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ABSTRACT

RNA-sequencing has improved the diagnostic yield of individuals with rare diseases.
Current analyses predominantly focus on identifying outliers in single genes that can be
attributed to cis-acting variants within the gene locus. This approach overlooks causal variants
with trans-acting effects on splicing transcriptome-wide, such as variants impacting spliceosome
function. We present a transcriptomics-first method to diagnose individuals with rare diseases by
examining transcriptome-wide patterns of splicing outliers.

Using splicing outlier detection methods (FRASER and FRASER?2) we characterized
splicing outliers from whole blood for 390 individuals from the Genomics Research to Elucidate
the Genetics of Rare Diseases (GREGoR) and Undiagnosed Diseases Network (UDN) consortia.
We examined all samples for excess intron retention outliers in minor intron containing genes
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(MIGs). Minor introns, which make up about 0.5% of all introns in the human genome, are
removed by small nuclear RNAs (snRNAs) in the minor spliceosome.

This approach identified five individuals with excess intron retention outliers in MIGs, all
of which were found to harbor rare, biallelic variants in minor spliceosome snRNAs. Four
individuals had rare, compound heterozygous variants in RNU4ATAC, which aided the
reclassification of four variants. Additionally, one individual had rare, highly conserved,
compound heterozygous variants in RNU6ATAC that may disrupt the formation of the catalytic
spliceosome, suggesting a novel gene-disease candidate. These results demonstrate that
examining RNA-sequencing data for transcriptome-wide signatures can increase the diagnostic
yield of individuals with rare diseases, provide variant-to-function interpretation of
spliceopathies, and uncover novel disease gene associations.

MAIN

Rare diseases — those affecting less than 1 in 2,000 people'? — are collectively common
and impact approximately 300 million people globally**. Despite the high prevalence of rare
diseases as a whole, less than 50 percent of individuals with a rare disease have a definitive
genetic diagnosis®®. RNA-sequencing (RNA-seq) has proven useful for improving the diagnostic
yield by identifying aberrant gene expression or splicing, which refines the search space of
potentially causal genetic candidates’ '®. Such analyses focus primarily on identifying rare
variants resulting in single outlier events (i.e., over or under-expression of total gene expression,
or aberrant splicing of the canonical isoform). Many studies exclude individuals with many
RNA-seq outliers, as technical noise is often thought to be the main driver of this excess'” .

This cis, gene-centric approach overlooks single causal monogenic mechanisms that
could cause transcriptome-wide outlier splicing patterns, such as pathogenic variants in the
spliceosome. Such patterns may be prevalent as the spliceosome consists of over 300
components™** and two separate snRNA machineries*: the major spliceosome, which removes
~99.5% of all introns, and the minor spliceosome, which removes the remaining ~800 minor
introns %', Already, many components of the spliceosome have been implicated in human
Mendelian diseases®, as have many disorders of short-tandem repeat expansions, which
sequester vital components of the spliceosome?**°. Prior work has shown that pathogenic variants
that impact the spliceosome’s function can cause aberrant splicing transcriptome-wide® . We
hypothesized that some individuals with excess splicing outliers have causal variants that impact
the splicing process transcriptome-wide, such as variants in the spliceosome.

Some spliceopathies are associated with known transcriptome-wide patterns of aberrant
splicing®'*37%°_ For example, pathogenic variants in SF3B/ are associated with intron retention
of large introns (>1kb)*, while pathogenic variants in PPILI cause retention of short and high
GC-content introns®' and pathogenic variants in the minor spliceosome snRNA RNU4ATAC lead
to retention of minor introns*%,

Given these observations and the increasing availabilityof RNA-seq data in rare disease
cohorts, such as the Undiagnosed Diseases Network (UDN) and Genetics Research to Elucidate
the Genomics of Rare disease (GREGoR), we investigated an approach to diagnose patients with
rare disease by examining patterns in transcriptome-wide splicing outliers. Specifically, we used
FRASER* and FRASER2* to examine RNA-seq data from 390 individuals for excess intron
retention outliers in minor intron containing genes (MIGs). This approach allowed us to diagnose
four individuals with RNU4atac-opathy, provide variant-to-function resolution in these
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individuals, and uncover a novel, putative gene-disease candidate (RNU6ATAC). These results
validate the ability of transcriptome-wide outlier splicing patterns to be a useful unbiased
diagnostic approach in the analysis of rare disease cohorts.

METHODS

Study cohort

UDN and GREGoR Stanford sites

We performed RNA-sequencing on 422 whole blood samples from the Genomics
Research to Elucidate the Genetics of Rare diseases (GREGoR) and Undiagnosed Diseases
Network (UDN) consortia. After removing samples with missing metadata or insufficient RNA
quality, we filtered our cohort to 390 whole blood samples. We ran the outlier detection methods
FRASER*' and FRASER2* on RNA-seq data from our filtered cohort. The primary systems
affected for the 390 individuals with rare diseases in our filtered cohort were neurologic (n=91)
and musculoskeletal (n=28) (Figure 1). 120 samples were novel and 270 were previously
published in Ungar et al., 2024*. Ethical and research approvals were provided by the Stanford
University IRB (protocol 60837), and the National Human Genome Research Institute
Institutional Review Board (IRB) (protocol 15-HG-0130). All participants provided informed
consent.

Genome sequencing

The details of clinical and research genome sequencing for cases Al, B1, C1, C2, and D1
are described in Supplemental Methods. The RNU4ATAC variants in cases Al, C1, and C2
were initially identified by clinical genome sequencing. Clinical genome sequencing for cases
B1 and D1 were initially nondiagnostic. Targeted analysis of minor spliceosome related genes in
the UDN and GREGoR variant call sets at Stanford led to the identification of the RNU4ATAC
and RNU6ATAC variants in cases Bl and D1, respectively. Confirmation of variants and
segregation in parents was performed by Sanger sequencing.

Sample collection and preprocessing

RNA-sequencing was performed on whole blood from 422 samples from 422 affected
individuals and familial controls. The experimental collection and preprocessing protocol for 287
whole blood samples can be found in Ungar et al., 2024*. Of the 287 samples described in
Ungar et al., 2024%, eight samples were collected and processed in PAXgene tubes at the Utah
UDN site before being shipped to Stanford.

For the remaining 135 whole blood samples, 128 were collected and processed in
Paxgene RNA tubes at Stanford per the manufacturer’s protocol (PreAnalytix Company). The
concentration of isolated total RNA was determined using the QUBIT HS RNA kit
(ThermoFisher) and the Bioanalyzer 2100 (Agilent) Nano RNA chip for RIN quality score.
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Additionally, seven whole blood samples were collected and processed at the Miami UDN site.
There, the samples were collected in Paxgene tubes, and the concentration of isolated total RNA
and RIN were determined using the Agilent 4200 Tape Station and Qubit 3.0 fluorometer. The
RIN was greater than 8 for all 128 samples processed at Stanford per the PreAnalytix Company
protocol and greater than 7 for all samples processed at the Miami UDN site.

