcher,

S. E. Structure and thermodynamics of a conserved U2 snRNA Publisher’s note Springer Nature remains neutral with regard to
domain from yeast and human. RNA 13, 328-338 (2007). jurisdictional claims in published maps and institutional affiliations.

40. Brechtmann, F. et al. OUTRIDER: a statistical method for
detecting aberrantly expressed genes in RNA sequencing data. Open Access This article is licensed under a Creative Commons
Am. J. Hum. Genet. 103, 907-917 (2018). Attribution 4.0 International License, which permits use, sharing,

41. Richards, S. et al. Standards and guidelines for the interpretation adaptation, distribution and reproduction in any medium or format,
of sequence variants: a joint consensus recommendation of the as long as you give appropriate credit to the original author(s) and
American College of Medical Genetics and Genomics and the the source, provide a link to the Creative Commons licence, and
Association for Molecular Pathology. Genet. Med. 17, 405-424 (2015).  indicate if changes were made. The images or other third party

42. Martin, A.R. et al. PanelApp crowdsources expert knowledge material in this article are included in the article’s Creative Commons
to establish consensus diagnostic gene panels. Nat. Genet. 51, licence, unless indicated otherwise in a credit line to the material.
1560-1565 (2019). If material is not included in the article’s Creative Commons licence

43. Chen, Y. etal. De novo variants in the RNU4-2 snRNA cause a and your intended use is not permitted by statutory regulation
frequent neurodevelopmental syndrome. Nature 632, 832-840 or exceeds the permitted use, you will need to obtain permission
(2024). directly from the copyright holder. To view a copy of this licence,

44. Greene, D. et al. Mutations in the U4 snRNA gene RNU4-2 cause visit http://creativecommons.org/licenses/by/4.0/.
one of the most prevalent monogenic neurodevelopmental
disorders. Nat. Med. 30, 2165-2169 (2024). © The Author(s) 2026

Adam Jackson ® ">%3(, Alexander J. M. Blakes ® ">*3, Bader Alhaddad?, Olivia J. Henry ®*,

Angelica M. Delgado-Vega ®“5, Elizabeth Wall%, Ola Abdelhadi'? Shakti Agrawal’, Khadijah Bakur®, Edward Blair®,
Angela F. Brady®'°, Helen Brittain®, Kate E. Chandler"? Natasha Clarke", Miriana Danelli'?, Nicholas Drinkall®,

Irene Duba®*", Frances Elmslie®", Jamie Ellingford ®**®, Lisa J. Ewans'®*"'8, Andrew P. Fennell® *?°,

Gabriella Gazdagh??2, Simon P. Heller ® %, Anna Hammarsj6*®, Kristina Karrman?*, Usha Kini®, Nicole Lesko*',

Anna Lindstrand*®, Rebecca Macintosh ® '°'3, Sahar Mansour™?, Lara Menzies?*%’, Kay Metcalfe'?, Alison Milhench?,
Lina Nashef?®, Raymond T. O'Keefe ®', Nadja Pekkola Pacheco*’, Elizabeth E. Palmer ® '8, Amitav Parida’,

Katrina Prescot

t29

, Melody Redman?®, Alessandra Renieri® '22%3, Chiara Fallerini'>*°®', Caterina Lo Rizzo",

Rani Sachdev'®"®, Cas Simons ® 3>*3, Sanjay M. Sisodiya ® 3*%5, Helen Stewart?, Tommy Stédberg®,

Benito Banos-Pinero®, Fulya Taylan®*4, Huw B. Thomas®', Flavia Tinella'?, Samuel Wiafe®%4°4, Anna Wedell*",
Nicola Whiffin*?4344, Susan Walker ® ™, Rocio Rius ® 323345, Jong Hee Chae*®*’, Ann Nordgren ® 454849,

Fowzan Alkuraya ®3%°%, Jenny Lord ® *? & Siddharth Banka®'?

'Division of Evolution, Infection and Genomics, School of Biological Sciences, Faculty of Biology, Medicine and Health, University of Manchester,
Manchester, UK. 2Manchester Centre for Genomic Medicine, St Mary’s Hospital, Manchester University NHS Foundation Trust, Health Innovation
Manchester, Manchester, UK. ®Lifera Omics, Riyadh, Saudi Arabia. *“Department of Molecular Medicine and Surgery, Karolinska Institutet, Stockholm,
Sweden. °Clinical Genetics and Genomics, Karolinska University Hospital, Stockholm, Sweden. *West Midlands Regional Genetics Service, Birmingham
Women'’s and Children’s NHS Foundation Trust, Birmingham, UK. ‘Birmingham Children’s Hospital, Birmingham, UK. 8Oxford Centre for Genomic
Medicine, Oxford University Hospitals NHS Foundation Trust, Oxford, UK. °North West Thames Regional Genetics Service, London North West Healthcare
University NHS Trust, Northwick Park Hospital, London, UK. Imperial College London, London, UK. "South West Thames Centre for Genomics,