RNA-seq library preparation and sequencing

The experimental protocol for 287 whole blood samples (including the 8 samples from
the Utah UDN site) can be found in Ungar et al., 2024, In brief, cDNA libraries were generated
using either the [llumina TrueSeq Stranded mRNA Sample Prep Kit protocol and dual indexed or
the Universal Plus mRNA-seq NuQuant library prep protocol from Tecan following the same
protocol as Amar et al., 2022,

Of the remaining 135 whole blood samples, 128 underwent processing using the
following workflow at Stanford, and the remaining 7 were processed at the Miami UDN site. At
Stanford, 500ng total input RNA was used for library construction using the Tecan Universal
Plus RNA-SEQ with NuQUANT and AnyDeplete Module to remove globin and ribosomal
RNAs. Libraries were dual-indexed and also contained a unique molecular index (UMI). The
libraries were produced in 96 well plates using a Biomek 17 Liquid Handler robot with Tecan
library-specific scripts. Completed cDNA libraries were quantified using the QUBIT HS DNA
kit (ThermoFisher) and library tracings were generated using the Advanced Analytical Fragment
Analyzer for average base pair length and general integrity. Individual cDNA libraries were
normalized to equivalent molar concentration, pooled into batches of 64 samples, and sequenced
at low depth 2x100bp using an Illumina iSeq. Pooled libraries were then rebalanced based on
reads obtained and each pool was loaded onto an Illumina Novaseq S2 Flowcell, and sequenced
as 2x150bp pair-ended reads.

At the Miami UDN site, globin and ribosomal RNAs were removed using the Illumina
Ribo-Zero Plus rRNA Depletion Kit. The cDNA libraries were generated using the Illumina
Stranded Total RNA Prep, Ligation Kit with Ribo-Zero Plus, dual indexed using IDT for
[llumina RNA UD Indexes, and prepped using the Hamilton MicroLab Star liquid handling
instrument. As with the samples at the Stanford site, libraries were dual-indexed and contained a
UMI. Agilent 4200 Tape Station and Qubit 3.0 fluorometer were then used to determine proper
library dilution and balance samples across sequencing runs at the Miami UDN site. Pooled and
balanced libraries were then sequenced on an Illumina NextSeq 550, in which 9 and 10 samples
were included per flow cell. The [llumina NextSeq 500/550 high Output Reagent V2 Kit (300
cycles, 2 x 150 bp) and Illumina NextSeq 550 High Output Flow Cell V2.5 sequencing kits were
used, resulting in all runs generating 150-bp paired-end reads. All reads were filtered according
to [llumina recommendations for RNAseq (CPF> 80% , Q>30%>80% for all samples).
Specifically, over 80% of the clusters on the flow cell met the Cluster Passing Filter threshold
and more than 80% of the total bases sequenced had a Phred quality score of Q30 or higher.

After sequencing, we removed 32 samples from further analysis due to missing
information or insufficient RNA quality. Specifically, we removed 14 samples with a RIN less
than seven, 14 samples with missing RINs, four samples with missing ages, and two samples
with unknown affected statuses from the outlier calling analysis. Our remaining filtered cohort
consisted of 217 samples from 217 affected individuals and 173 samples from 173 unaffected
familial individuals.
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Pipeline

Transcriptome quality control and alignment

The computational pipeline for quality control and alignment of the 270 whole blood
samples (including the 8 samples from the Utah UDN site) is described in Ungar et al., 2024%. In
short, we generated FASTQ files by demultiplexing BCL data using bcl2fastq
(https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-softw
are.html), then reads were aligned to the hg38 human reference genome using STAR (2.8.4a)*
and the GENCODEvV35* primary genome annotations. Adapters were removed and reads were
trimmed using cutadapt (version=2.4)*" (https://github.com/marcelm/cutadapt) and reads with a
mapping quality under 30 were removed.

FASTQ files for the additional 120 whole blood samples, processed at both Stanford
(n=113) and the Miami UDN site (n=7), were also generated by demultiplexing using bcl2fastq.
We aligned the reads with the hg38 human reference genome with STAR (version=2.7.10a)*’, as
well as the GENCODEv39* primary genome annotations. As all 120 files had a read length of
150, an annotation file for STAR/2.7.10a was created for an overhang of 100. The adapters were
removed and reads trimmed using cutadapt (version=2.4)"’
(https://github.com/marcelm/cutadapt) with a minimum trim length of 50. All reads with a
mapping quality less than 30 were removed, optical duplicates were filtered from the aligned
bams using Picard (http://broadinstitute.github.io/picard), and a minimum pixel distance of 2500
px was set.

Splicing outlier calling

To assess splicing outliers, we processed all 390 aligned bam files through the first
iteration of FRASER (version=1.14.0), which we will refer to as FRASER*', and the second
iteration of FRASER (version=1.99), which we will refer to as FRASER2*. At the
filterExpressionAnd Variability step, the minimum read count in at least one sample was set at 20
and the minimum AY reported was set at 0.0. Junctions were defined as significant if their
adjusted p-value (q) after false discovery rate (FDR) correction was less than 0.05 and their [AY|
was greater than or equal to 0.3. The pipeline and conda environments for this analysis can be
found at
https:/gith

nakemake.

Excess outlier detection

Samples were determined to have an excess of outliers across six metrics: all FRASER*!
outliers, W3 outliers, ¥5 outliers, O outliers, FRASER2*’s Jaccard index outliers, and O outliers
within minor intron containing genes (MIGs). In each case, the excess outliers were detected by
calculating the mean and standard deviation of the number of significant outlier junctions of their
respective type. Samples with a number of outlier junctions greater than two standard deviations
from the mean were deemed to have an “excess outlier” status.


https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-softw%20are.html
https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-softw%20are.html
https://github.com/marcelm/cutadapt
https://github.com/marcelm/cutadapt
http://broadinstitute.github.io/picard
https://github.com/maurermaggie/Transcriptome_Wide_Splicing_Analysis/tree/main/FRASER_snakemake
https://github.com/maurermaggie/Transcriptome_Wide_Splicing_Analysis/tree/main/FRASER_snakemake
https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

We used logistic regression to examine if excess outliers using one metric of FRASER*!
(W3, ¥5, 6, and all combined FRASER* outliers) or FRASER2* (Jaccard index) were
significantly more likely to be excess outliers using a different metric. In order to perform this
analysis, samples were given the value of 1 if they were an excess outlier in a given metric, and 0
if they were not. For each metric, we used the glm function (family = ‘binomal’, link = ‘logit’)
found in R (v4.3.1)* to perform a logistic regression for excess outlier status of all other metrics;
for example, ¥3 excess outlier status ~ W5 excess outlier status + © excess outlier status +
FRASER* combined excess outlier status + Jaccard index excess outlier status. FDR correction
was applied to all resulting p-values across all tests.

Gene set enrichment

Gene set enrichment was run by comparing the enrichment of the non-outlier genes and outlier
genes detected by FRASER*! and FRASER2*. Notably, the enrichment analyses were run
separately on the data provided by FRASER*' and FRASER2*. In both analyses, non-outlier
genes were detected by examining the results of the filterExpressionAndVariability step in either
FRASER* or FRASER2*. This step removes junctions with less than 20 reads in one sample
and requires at least one sample have a |Ay| of 0. We then subsetted the genes detected at this
step into those found as outliers in any of our 390 samples, deemed outliers, and those not, which
we labeled as non-outliers (or inliers).

We evaluated the enrichment or depletion of outlier genes in multiple gene sets analyzed
in Cormier et al., 2022%. We examined haploinsufficiency by looking for enrichment of our
outlier genes in a set of 294 genes determined to be dosage-sensitive in the ClinGen dataset™. In
addition, we examined sets of 1183 and 709 genes shown to follow, respectively, an autosomal
recessive inheritance pattern or autosomal dominant inheritance pattern by Blekhman et al.,
2008°" and Berg et al., 2013, As a negative control, we used a set of 371 Olfactory Receptor
genes from Mainland, et al., 2015%. Since the majority of olfactory genes are known to contain
single exons and, thus, not predicted to undergo splicing™, we also used CRISPR non-essential
genes from Hart et al., 2017 as a second negative control. The final gene set we used from
Cormier et al., 2022 is a list of 2072 genes collected across several Deciphering Developmental
Disorders studies®*®!, which are hosted on Gene2Phenotype™. We also evaluated the enrichment
of outlier genes compared to the complete set of OMIM genes®. The location and sources for all
of the aforementioned gene sets can be found in Table S1.

To examine the correlation between outlier status and enrichment in the above gene sets,
we created contingency tables consisting of the following (clockwise from top left): (1) number
of genes that are splicing outliers and in the gene set of interest, (2) number of genes that are
splicing outliers and not in the gene set of interest, (3) number of genes that are splicing inliers
and not in the gene set of interest, and (4) number of genes that are splicing inliers and in the
geneset of interest. We then used the fisher.test function found in R (v4.3.1)* to run Fisher’s
exact test on contingency tables for each gene set, followed by FDR correction across all of the
gene set enrichment analyses.

Correlation with technical and biological covariates

We used the Im function found in R (v4.3.1)* to run a linear regression on the correlation
between the number of significant outlier splice junctions per person and four technical and
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biological covariates: RIN, age, sex, and batch. We applied this analysis to both the total number
of outlier junctions found using FRASER*! and FRASER2*.

In addition, we used the glm function (family = ‘binomal’, link = ‘logit”) found in R
(v4.3.1)* to run a logistic regression to examine the association between excess outlier status and
the same four covariates: RIN, age, sex, and batch. To define outlier status, we assigned samples
the value of 1 if they were excess outliers, defined as a sample with a number of significant
outlier junctions more than two standard deviations from the mean, and the value of 0 if they
were not an excess outlier. For our analysis of the covariates and FRASER*! excess outlier status,
an individual was marked as an excess outlier if they were an excess outlier across any metric of
FRASER* (W3, ¥5, 0), as well as if they had an excess total number of significant outliers
detected by FRASER*! as a whole (combining the total outliers of all three metrics). Since
FRASER2* outputs only the Jaccard index metric, samples were marked with a 1 if they
contained an excess number of significant Jaccard index outliers.

Analysis of intron retention outliers in minor intron containing genes (MIGs)

We sought to examine if an RNA-seq outlier based technique could identify and diagnose
individuals with rare, pathogenic, biallelic variants in the minor spliceosome snRNAs
RNU4ATAC and RNUI2. To accomplish this, we conducted two analyses examining (1) the
number of significant intron retention outliers in MIGs and (2) the number of MIGs impacted by
significant intron retention outliers.

To perform these analyses, we filtered all junctions detected by FRASER*' to only those
that were significant (q < 0.05 and |[Ay| >= 0.3) and of the type © which represents splicing
efficiency outliers, which captures partial or full intron retention. Using the list of all significant
intron retention outliers per person, we next filtered this list to only MIGs, which we defined as
genes found in the Minor Intron Database from Olthof et al., 2019, Specifically we used the
Homo_sapiens_intron.csv, which can be downloaded at
https://midb.pnb.uconn.edu/return_downloads.php?species_var=Homo+sapiens. We then
calculated the number of significant intron retention outliers found in MIGs per individual and
the number of MIGs with significant intron retention per individual.

Gene set comparison of MIGs with intron retention

To examine the correlation between the MIGs with significant intron retention outliers
found between all four RNU4atac-opathy cases (A1-C2), we created contingency tables for each
possible case pair: A1-B1, A1-C1, A1-C2, B1-C1, B1-C2, C1-C2. To create the contingency
tables, we first created a list of all MIGs with significant intron retention outliers found in the
390-person cohort (here, called the “all’ list). We also had two lists of the MIGs with significant
intron retention outliers in Sample 1, called ‘samplel’, and MIGs with significant intron
retention outliers in Sample 2, called ‘sample2.” We then created two ‘negative’ lists consisting
of the genes in the list of ‘all’ list not present in the ‘samplel’ and the genes in the ‘all’ list not
present in the ‘sample2’, which we called ‘not_samplel’ and ‘not_sample2’, respectively.

We used these lists to create a contingency table, which consisted of (going clockwise
from the top left): (1) the number of genes shared between the ‘samplel’ and ‘sample2’, (2) the
number of genes in ‘samplel’ and ‘not_sample2’, (3) the number of genes in ‘not_samplel’ and
‘not_sample2’, and (4), the number of genes in ‘not_samplel’ and ‘sample2’. To examine the
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correlation between the MIGs with significant intron retention outliers between two samples, we
used the fisher.test function found in R (v4.3.1)* to run a Fisher’s exact test, followed by FDR
correction across all tests.

To examine if the MIGs with significant intron retention outliers found in the sample with
rare, biallelic variants in RNU6ATAC (D1) are shared with the four RNU4atac-opathy cases, we
combined the MIGs with significant intron retention outliers from A1-C2 into one list
(‘RNU4atac-opathy’), leaving two lists: ‘D1’ and ‘RNU4atac-opathy’. We next created a list of
all MIGs with intron retention outliers found in the 390-person cohort (the “all’ list) and created
two negative lists: first, called ‘not D1°, which consisted of all of the genes in the “all’ list not
present in ‘D1°, and second, called ‘not RNU4atac-opathy’, which comprised of all of the genes
in ‘all’ not present in all four of the RNU4atac-opathy cases.

These lists were then used to create a contingency table consisting of (going clockwise
from the top left): (1) the number of genes shared between ‘RNU4atac-opathy’ and ‘D1°, (2) the
number of genes in ‘RNU4atac-opathy’ and ‘not D1’, (3) the number of genes in
‘not RNU4atac-opathy’ and ‘not D1’, and (4) the number of genes in ‘not RNU4atac-opathy’
and ‘D1°. We then again used the fisher.test function found in R (v4.3.1)* to run a Fisher’s exact
test.