Nature Genetics | Volume 58 | April 2026 | 798-809

808


http://www.nature.com/naturegenetics
https://doi.org/10.1101/2025.09.02.25334923
https://doi.org/10.1101/2025.08.26.25334179
https://doi.org/10.1101/2020.01.24.917260
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-3674-3960
http://orcid.org/0000-0002-0260-7020
http://orcid.org/0000-0002-4717-8346
http://orcid.org/0000-0002-9865-0591
http://orcid.org/0009-0005-4189-8704
http://orcid.org/0000-0002-2508-9107
http://orcid.org/0000-0003-1137-9768
http://orcid.org/0000-0001-6744-1810
http://orcid.org/0000-0001-7335-9266
http://orcid.org/0000-0001-5036-0264
http://orcid.org/0000-0001-8764-1289
http://orcid.org/0000-0003-1844-215X
http://orcid.org/0000-0002-0846-9220
http://orcid.org/0000-0003-3147-8042
http://orcid.org/0000-0002-1511-5893
http://orcid.org/0000-0002-2907-0235
http://orcid.org/0000-0001-9626-9706
http://orcid.org/0000-0002-5016-6426
http://orcid.org/0000-0002-9871-3126
http://orcid.org/0000-0003-3285-4281
http://orcid.org/0000-0003-4158-341X
http://orcid.org/0000-0002-0539-9343
http://orcid.org/0000-0002-8527-2210

Article https://doi.org/10.1038/s41588-026-02551-9

St George’s, Epsom and St Helier University Hospitals and Health Group, London, UK. ?Genetica Medica, Azienda Ospedaliera Universitaria Senese,
Siena, Italy. ®Central and South Genomic Laboratory Hub, West Midlands Genomics Laboratory, Birmingham Women'’s and Children’s NHS Foundation
Trust, Birmingham, UK. “Center for Inherited Metabolic Diseases, Karolinska University Hospital, Stockholm, Sweden. ®*Genomics England, London, UK.
'®Centre for Clinical Genetics, Sydney Children’s Hospitals Network, Sydney, New South Wales, Australia. "Genomics and Inherited Diseases Program,
Garvan Institute of Medical Research, Darlinghurst, New South Wales, Australia. ®Discipline of Paediatrics and Child Health, School of Clinical Medicine,
Faculty of Medicine and Health, University of New South Wales, Sydney, New South Wales, Australia. ®Monash Genetics, Monash Health, Melbourne,
Victoria, Australia. ’Department of Medicine, School of Clinical Sciences, Monash University, Melbourne, Victoria, Australia. ?Wessex Clinical Genetic
Service, University Hospital Southampton, Southampton, UK. 22Human Development and Health, Faculty of Medicine, University of Southampton,
Southampton, UK. 2Neurology Department, King’s College Hospital, Denmark Hill, London, UK. **Department of Clinical Genetics, Pathology and
Molecular Diagnostics, Sk&ne University Hospital, Lund, Sweden. *Cardiovascular and Genomics Research Institute, City St George’s University of
London, London, UK. 2®Department of Clinical Genetics, Great Ormond Street Hospital, London, UK. #Department of Genomics and Genetic Medicine,
University College London, London, UK. #Gloucestershire Hospitals NHS Foundation Trust, Cheltenham, UK. ®Leeds Clinical Genomics Service, Leeds
Teaching Hospitals NHS Trust, Leeds, UK. **Medical Genetics, University of Siena, Siena, Italy. *Med Biotech Hub and Competence Centre, Department
of Medical Biotechnologies, University of Siena, Siena, Italy. *Centre for Population Genomics, Garvan Institute of Medical Research, UNSW Sydney,
Sydney, New South Wales, Australia. **Centre for Population Genomics, Murdoch Children’s Research Institute, Melbourne, Victoria, Australia. **Research
Department of Epilepsy, UCL Queen Square Institute of Neurology, London, UK. **Chalfont Centre for Epilepsy, Chalfont Saint Peter, UK. **Department of
Child Neurology, Karolinska University Hospital, Stockholm, Sweden. ¥’Department of Women's and Children’s Health, Karolinska Institute, Stockholm,
Sweden. *0xford Genetics Laboratories, Oxford University Hospitals NHS Foundation Trust, Oxford, UK. **Rare Disease Ghana Initiative, Accra, Ghana.
“Fred N Binkah School of Public Health, University of Health and Allied Sciences, Ho, Ghana. “Ga East Municipal Hospital, Ghana Health Services, Accra,
Ghana. “?Big Data Institute, University of Oxford, Oxford, UK. “*Centre for Human Genetics, University of Oxford, Oxford, UK. ““Center for Mendelian
Genomics, Program in Medical and Population Genetics, Broad Institute of MIT and Harvard, Cambridge, MA, USA. “*Department of Paediatrics, The
University of Melbourne, Melbourne, Victoria, Australia. “Department of Genomic Medicine, Seoul National University Hospital, Seoul, Republic of
Korea. “Department of Pediatrics, Seoul National University College of Medicine, Seoul National University Children’s Hospital, Seoul, Republic of Korea.
“8pepartment of Clinical Genetics and Genomics, Sahlgrenska University Hospital, Gothenburg, Sweden. “°Department of Laboratory Medicine, Institute
of Biomedicine, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden. *°Department of Translational Genomics (Genomic Medicine
Centre of Excellence (GMCoE)), King Faisal Specialist Hospital and Research Center, Riyadh, Saudi Arabia. *'College of Medicine, Alfaisal University,
Riyadh, Saudi Arabia. 3*Sheffield Institute for Translational Neuroscience (SITraN), The University of Sheffield, Sheffield, UK. **These authors contributed
equally: Adam Jackson, Alexander J. M. Blakes. [ e-mail: adam.jackson@manchester.ac.uk; siddharth.banka@manchester.ac.uk