Sample size comparison

To examine the portability of our results to researchers and clinicians with access to
fewer samples, we created six datasets consisting of 25, 50, 100, 150, 200, 300, and 400 samples.
Each dataset was iterative, meaning the samples in each subset are found in all subsets larger
than themselves; for example, the samples in the dataset of 50 samples are found in the datasets
containing 100, 150, 200, 300, and 400 samples. Each dataset contained no more than one
sample with rare, biallelic variants in minor spliceosome snRNAs (A1 for each dataset). Of note,
25 is the smallest number of samples for which FRASER*! can generate an output model*'**,

We used the Im function found in R (v4.3.1)* to run linear regressions on the sample size
and, separately, the number of significant intron retention outliers in MIGs and the z-score of the
number of significant intron retention outliers in MIGs.

Variant classification

Variants were classified according to the ACMG/AMP criteria® and following the
recommendations from Ellingford et al., 2022%. Specifically, we applied PM2_Supporting
(PM2_P) to variants that are absent or rare (frequency <1% and no homozygous occurrences) in
gnomAD v4.1.0; PM3 to variants detected in trans with a pathogenic variant; PS3 when
RNA-seq data analyses supported pathogenicity; and PM1 to variants located in mutational
hotspots within RNU4ATAC, specifically at chromosome 2
(GRCh38)g.121,530,882-121,530,898 and g.121,530,996-121,531,003. Based on these criteria,
variants located within the critical regions were classified as pathogenic, while those occurring
outside of the critical regions were classified as likely pathogenic.

The interpretation of novel candidate gene-disease relationships was guided by the
ClinGen framework®. Additional evidence, including more cases and functional studies, is
necessary to establish RNU6ATAC as a disease-associated gene, which is required before any
variant in RNU6ATAC can be classified as pathogenic. Therefore, variants found in RNU6ATAC,
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which is considered a “gene of uncertain significance”, were considered candidates and thus
classified as “variants of uncertain significance” and reported as “variants in a gene of uncertain
significance”.

RESULTS

Splicing outliers detected in blood

We hypothesized that global patterns of transcriptomic outliers could inform molecular
diagnoses of individuals with rare diseases without a priori knowledge of causal variants. In
order to address this hypothesis, we analyzed RNA-sequencing on whole blood from a rare
disease cohort of 217 affected cases and 173 familial control samples (Figure 1). 311 individuals
were from the UDN, 48 individuals were from the GREGoR consortium, and 31 individuals
were enrolled in both consortia (Methods).

To identify splicing outliers, we used two versions of FRASER: FRASER
(version=1.14.0) from Mertes et al, 2021, which we refer to as FRASER*!, and FRASER
(version=1.99) from Scheller et al., 2023, which we refer to as FRASER2*. The output of
FRASER2* provides a single metric for splicing outliers (Jaccard index)*, whereas FRASER*
provides more granular metrics for types of splicing outliers (6, VY3, and ¥5)*, and both outputs
informed our analysis. W3 and W5 only consider split reads, which are reads that span an
exon-exon boundary. W3 quantifies the alternative donor usage from a single acceptor, or the
proportion of reads from an acceptor to a donor of interest compared to the number of reads from
the acceptor to all possible donors. W5 similarly measures the acceptor usage from a single
donor, or the number of reads from a donor to an acceptor of interest compared to the number of
reads from the donor to all possible acceptors*. © and the Jaccard index also utilize unsplit
reads, which are reads that do not span an exon-exon boundary of interest**>. The 6 metric
quantifies splicing efficiency outliers, or intron retention outliers, and is calculated by dividing
the number of split reads by the number of all reads, split and unsplit, across a donor or acceptor
of interest”. Finally, FRASER2*’s Jaccard index quantifies the proportion of split and unsplit
reads supporting the splicing of an intron of interest compared to all reads, split or unsplit,
associated with either splice site on the intron of interest* (Figure 1A).

FRASER* quantified 185,484 junctions from 13,137 genes, while FRASER2* identified
236,416 junctions from 17,918 genes across these 390 samples. We filtered the splice junctions
to only those with an adjusted p-value (q) less than 0.05 and a |Ay|, which is a normalization
metric, greater than 0.3. We refer to reads passing these filters as significant outlier junctions. On
average, we identified a median of 24.5 (IQR [7 - 84.8]) significant outlier ¥3 junctions, 25.0
(IQR [6-81.8]) significant outlier W5 junctions, 11 (IQR [5.3 - 36]) significant O junctions, and 5
(IQR [2-10]) significant outlier Jaccard index junctions per person (Figure 1B).

Splicing outlier analysis identifies aberrant junctions relevant to rare
disease

After detecting outliers, we followed the protocol from Cormier et al., 2022* to identify
the relationship between our splicing outlier genes and genes with high or low tolerance to
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putative loss of function variants. We examined the enrichment of our outlier genes in a set of
294 genes determined to be haploinsufficient in the ClinGen dataset®. Olfactory genes are
known to be tolerant to putative loss of function variants®* so we included known olfactory
receptor genes from Mainland et al., 2015 as a negative control. Since the majority of olfactory
genes are known to contain single exons and, thus, not predicted to undergo splicing®*, we also
used CRISPR non-essential genes list from Hart et al., 2017 as a second negative control. To
examine splicing outliers for their enrichment or depletion within genes with curated
disease-causing inheritance patterns, we used genes curated as autosomal dominant and
autosomal recessive by Blekman et al., 2008°' and Berg et al., 20132, Finally, we investigated
the enrichment of our outlier genes in blood in multiple rare-disease relevant gene sets including
the complete set of OMIM genes® and genes found to be related to developmental delay and
intellectual disability by several Deciphering Developmental Disorders studies™ ',

After adjusting the p-value for the FDR, we observed that genes detected as outliers by
FRASER* in blood were significantly enriched for OMIM genes (Fisher’s exact test,
q=1.47¢-40, odds ratio=1.81) and genes implicated in developmental delay and intellectual
disability (Fisher’s exact test, q=8.0e-13, odds ratio=1.57). We also found a significant depletion
of our splicing outlier gene set for CRISPR non-essential genes (q=0, odds ratio=0) and olfactory
receptor genes (Fisher’s exact test, g=0.004, odds ratio=0.11). While significant before
correction, there was no significant enrichment for haploinsufficient genes after FDR correction
(Fisher’s exact test, q=0.06, odds ratio=1.48). There was also no significant association between
splicing outliers and autosomal dominant or recessive genes (Figure 3A).

The enrichment analyses of genes detected as outliers by FRASER2* yielded similar
results. There was a significant enrichment of FRASER2* outlier genes for OMIM disease genes
(Fisher’s exact test, g=0, odds ratio=3.9) and genes implicated in developmental delay and
intellectual disability (Fisher’s exact test, g=7.38e-75, odds ratio=2.71). There was also a similar
depletion of CRISPR non-essential genes (q=0, odds ratio=0) and no significant association
between FRASER2* outlier genes and autosomal dominant or recessive genes. Unlike the
analysis on FRASER* outlier genes, the FRASER2* outlier genes were enriched for
haploinsufficient genes after FDR correction (Fisher’s exact test, g=2.29¢-9, odds ratio=2.66)
and there was no significant association between FRASER2* outlier genes and olfactory
receptor genes (Figure 3B).

Identifying individuals with excess splicing outliers

Our analyses sought to evaluate if excess splicing outlier patterns could be used to
increase the diagnostic yield of individuals with rare diseases. To examine the proportion of
samples with excess outlier splicing across the transcriptome, we counted the number of
significant (q < 0.05 and |Ay| >= 0.3) outlier splice junctions per individual, Methods). We
identified individuals as having an excess number of splicing outliers, thus given the status of
“excess outliers”, if they had a number of significant outlier junctions greater than or equal to
two standard deviations from the mean. Using this method, we found individuals with excess
outlier status across all three metrics of FRASER* (W3, V5, and ©) and FRASER2*’s Jaccard
index. We found 24 excess V3 outliers, 24 excess V5 outliers, 26 excess O outliers, 24 excess
FRASER* junction outliers, and 10 excess Jaccard index outliers, (Figure 4A-D). Overall, 40, or
10.3%, of our cohort were found to be excess outliers across at least one metric of FRASER*' or
FRASER2*. Individuals who were excess outliers using one metric, such as W3, were not more
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likely to be excess outliers using a different metric, such as W5, O, or the Jaccard index (Figure
S1).

Correlation between excess outliers and covariates

Rare disease research examining transcriptome outliers has typically excluded samples
with excess outliers under the assumption they are driven by technical artifacts' 2. We
hypothesized that the excess of outliers in at least some samples is driven by biological
processes, such as variants impacting the function of the spliceosome.

To evaluate the impact of technical and biological covariates on the number of all total
outlier splice junctions per person as calculated by FRASER* (W3, V5, and © combined) and
FRASER2%, we examined the correlation between the number of all outlier splice junctions and
RNA integrity number (RIN), sex, batch, and age. The variance in the number of all outlier
splice junctions per individual detected by FRASER*' was contributed to by RIN (6.0%), sex
(63.0%), batch (18.5%), and age (3.5%). Batch was the only term with a significant relationship
to the number of significant outlier junctions detected by FRASER* per person (linear regression
and FDR correction, q = 1.8e-08, Figure S2A). Using FRASER2%, we found that the variance in
the number of all outlier splice junctions detected per individual was contributed to by RIN
(8.7%), sex (3.3%), batch (0.1%), and age (0.1%). There were no significant relationships
between the covariates and the number of all outlier splice junctions detected by FRASER2*
(Figure S2A).

We next examined the impact of the aforementioned technical and biological covariates
on whether an individual was an excess outlier for outlier splice junctions, as determined by
FRASER* and FRASER2*. Here, individuals were deemed to be a FRASER splice junction
excess outlier if they were an W5 excess outlier, ¥3 excess outlier, or © excess outlier, as well as
if they were an excess outlier when outliers of all three FRASER*! metrics (¥3, V5, and 6) were
summed together. For the FRASER*"' statistics, the covariates contributed to a small portion of
the observed variance in excess outlier status. RIN contributed 30.5%; sex, 4.3%:; batch, 4.6%:;
and age, 0.8%. There was a significant relationship between batch and FRASER* outlier status
(logistic regression and FDR correction, g=0.003, Figure S2B). We also analyzed the
relationship between Jaccard index outlier status and the four aforementioned covariates. We
found that RIN contributes to the variance in Jaccard index excess outlier status 21.6%; sex,
0.9%:; batch, 1.6%; and age 0.7%. There were no significant relationships between the covariates
and excess outlier status as detected by FRASER2* (Figure S2B). These results indicate that
technical and biological covariates, such as batch, can have significant influences on the
quantification of excess outliers and need to be considered when quantifying excess outlier
events.

Cases with excess significant intron retention outliers in MIGs identified
as having RNU4atac-opathy

Minor introns make up about 0.5% of all introns in the human genome®®’. They diverge
from major introns by their splicing motifs and the snRNAs in their spliceosomal machinery®*®,
Pathogenic variants in two components of the minor spliceosome, RNU4ATAC and RNU12,
cause autosomal recessive Mendelian diseases and have been associated with increased minor
intron retention events and aberrant splicing events around minor introns***’. Based on these
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observations, we examined our cohort’s RNA-seq data for significant © outliers (i.e.intron
retention outliers) occurring in minor intron containing genes (MIGs) as defined by the Minor
Intron Database from Olthof et al., 20192, Specifically, we examined the number of significant
(g<0.05, |Ay| = 0.3) intron retention outliers in MIGs, as well as the number of MIGs with
significant intron retention outliers , per person. The mean number of significant intron retention
outliers in MIGs was 5.8, while the median was 0 (IQR [0-2]) per individual (Figure 5A).

Using this method, we identified 5 individuals with an excess of significant intron
retention outliers in MIGs (samples Al, B1, C1-2, and D1, Tables 1-2). These individuals had a
considerable excess of MIGs with significant intron retention outliers (z-scores of 9.2, 8.3, 10.8,
7.2, and 7.3 respectively, Figure 5A). This corresponds to 180, 175, 197, 197, and 153 out of
770 possible MIGs impacted, respectively®®. Notably, A1-D1 did not have an excess of MIGs
impacted by outliers in FRASER*"’s other metrics — ¥3 or W5 — and the pattern of excess
aberrant splicing in these samples is limited to significant intron retention outliers in MIGs
(Figure 5B).

Upon further investigation, all five of these cases were found to have rare, compound
heterozygous variants in minor spliceosome snRNAs. Four of these cases (samples Al, B1,
C1-2) were found to harbor rare, biallelic variants in RNU44ATAC (Table 1). The mean number of
MIGs with significant intron retention outliers in the cases with rare, biallelic variants in
RNU4ATAC (175.8 (IQR [169 - 184.3])) was over 75 times higher than the mean number of
MIGs with significant intron retention outliers in the rest of the whole blood cohort (2.3 (IQR [0
- 2])) (Figure 5B). All four cases (A1-C2) shared MIGs with significant intron retention outliers
with one another (Figure S3, Table S2).