Nature Genetics | Volume 58 | April 2026 | 798-809 809


http://www.nature.com/naturegenetics
mailto:adam.jackson@manchester.ac.uk
mailto:siddharth.banka@manchester.ac.uk

Article

https://doi.org/10.1038/s41588-026-02551-9

Methods

Enrichment analysis for biallelic variants in snRNA genes

A list of snRNAs was generated by filtering the GENCODE compre-
hensive annotations (v.32) for lines containing the string ‘gene_type
‘snRNA”. Statistically phased sequencing data, aligned to GRCh38,
for 78,051 individuals from 100kGP (AggV2) were accessed within the
Genomics England Research Environment (GERE). Biallelic variantsin
snRNA genes were identified within these data using beftools (v.1.16)™
and custom scripts. Only PASS variants were included. Variants occur-
ring above 0.001 allele frequency in AggV2 were filtered.

Individuals were defined to have an ‘unsolved NDD’ if they ful-
filled the following criteria: (1) Individuals with any of the following
HPO terms: ‘Global developmental delay’ (HP:0001263), ‘Profound
global developmental delay’ (HP:0012736), ‘Severe global develop-
mental delay’ (HP:0011344), ‘Moderate global developmental delay’
(HP:0011343), ‘Mild global developmental delay’ (HP:0011342),
‘Intellectual disability’ (HP:0001249), ‘Intellectual disability, pro-
found’ (HP:0002187), ‘Intellectual disability, severe’ (HP:0010864),
‘Intellectual disability, moderate’ (HP:0002342), ‘Intellectual dis-
ability, mild’ (HP:0001256), ‘Intellectual disability, progressive’
(HP:0006887), ‘Intellectual disability, borderline’ (HP:0006889),
‘Autism’ (HP:0000717), ‘Autistic behavior’ (HP:0000729) or ‘Autism
with high cognitive abilities’ (HP:0000753) as per previous work*’; or
(2) wererecruited under disease category ‘Intellectual disability’; and
(3) ‘Case solved’ status did not equal ‘yes’ in the Genomic Medicine exit
questionnaire (gmc_exit_questionnaire table in LabKey); and (4) absent
from the ‘submitted_diagnostic_discovery’ table in LabKey.

In total, 10,987 individuals in 100kGP were identified who
had NDD as defined above. A total of 7,968 individuals remained
unsolved in the v.4 release (preceding the publication of RNU4-2,
RNU2-2 and RNU5B-1 dominant syndromes); 6,762 individuals with
unsolved NDD were identified within the AggV2 data. The remain-
ing 71,289 individuals in AggV2 were defined as 100kGP controls’.
The number of homozygous and compound heterozygous variants
in each snRNA gene was calculated for both cohorts. For each gene
with at least one variant (n = 774), ORs for the number of variants in
each cohortwere calculated. Statistical significance was determined
with two-sided Fisher’s exact tests with Bonferroni correction at
o =0.05.

Transmission analysis of rare heterogeneous RNU2-2 alleles
All100kGPtrios, aligned to GRCh38, were identified from the ‘denovo_
cohort_information’ table in LabKey (n=12,015 trios). Parent pairs
in which both father and mother were heterozygous for a single rare
variant in RNU2-2 (minor allele frequency of <0.001in AggV2) were
identified using custom scripts. The resulting trios were then stratified
accordingto whether parents were heterozygous for the same variant
or for different variants, and whether the offspring was a member of
our ‘unsolved NDD’ or ‘100kGP control’ cohorts.