RNU4ATAC is transcribed into U4atac, which consists of six subregions, five of which
are essential for the excision of minor introns. Crucial elements include stem I and stem II, which
are important for base pairing with U6atac, RNU6ATAC’s transcribed counterpart. These regions
are separated by a 5’ stem loop, which acts as a binding platform for proteins required for
tri-snRNP formation and is also of high importance to minor splicing. Finally, the 3’ stem loop
precedes a binding platform for Sm proteins, which are necessary for snRNA assembly and
transport inside the nucleus. Some nucleotides in the 3* stem loop are of variable importance to
splicing and there is a fully dispensable region from position 92 to 10577,

One RNU4ATAC variant in A1 (NR 023343.3:n.13C>T) is in the stem II, and thus
impacts a nucleotide of high importance to splicing, while the other is in the Sm protein binding
region (NR 023343.3:n.116A>Q) at a nucleotide that has been labeled of variable importance to
minor intron excision. The variants seen in B1 are in the stem I (NR _023343.3:n.13C>T) and
Sm protein-binding region (NR 023343.3:n.121T>G) and both nucleotides are of high
importance to minor spliceosome function. Finally, one of the variants seen in both C1 and C2,
who are siblings, is in the Sm protein-binding region (NR 023343.3:n.118T>C), and thus at a
location of high importance to minor intron splicing. The other is in the 5* stem loop
(NR _023343.3:n.47T>QG), but outside of the critical region and thus impacts a nucleotide of
variable importance to minor intron splicing’® ™ (Figure 5C).

Finally, the phenotypes of the four aforementioned cases fit the expected clinical profile
of individuals with an RNU4atac-opathy, defined here as someone with biallelic, rare,
pathogenic, or likely pathogenic variants in RNU4ATAC. Biallelic pathogenic variants in
RNU4ATAC are associated with a spectrum of autosomal recessive conditions referred to
collectively as RNU4atac-opathy and were historically described as three conditions:
microcephalic osteodysplastic primordial dwarfism type 1 (MOPD1; OMIM:210710)”, Roifman
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syndrome (RS; OMIM:616651)’®, and Lowry-Wood Syndrome (LWS; OMIM:226960)"".
Clinical features observed in cases A1-C2 include growth restriction, microcephaly, skeletal
dysplasia, and intellectual disability””~" (Table 2, Table S3). Less common clinical features of
RNU4atac-opathy were also noted, including immunodeficiency, as well as cardiac,
ophthalmologic, and endocrine abnormalities. Our clinical and genetic findings recapitulate the
known variability of phenotypes and genotypes associated with dysfunction of RNU4ATAC.

Transcriptome-first approach identifies RNU6ATAC as a candidate
disease gene

The remaining case (sample D1) with an excess of significant intron retention outliers in
MIGs (z-score of 7.3, Figure 5A) had 153 MIGs impacted by significant intron retention
outliers. This was over 80 times the number of significant intron retention outliers in MIGs
observed in individuals without rare, biallelic variants in the minor spliceosome in the rest of the
cohort (1.9 (IQR [0 - 2])) (Figure 5B). Furthermore, D1 shared the vast majority of its genes
with intron retention outliers (141 MIGs, 92.2%) with all four RNU4atac-opathy samples
(Fisher’s exact test, p=2.72e-13) (Figure 6A). Only 12 MIGs with significant intron retention
outliers were unique to this individual, within the range of unique outlier junctions for the
RNU4atac-opathies (range 5-27, Figure S3).

No candidate variants in RNU4ATAC and RNU12, which are genes known to be involved
with minor intron retention, were identified in D1. Given the extensive transcriptomic overlap
between the RNU4atac-opathy cases (A1, B1, C1-2), and the remaining case with an excess of
significant intron retention outliers in MIGs (D1), we expanded our analysis strategy and
performed a targeted analysis of D1’s genome sequencing data to investigate rare variants (allele
frequency <0.01, and no homozygous occurrence in gnomAD) in snRNAs of the minor
spliceosome. This analysis identified rare, compound heterozygous variants in RNU6ATAC
(NR_023344.1:n.36T>G and n.28C>T), a snRNA in the minor spliceosome’” (Table 1).

Both RNU6ATAC variants identified in D1 are rare and present in the population at a
frequency that is consistent with an autosomal recessive mode of inheritance. The n.36T>G
variant is not reported in the gnomAD v4.1.0%#' database and only one individual was found to
have a heterozygous variant differing from the reference at that location (n.36T>A, allele
frequency of 6.6e-6). The n.28C>T variant is present at a very low allele frequency of 7.9¢-5 (12
out of 152,036 alleles) with no homozygous occurrences observed. Notably, the n.28C>T variant
is the only variant differing from the reference at position 28 of the RNU6ATAC gene in
gnomAD. Additionally, both variants are in a 39 base pair region in RNU6ATAC that is highly
conserved®*®, and both are themselves highly conserved (PhyloP: 6.99 and 7.69*, Figure 6B).

The phenotype of case D1 includes intrauterine and postnatal growth restriction,
microcephaly, epilepsy, intellectual disability, and ataxia. These clinical features resemble those
observed in other conditions caused by pathogenic biallelic variants in minor spliceosome
snRNAs” " and accordingly overlap with those seen in cases Al, B1, and C1-2 (Table 2, Table
S3).

The transcribed counterpart of RNU6ATAC, Ubatac, extensively base-pairs with U4atac™,
the transcribed counterpart of RNU4ATAC, to form the critical tri-snRNP along with U5%. It is
thought that disruptions to the formation of this tri-snRNP contribute to the disease phenotypes
seen in some individuals with RNU4atac-opathy’. The n.28C>T variant in D1 impacts a
nucleotide that binds to U4atac’s stem I, which is known to be important to splicing”">7¢%_The


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

n.36C>T variant in D1 disrupts a tandem U formation in the RNU6ATAC transcript, which could
destabilize the RNU6ATAC molecular structure®” or impact binding to nucleotides in
RNU4ATAC’s stem 11, which is another area of high importance to splicing””*7%% (Figure 6C).

As Udatac and U6atac must successfully base-pair to form the critical tri-snRNP7*73-76:8¢,
it is plausible that disruption of U6atac binding to U4atac could also cause Mendelian disease.
These transcriptomic, genomic, and phenotypic findings suggest that our transcriptome-first
approach followed by targeted genomic analysis of spliceosomal snRNAs identified a novel
gene-disease candidate in RNU6ATAC. Importantly, the distinct transcriptomic signature may
provide functional evidence supporting the pathogenicity of these variants. However, additional
cases are needed to establish a formal gene-disease association. RNU6ATAC has been submitted
through the GeneMatcher node of the Matchmaker Exchange, but no matches have been
identified to date.

Effect of sample size on results

Mertes et al., 2021 and Scheller et al., 2023 both indicate that the average number of
outliers detected per sample increases along with sample size, but eventually plateau at sample
sizes of 300 or more*'*>. To examine the portability of our results to researchers and clinicians
with access to fewer samples, we created six datasets consisting of 25, 50, 100, 150, 200, 300,
and 400 samples, each of which contained no more than one sample with rare, biallelic variants
in minor spliceosome snRNAs (A1).