The RNU2-2genotype of the offspring in each trio was determined.
The number of times that either both, neither or one allele was trans-
mitted to the offspring was counted. A chi-squared goodness-of-fit test
was performed for the observed number of transmissions against the
expected number according to Mendelian ratios.

Phase switching error detection

Allindividualsin AggV2 with two or more rare variants in RNU2-2 were
identified using beftools (v.1.16). Any variants that occurred in AggV2
atallele frequency greater than 0.001 were removed. IGV** was used to
generate screenshots of the entire RNU2-2 sequence for all individuals
withtwo or morerare variants. These were inspected manually and were
either deemed in transif the variants occurred on mutually exclusive
reads (with atleast one read traversing both variant positions) orincis
ifvariants occurred onthe samereads (with atleast one read traversing
both variant positions).

Identification of RNU2-2 variants in 100kGP cases not

included in AggV2

A list of genomes not included in AggV2 was generated using the
‘rare_diseases_participant_disease’, ‘aggV2_gvcf sample_stats’ and
‘senomes_and_file_paths’ tables in LabKey. For samples aligned to
GRCh38, all variants in RNU2-2 with FILTER == ‘PASS’ were retained.
Samples were then filtered to those carrying either a homozygous
variant or more than one heterozygous variant. For samples carrying
more than one heterozygous variant, and for which at least one variant
occurred inn.1-n.67 or the Smsite, phase was determined by manual
inspection of reads inIGV.

For samples aligned to GRCh37, all variants in RNU2-2 with
FILTER == ‘PASS’ were extracted. For samples carrying more than
one heterozygous variant, all reads aligning to RNU2-2 (plus 100 bp
upstream and downstream) were extracted from BAM files. These
reads were converted to FASTQ format using BEDtools (v.2.31.0)*
andrealigned using Bowtie2 (v.2.5.2)** to the GRCh38 FASTA sequence
of RNU2-2. Only reads with a mapping quality of >30 were retained.
The variant phase was determined by manual inspection of reads
inIGV.

Curation of biallelic variants in RNU2-2 in control databases
Homozygous variants in gnomADv4 and the All of Us dataset were
reviewed in respective online browsers (https:/gnomad.broadinsti-
tute.org and https://databrowser.researchallofus.org, respectively).
Homozygous variants in RNU2-2 were also identified in short-read
genome sequencing data from 490,541 individuals in UKB*. Com-
pound heterozygous variants were identified from asubset 0f 200,011
of these individuals for whom statistically phased genotype data
were available™.

Variant position enrichment analysis

Biallelic genotypes were identified among our unsolved NDD cohort,
100kGP controls and controlsin UKB as described above. The statistical
analysis of variant distributions was limited to genotypes in which both
alleles were entirely contained within the start and end coordinates
of the canonical RNU2-2 transcript (NR_199791.1) and in which both
variants were either single nucleotide variants or indels less than 3 nt
inlength. The OR that genotypes included a variant within the 5’ con-
strained region (n.1-n.67) or the Sm site (n.97-n.107) of RNU2-2 was
calculated for cases versus controls. P values were determined from
two-sided Fisher’s exact tests.

Cohort expansion

The GMS datawere accessed through the genome_file_paths_and_types
table in LabKey. Variants from 29,782 samples were extracted and
filtered as described above for the 100kGP cohort. Compound het-
erozygous genotypes were identified as described above.

Solve-RD data (n =334 genomes) were accessed through the
RD-CONNECT portal (https://rd-connect.eu). Variants were filtered
using the Genotype-Phenotype Analysis Platform with a gnomAD
minor allele frequency of <0.001 and for non_coding_exon_variant
consequence. Individuals with two or more heterozygous genotypes
were retained if at least one variant fell within n.1-n.67 or the Sm site
of RNU2-2. Compound heterozygosity was inferred by manual inspec-
tionof readsinIGV.

The UDN-Aus dataset (n =249 genomes from 94 families) was
accessed through the Centre for Population Genomics’ rare disease
genomic analysis platform, CaRDinal. Variants were filtered for those
with a gnomADv4 minor allele frequency of <0.001 using seqr®.
Variants were phased using parental data, and compound heterozy-
gous or homozygous genotypes were retained if at least one variant
fell within positions n.1-n.67 or the Sm site of RNU2-2. The South
Korean, Swedish and Saudi Arabian datasets were filtered using these
criteriaalso.
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Phenotype similarity analysis and enrichment of HPO terms
HPO terms were extracted for all probands in our discovery cohort.
Siblings (n =7) were excluded to limit this analysis to only unrelated
individuals (n =31). Phenotype similarity was computed using the
OntologySimilarity package®. We sampled 1,000 permutations of the
same number (n = 31) of randomly selected unrelated individuals with
NDD in 100kGP. Kernel density estimate and boxplots were plotted
using ggplot2inR, and the Monte Carlo P value was calculated for the
observed similarity statistic.

To calculate enrichment of HPO terms in the recessive condi-
tion, HPO terms were extracted for the 31 probands in our discovery
cohort. The OntologyX®’ R package was used to determine HPO term
frequencies in the cohort and remove redundant terms. This pro-
cess was repeated for all unrelated individuals with NDD in 100kGP
(n=10,157). ORs for non-redundant terms between the two cohorts
were calculated. Significance was determined with two-sided Fisher’s
exact tests followed by FDR correction.

Clinical characterization of recessive RNU2-2 disorder
This research was performed under the ethical approvals given by
the South Manchester NHS Research Ethics Committee (11/H1003/3/
AMO2). Written informed consent for the inclusion of detailed clinical
information, imaging dataand facial photographs was obtained from
all participants or their parents.

Contact was made with recruiting clinicians through the Genomics
England Airlock (Contact Clinicians Request). A standardized clinical
proformawas circulated to all clinicians for completion.

RNA sequencing and aberrant splicing analyses

Whole blood samples were collected from a subset of 100kGP par-
ticipants at the time of recruitment and stored in PaxGene tubes for
future RNA sequencing. The protocol for RNA sequencing and data
processing is publicly available at https://re-docs.genomicsengland.
co.uk/rna_seq.Inbrief, RNA was extracted from whole blood samples
from 5,546 probands with rare conditions. Samples were depleted of
rRNA, and sequencing libraries were constructed using the lllumina
Stranded Total RNA Prep with Ribo-Zero Plus protocol. Sequenc-
ing was performed with 2 x 100 bp paired-end reads on a NovaSeq
6000.Read mapping was performed using the lllumina DRAGEN RNA
Pipelinev.3.8.4.

Splicing outlier analysis with FRASER2 (ref. 57) and gene expres-
sion outlier analysis with OUTRIDER*® were performed for 5,412
samples in batches of 500 samples as part of the DROP pipeline’.
Significant outlier events in FRASER2 were defined as those with an
FDR-adjusted P value of <0.1. Nominally significant outlier events were
defined as those with an unadjusted P value of <0.05. We identified
fiveindividuals with pathogenic heterozygous variantsin RNU2-2 and
nineindividuals with candidate biallelic variants in RNU2-2 within this
cohort. FRASER2 splicing outliers within these case sets were compared
against 301 controls, defined as participants under 18 years of age
with non-NDD phenotypes. Specifically, we defined individuals with
non-NDD phenotypes as those not recruited under the ‘Neurology
and neurodevelopmental disorders’ disease group in 100kGP (as per
the ‘rare_disease_participant_disease’ tablein LabKey) and who did not
have any of the following HPO terms: HP:0000729 (autistic behavior),
HP:0001250 (seizure), HP:0000252 (microcephaly), HP:0000750
(delayed speech and language development) and HP:0001263 (global
developmental delay). Subsequently, these analyses were repeated for
asubset of splicing outliers within known monogenic epilepsy genes
with an ‘amber’ or ‘green’ review status on the genetic epilepsy panel
inPanelApp Australia v.1.178.

To identify shared splicing events between RNU2-2 variant car-
riers, the number of nominally significant FRASER2 outlier events
observed in more than one individual was counted. The number of
shared splicing events was then counted for 1,000 permutations of

an equal number of randomly selected controls (n =5 vs heterozy-
gous cases; n =9 vsbiallelic cases). This procedure was performed for
each class of aberrant splicing event (annotated splice acceptor and
splice donor, novel acceptor and annotated donor, novel donor and
annotated acceptor, novel acceptor and novel donor). Significance
was tested with two-sided percentile bootstrap P values followed by
Bonferroni correction for eight tests at o= 0.05.

Quantifying RNU2-2 and RNU2-1 expression

Expression outlier analysis was initially conducted with OUTRIDER
from the DROP pipeline run on 5,412 samples, as described above.
Significant outlier events in OUTRIDER were defined as those with an
FDR-adjusted P value of <0.05.

Todirectly quantify RNU2-2and RNU2-1 expression, reads aligning
uniquely to U2-2 (located on chromosome 11) and U2-1 (including all
13 copies of RNU2-1 located on chromosome 17 in the GRCh38 refer-
ence genome) were counted using Samtools*’. RPM values for RNU2-2,
WDR74and RNU2-1 were obtained by normalizing read counts to the
total number of unique reads aligning to chrll or chrl7, respectively. For
RNU2-2 and RNU2-1, this analysis was performed on 5,457 samples for
which RNA sequencing datawere available in BAM format. Anidentical
procedure was performed for WDR74 at alater time point onaslightly
larger cohort of 5,544 samples. Two-tailed Mann-Whitney U-tests
were used to compare RPM values and U2-2:U2-1ratios between cases
and controls.