Upon running each subset, we found that the number of significant intron retention
outliers in MIGs in sample A1 increased significantly as the sample size increased (linear
regression, p =0.047). Over two times the amount of significant intron retention outliers in MIGs
were found in sample A1 using a sample size of 400 compared to 25 samples (168 vs 345).
Additionally, the z-score associated with the number of significant intron retention outliers in
MIGs in sample Al increased significantly from 4.80 to 19.40 at sample sizes of 25 to 400,
respectively (linear regression, p=7.3e-05, Figure S4).

Use of Jaccard index for identifying minor spliceopathies

We sought to investigate whether FRASER2* could identify the individuals with rare,
biallelic variants in the minor spliceosome, known as minor spliceopathies. We found that all
five cases with minor spliceopathies (A1-D1) had an excess of Jaccard index outliers in MIGs.
Specifically, A1-D1 had z-scores 0f 4.9, 3.6, 3.5, 2.1, and 3.2 for the number of Jaccard index
outliers in MIGs, respectively. Notably, using a z-score cut-off of 2 for the number of significant
splicing outliers also identified two additional individuals, with z-scores of 2.1 and 2.1, as having
an excess of Jaccard index outliers in MIGs (Figure S5). For these individuals, we did not
identify rare, biallelic variants in any of the snRNAs in the minor spliceosome.

We next analyzed the number of MIGs with Jaccard index outliers and found that cases
A1-D1 had Z-scores of 5.2, 3.8, 3.6, 2.2, and 3.5, corresponding to 196, 148, 139, 91, and 137
MIGs impacted, respectively. Using this metric, no additional individuals with an excess of
MIGs with Jaccard index outliers were identified (Figure 5B). FRASER2* analysis is thus also
able to identify samples with the minor spliceosome transcriptional signature, but with less
specificity.
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DISCUSSION

Transcriptomics is emerging as a complementary approach for rare disease
diagnostics’'°. Current approaches using transcriptomics for rare disease diagnostics use a
gene-centric approach, where the focus is on identifying variants resulting in cis outlier events,
such as gene expression level or aberrant splicing’'®. The foundation of this approach has been
numerous population studies that show enrichments for rare variants near transcriptome outlier
events'”**. The majority of these studies exclude individuals with many transcriptome outliers
and do not consider genes not previously attributed to human disease, as such outliers are
assumed to be due to technical noise. While we found that splicing outliers were more likely to
be in constrained disease-associated genes, these assumptions fail to acknowledge that global
outlier events might instead be true biological signals of rare variants impacting key regulatory
processes. Previous studies have implicated specific patterns of splicing dysregulation in the
presence of pathogenic variants that disrupt splicing®'>**7*. For example, distinct and cell-type
specific patterns of aberrant splicing have been associated with repeat expansions in DMPK®,
while pathogenic variants in RBFOX]I are associated with aberrant splicing of exons < 51
nucleotides in size*’*. In our cohort, we were able to identify individuals with excess splicing
outliers and hypothesized that patterns of excess transcriptome-wide splicing outliers could aid in
the discovery of causal variants in known spliceopathy-associated genes, as well as new
gene-disease relationships.

One such pattern described by Olthof et al., 2021, showed that biallelic, pathogenic
variants in minor spliceosome SnRNAs RNU4ATAC and RNUI2 are associated with elevated
intron retention in and around minor introns*?. Given this information, we examined our cohort
for individuals with excess intron retention in minor intron containing genes (MIGs). Using this
approach, we identified five cases (samples Al, B1, C1-2, D1) with excess significant intron
retention outliers impacting MIGs, all of which were identified as having biallelic variants in
snRNAs critical to the minor spliceosome. Four of these individuals (samples A1, B1, C1-2)
were found to have rare, biallelic variants in RNU4ATAC. All four samples had symptoms
consistent with RNU4atac-opathy and did not harbor any additional rare variants of clinical
interest, including in other minor spliceosome snRNAs. RNU4atac-opathy has a low diagnostic
rate as the phenotype varies significantly depending on the specific variants involved” " and
RNU4ATAC is located in the intron of the CLASPI gene, and therefore not routinely analyzed on
clinical exome sequencing®. Based on our phenotypic, genetic, and transcriptomic findings, we
are suggesting upgrading the classification of 4 RNU4ATAC variants and that this method could
be used to provide supportive evidence for interpretation of variants of uncertain significance in
RNU4ATAC.

We identified one additional case (sample D1) with an excess of significant intron
retention outliers in MIGs with many phenotype features seen in individuals with pathogenic
variants in the minor spliceosome, such as short stature, microcephaly, hypotonia, and
intellectual disability”>”". Upon examination of their genome sequencing data, we found they
harbored rare, compound heterozygous variants in RNU6ATAC, an snRNA in the minor
spliceosome that hybridizes with RNU4ATAC®®. Both variants are highly conserved®, at
genomic positions with limited variation in the human population®***', and could potentially
disrupt the binding of RNU6ATAC to regions of high importance to splicing in
RNU4ATAC™ 768 The binding of RNU4ATAC to RNUGATAC is crucial for the formation of the
tri-snRNP*° and disruption of this binding has been associated with RNU4atac-opathy”'. We
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hypothesize that the disruption of the binding of RNU4ATAC to RNU6ATAC in both
RNU4atac-opathy cases and D1 could explain their shared transcriptomic and clinical features.
However, the impact of the variants in D1 on the function of the minor spliceosome needs to be
studied further to address this question. Overall, these genetic, transcriptomic, and phenotypic
findings strongly suggest RNU6ATAC as a novel gene-disease candidate. While our
transcriptomic-first approach can identify individuals with pathogenic variants in the minor
spliceosome, we need additional samples and to perform functional validation to establish
patterns specific to pathogenic variants within each snRNA.

In concordance with results from Scheller et al., 2023, we found that as sample size
increased, the number of significant intron retention outliers detected in an RNU4atac-opathy
case (A1) also increased. However, we show that batch-effects confound the number of splicing
outlier junctions per individual, so combining cohorts might not always be a practical solution.
We suggest best practices going forward should include the development of a batch-correction
approach prior to outlier calling for splicing. Our blood cohort came from a heterogeneous
processing background across three sequencing centers and four protocols. It is notable that
despite these significant differences, the biological signature seen in cases with rare biallelic
variants in RNU4ATAC or RNU6ATAC — excess significant intron retention outliers in MIGs — is
robust to batch effects. We therefore expect this signature to be even stronger in samples that are
uniformly processed.

Here we present an unbiased, transcriptomic-first approach for rare disease diagnosis and
gene-disease relationship discovery in spliceopathies. While excess outlier patterns are
influenced by technical or other covariates, disease-relevant excess outlier patterns are evident in
rare disease cohorts. We highlight that investigating these biologically coherent patterns, such as
intron retention outliers in MIGs, can increase the diagnostic yield for individuals with rare
diseases. We further show that this approach can both inform variant curation and uncover new
gene-disease relationships. As there are characteristic transcriptome-wide patterns of splicing
dysregulation®'**" for some of the over 300 protein and RNA components involved in
splicing™*, we expect there may be other meaningful transcriptomic signatures. This is
supported by recent discoveries of the roles of major spliceosome snRNAs, RNU4-2 and
RNU2-2p”, in neurodevelopmental diseases and reinforces the possibility that additional
disease-causing variants that disrupt splicing remain to be uncovered. Combined, dissection of
transcriptome-wide patterns of aberrant splicing represents a novel diagnostic approach for gene
discovery and variant-to-functional interpretation of spliceopathies in rare disease patients.