Comparison of phenotypes of dominant and recessive
U2-related disorders

Detailed clinical information, with written consent in place, was
obtained through personal correspondence with the responsible
clinician for 28 individuals with candidate biallelic variants in RNU2-2.
For the dominant disorder, detailed clinical information was obtained
from the supplementary materials of previous publications'®",

Phenotype terms were harmonized across all returned profor-
mas. For principal components analysis, phenotypes were encoded as
Boolean values as per prior work®*. No distinction was made between
different severities of the same phenotype (for example, global devel-
opmental delay). Missing values were coded as absent (that is, ‘0’).
Principal componentanalysis was performed in Rusing the FactoMineR
(v.2.13)*° and factoextra (v.2.0.0)*' packages.

The enrichment of phenotype terms between the recessive and
dominant disorders was quantified with ORs. ORs were only calculated
for phenotypes observed in at least five individuals in either the domi-
nantor recessive cohorts. Where phenotype countsincluded zerovalues,
the Haldane-Anscombe correction was applied. Statistical significance
was determined withtwo-sided Fisher’s exact tests with FDR correction.

Estimating the frequency of the recessive RNU2-2 disorder and

its comparison with other NDDs

Genomic Medicine Centre exit questionnaires were accessed from the
gmc_exit_questionnaire table in LabKey within the GERE. NDD cases
were defined using the rare_disease_participant_phenotype table in
LabKey, retaining all individuals who had phenotype terms matching
those used for the enrichment analysis described above. The exit ques-
tionnaire datawere filtered for these individuals only. The exit question-
naire datawerealsofiltered for genes with ‘green’ review status withinthe
intellectual disability panel (R29) in PanelApp*%. The number of families
with a confirmed diagnosis attributed to each gene was obtained. The
number of RNU4-2-related ReNU syndrome diagnoses was determined
by counting variants in the 18 bp critical region reported in a previous
publication® for all individuals with NDD. The number of dominant
RNU2-2diagnoses was determined by counting therecurrentn.4 G>A,
n.35A> G and n.35 A > C variants among all individuals with NDD. The
number of RNU4-2 recessive diagnoses was taken from the prioritized
100kGP biallelic variant carriers described ina previous publication®.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Genomic and phenotypic data are available for the 100kGP and indi-
viduals who have had whole genome sequencing through the GMS in
the NGRL. Access to the NGRL may be granted following application
at https://www.genomicsengland.co.uk/research/academic/join-
research-network, which gives access to the secure GERE. Genomic
data used pertain to participants in 100kGP in the Main Programme
v.19 and the GMS datav.4. RNA sequencing dataderived fromblood are
accessible through GERE, with details found in LabKey. Solve-RD data
are accessible by application through the RD-CONNECT platform. All
data presented in this paper pertaining to 100kGP participants were
requested for the Airlock transfer through GERE. The paper was sub-
mitted for approval by the Genomics England Publication Committee
on 25 August 2025 and was approved on 27 August 2025. Access to the
Australian Centre for Population Genomics dataset can be requested
through contact with the authors. The GRCh38 human genome refe-
rence assembly can be accessed at https://www.ncbi.nlm.nih.gov/
datasets/genome/GCF_000001405.26. GENCODE v.32 comprehensive
annotations were accessed within the GERE but can be downloaded
from https://www.gencodegenes.org/human/release_32.html. The
gnomADv4 genotype VCF files were accessed within the GERE but can
alsobe downloaded from https://gnomad.broadinstitute.org. Source
dataare provided with this paper.

Code availability

Software packages bedtools (v.2.31.0), beftools (v.1.16) and samtools
(v.1.9) were the predominant tools used in this study. R (v.4.1.1) was
used in RStudio with plots generated using ggplot (v.3.5.2) and related
packages. Code generated for analyses is stored securely in the GERE
and available to be shared within this environment upon request.

References

51. Narasimhan, V. et al. BCFtools/RoH: a hidden Markov model
approach for detecting autozygosity from next-generation
sequencing data. Bioinformatics 32, 1749-1751 (2016).

52. Danecek, P. et al. Twelve years of SAMtools and BCFtools.
GigaScience 10, giab008 (2021).

53. Quinlan, A.R. & Hall, I. M. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841-842 (2010).

54. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

55. Delaneau, O., Zagury, J.-F., Robinson, M. R., Marchini, J. L. &
Dermitzakis, E. T. Accurate, scalable and integrative haplotype
estimation. Nat. Commun. 10, 5436 (2019).

56. Greeng, D., Richardson, S. & Turro, E. ontologyX: a suite of
R packages for working with ontological data. Bioinformatics 33,
1104-1106 (2017).

57. Scheller, I. F,, Lutz, K., Mertes, C., Yépez, V. A. & Gagneur, J.
Improved detection of aberrant splicing with FRASER 2.0 and
the intron Jaccard index. Am. J. Hum. Genet. 110, 2056-2067
(2023).

58. Yépez, V. A. et al. Detection of aberrant gene expression events in
RNA sequencing data. Nat. Protoc. 16, 1276-1296 (2021).

59. Nava, C. et al. Dominant variants in major spliceosome U4 and U5
small nuclear RNA genes cause neurodevelopmental disorders
through splicing disruption. Nat. Genet. 57, 1374-1388 (2025).

60. L&, S., Josse, J. & Husson, F. FactoMineR: an R package for
multivariate analysis. J. Stat. Softw. 25, 1-18 (2008).

61. Kassambara, A. & Mundt, F. factoextra: extract and visualize the
results of multivariate data analyses. https://cran.r-project.org/
web/packages/factoextra/index.html (2020).

Acknowledgements

We thank the participants and the recruiting clinicians of the
100kGP. We also thank Genomics England for generating the data
and providing the GERE platform for analysis. Specific thanks to

P. O’'Donovan, M. Sato and Z. Mustafa for airlock requests; M. Hoti,
A. L. Taylor and J. Yang for facilitating clinical collaboration requests;
and M. McEntagart, C. Smith and N. Elkhateeb at Genomics England
for additional support. We thank J. De Jonghe for his suggestions
on the secondary structure illustration. Variant identification in

the Swedish LoqusDB cohort was performed by staff from Clinical
Genomics Stockholm, Science for Life Laboratory and Karolinska
University Laboratory, which maintains the LoqusDB variant
frequency database for national rare disease diagnostics. A.J.

and S.B. acknowledge the support of Solve-RD. The Solve-RD
project has received funding from the European Union’s Horizon
2020 research and innovation program under grant agreement
779257. This study has been delivered through the National Institute
for Health and Care Research (NIHR) Manchester Biomedical
Research Centre (NIHR203308). S.B. acknowledges the support

of the MRC Epigenomics of Rare Diseases (EpiGenRare) Node
(MR/Y008170/1). A.J.M.B. is supported by a Wellcome PhD Training
Fellowship for Clinicians and the 4Ward North PhD Programme

for Health Professionals (223521/Z/21/Z). N.W. is supported by a
Wellcome Career Development Award (grant no. 305292/7/23/Z)
and a Lister Institute research prize. We gratefully acknowledge
the participants of the National Genomic Research Library (NGRL),
whose contributions made this research possible. Secure access to
the NGRL under project ID 961 was provided by Genomics England,
which delivers the NGRL in partnership with NHS England and is
wholly owned by the UK Department of Health and Social Care.
The NGRL contains participants’ health data collected by the

NHS as part of their care, along with samples and data from their
participation in research, for which fully informed consent has
been obtained. This includes genomic and clinical data provided
through the NHS Genomic Medicine Service, as well as data
obtained through research studies, including the 100,000 Genomes
Project and the Generation Study, both of which are delivered

in partnership with the NHS, and from other research cohorts
involving external collaborators. The Wellcome Trust, Cancer
Research UK and the Medical Research Council have also funded
research infrastructure. This research has been conducted using
the UK Biobank Resource under application number 90952. S.M.S.
is supported by the Epilepsy Society. The Australian Undiagnosed
Diseases Network (UDN-Aus) acknowledges financial support

from the Australian Government’s Medical Research Future Fund
(2007567), Australian Genomics and The Centre for Population
Genomics (Garvan Institute of Medical Research and Murdoch
Children’s Research Institute), funded in part by a Medical Research
Future Fund (MRFF) Genomics Health Futures Mission grant
(2008820). E.E.P. is supported by a National Health and Medical
Research Council (NHMRC) Investigator Grant (2021/GNT2008166).
The Swedish Undiagnosed Diseases Network (UDN Sweden)
acknowledges financial support from the Swedish Ministry of Health
and Social Affairs. A.N. received support from Region Stockholm
(5010124 ALF, 520136 ALF) and the Swedish Research Council
(2021-02860). A.W. acknowledges the Knut and Alice Wallenberg
Foundation, KAW2020.0228. Many authors of this publication are
members of the European Reference Network on Rare Congenital
Malformations and Rare Intellectual Disability ERN-ITHACA.
ERN-ITHACA is funded by the European Union, under grant
agreement no. 101156387.

Author contributions
A.J., A.JM.B. and S.B. conceptualized the study, analyzed data and
wrote the manuscript. S.B. and J.L. provided supervision. B.A., K.B.,

Nature Genetics


http://www.nature.com/naturegenetics
https://www.genomicsengland.co.uk/research/academic/join-research-network
https://www.genomicsengland.co.uk/research/academic/join-research-network
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.26/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.26/
https://www.gencodegenes.org/human/release_32.html
https://gnomad.broadinstitute.org/
https://cran.r-project.org/web/packages/factoextra/index.html
https://cran.r-project.org/web/packages/factoextra/index.html

Article

https://doi.org/10.1038/s41588-026-02551-9

JLE.,O.JH., NPP,N.L, TS, AM.D.-V., AW, AL, A.H.,F. Taylan, A.N.,
O.A,N.D,, J.L.,,R.R, C.S. and S. Walker analyzed data. A.J., S.B., A.N.,
A.M.D.-V.,K.K., T.S.,N.P.P, S.A.,E.B., A[F.B.,, H.B.,,K.EC.,,N.C., FE., L.JE.,
A.PF.,GG, UK, RM., SM., LM.,LN.,SPH.,KM.,AM.,EE.P,A.P,
K.P., M.R.,A.R.,C.L.R.,R.S., S.M.S., H.S., S. Wiafe, F. Tinella, EW., M.D.,
I.D., JH.C. and F.A. assisted in clinical data collection. C.F., B.B.-P.,
RT.O'K. and H.BT. generated data. N.W. provided technical expertise.
All authors read and approved the final version of the manuscript
before submission.

Competing interests

L.M. has received personal consultancy fees from Mendelian,
arare disease digital health company, outside of the submitted
work. N.W. has received research grant funding from Novo Nordisk
and BioMarin Pharmaceutical. All other authors declare no
competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41588-026-02551-9.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41588-026-02551-9.

Correspondence and requests for materials should be addressed to
Adam Jackson or Siddharth Banka.

Peer review information Nature Genetics thanks Jennifer Friedman
and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Genetics


http://www.nature.com/naturegenetics
https://doi.org/10.1038/s41588-026-02551-9
https://doi.org/10.1038/s41588-026-02551-9
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41588-026-02551-9

Extended Data Fig. 1| Transmission analysis of biallelic RNU2-2 variants in 100KGP. Stacked bar plot showing transmission of heterozygous RNU2-2 variants from
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Extended Data Fig. 2 | Identifying phase switch errorsin the aggregated switch” errors (false negative for compound heterozygosity) in aggV2 are shown.

100KGP dataset. IGV screenshots of sequencing reads covering RNU2-2 for
individuals with unsolved NDD. Screenshots for three individuals with “phase

Inthe top panel, due to the large distance between variants, there is only one
informative read (the lowest read in the IGV plot).
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Extended Data Fig. 6 | WDR74 expression in carriers of candidate biallelic
variantsin RNU2-2. a, Screengrab from the UCSC genome browser showing
the WDR741locus and adjacent genomic context (GRCh38 chr11:62,832,122-
62,842,440). The blue highlight shows the overlap of RNU2-2with the 5 UTR of a
single transcriptin WDR74 (NM_001369451.1). b, Relative expression of WDR74

inindividuals with candidate biallelic variants in RNU2-2 versus controls. Reads
mapping to allexons in WDR74 are shown. ¢, Asin b, but for reads mapping to
CDS exonsin WDR74.For b and ¢, read counts are normalized to chromosome 11.
Pvalues from two-tailed Mann-Whitney U tests are shown. Box and whisker plots
show the median, quartiles, and +/- 1.5 times the interquartile range of the data.
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Extended Data Fig. 9| Recurrent splicing events in individuals with candidate significant FRASER2 aberrant splicing events observed in >1individual among
biallelic variants in RNU2-2. a-d, Plots arranged as in Extended Data Fig. 8. 9 cases with candidate biallelic variants in RNU2-2. The number of recurrent
Histograms show the number of identical nominally significant FRASER2 splicing eventsis given in parentheses. Two-sided bootstrap Pvalues are shown
aberrant splicing events observed in >1individual from1,000 random samples without correction for multiple testing.

of 9 controls. The dashed black lines show the number of identical nominally
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Extended Data Fig. 10 | The contribution of variants in snRNAs to unsolved (see Methods). Counts for all other genes were taken from exit questionnaire
NDDs. Bar plot showing the 20 most frequent diagnoses on the R29 Intellectual data. Genes causal for dominant disorders are shown in blue, for X-linked
Disability panel for individuals in the I00kGP recruited with NDD (n =10,987). disordersingrey, and for recessive disordersinred.

Counts for the RNU2-2 and RNU4-2 disorders were based on genotyping
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