DATA AND CODE AVAILABILITY

Our analyses and pipeline are fully available at
https://github.com/maurermaggie/Transcriptome Wide Splicing_Analysis/tree/main. All
RNA-seq data for samples enrolled in GREGoR are available in AnVIL through dbGap
(phs003047.v1.pl). Most of the RNA-seq data for samples enrolled in the UDN is currently
available through dbGap (phs001232.v6.p2). The remaining data will be uploaded to dbGaP as a
part of the next UDN data freeze. Data is also available before the next freeze by a request to the
author with evidence of dbGaP approval for UDN data.
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Table 1. Genetic information on samples A1-D1
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Table 1. Genetic information for samples A1-D1.
Information on the genetic variants found in RNU4ATAC in samples A1-C2, as well as the
variants found in RNU6ATAC in sample D1. The gene names are italicized according to HGNC

standards.
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Table 2. Phenotypic information on samples A1-D1

System Affected Clinical Feature Al B1 C1 C2 D1
Short stature + + + + +
Growth

Microcephaly + + + + +
Generalized hypotonia + + - - +
Neurodevelopmental delay - + - - +
Intellectual disability + + - - +
Neurological Seizures - - = = +
Ataxia - + = - +
Ventriculomegaly + = = = +
Peripheral neuropathy - + + = -
Scoliosis + - - - -
Coxa valga - + - - -

Musculoskeletal
Syndactyly + - - - +
Joint hypermobility - + - - -
Immunological Immunodeficiency - + + - -
Growth hormone deficiency + - + - -
Endocrine and Hypothyroidism - + + + -
Metabolic Adrenal insufficiency - - + + -
Diabetes mellitus - - + - -
Retinal Anomalies + + - + -
Nystagmus - = - - +

Ophthalmological

Oculomotor apraxia - - - - +
Exotropia + = = - -
Arrhythmia + - - - -

Cardiovascular
Congestive heart failure - - - + -

Table 2. Phenotypic information for samples A1-D1.

Information on the systems affected and clinical features seen in A1-D1. In the indicated
individual, a + sign indicates the presence of a clinical feature, while a - sign indicates the
absence of a clinical feature.


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

CITATIONS

1.

Health, T. L. G. The landscape for rare diseases in 2024. Lancet Glob. Health 12, 341
(2024).

European Union. REGULATION (EC) No 141/2000 OF THE EUROPEAN PARLIAMENT
AND OF THE COUNCIL of 16 December 1999 on orphan medicinal products. Off. J. Eur.
Communities (2000).

Nguengang Wakap, S. et al. Estimating cumulative point prevalence of rare diseases:
analysis of the Orphanet database. Eur. J. Hum. Genet. 28, 165-173 (2020).
eClinicalMedicine. Raising the voice for rare diseases: under the spotlight for equity.
eClinicalMedicine 57, (2023).

Hartley, T. ef al. New Diagnostic Approaches for Undiagnosed Rare Genetic Diseases. Annu.
Rev. Genomics Hum. Genet. 21, 351-372 (2020).

Shashi, V. et al. The utility of the traditional medical genetics diagnostic evaluation in the
context of next-generation sequencing for undiagnosed genetic disorders. Genet. Med. 16,
176-182 (2014).

Soden, S. E. et al. Effectiveness of exome and genome sequencing guided by acuity of
illness for diagnosis of neurodevelopmental disorders. Sci. Transl. Med. 6,
265ral68-265ral68 (2014).

Yang, Y. et al. Molecular Findings Among Patients Referred for Clinical Whole-Exome
Sequencing. JAMA 312, 1870-1879 (2014).

Cummings, B. B. ef al. Improving genetic diagnosis in Mendelian disease with transcriptome

sequencing. Sci. Transl. Med. 9, eaal5209 (2017).

10. Frésard, L. et al. 1dentification of rare-disease genes using blood transcriptome sequencing


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

It is made available under a CC-BY-NC-ND 4.0 International license .

and large control cohorts. Nat. Med. 25, 911-919 (2019).

Gonorazky, H. D. et al. Expanding the Boundaries of RNA Sequencing as a Diagnostic Tool
for Rare Mendelian Disease. Am. J. Hum. Genet. 104, 466—483 (2019).

Kremer, L. S. et al. Genetic diagnosis of Mendelian disorders via RNA sequencing. Nat.
Commun. 8, 15824 (2017).

Lee, H. et al. Diagnostic utility of transcriptome sequencing for rare Mendelian diseases.
Genet. Med. 22, 490-499 (2020).

Lee, H. et al. Diagnostic utility of transcriptome sequencing for rare Mendelian diseases.
Genet. Med. Off. J. Am. Coll. Med. Genet. 22, 490-499 (2020).

Murdock, D. R. et al. Transcriptome-directed analysis for Mendelian disease diagnosis
overcomes limitations of conventional genomic testing. J. Clin. Invest. 131, €141500,
141500 (2021).

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

Ferraro, N. M. ef al. Transcriptomic signatures across human tissues identify functional rare
genetic variation. Science 369, eaaz5900 (2020).

Smail, C. et al. Integration of rare expression outlier-associated variants improves polygenic
risk prediction. Am. J. Hum. Genet. 109, 1055-1064 (2022).

Zhao, J. et al. A Burden of Rare Variants Associated with Extremes of Gene Expression in
Human Peripheral Blood. Am. J. Hum. Genet. 98, 299-309 (2016).

Li, X. ef al. The impact of rare variation on gene expression across tissues. Nature 550,
239-243 (2017).

Zeng, Y. et al. Aberrant Gene Expression in Humans. PLOS Genet. 11, €1004942 (2015).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

22. Montgomery, S. B., Lappalainen, T., Gutierrez-Arcelus, M. & Dermitzakis, E. T. Rare and
Common Regulatory Variation in Population-Scale Sequenced Human Genomes. PLOS
Genet. 7, 1002144 (2011).

23. Zhang, X. et al. An Atomic Structure of the Human Spliceosome. Cell 169, 918-929.¢14
(2017).

24. Chen, Y.-I. G. et al. Proteomic analysis of in vivo-assembled pre-mRNA splicing complexes
expands the catalog of participating factors. Nucleic Acids Res. 35, 3928-3944 (2007).

25. Alioto, T. S. UI2DB: a database of orthologous U12-type spliceosomal introns. Nucleic
Acids Res. 35, D110-D115 (2007).

26. Olthof, A. M., Hyatt, K. C. & Kanadia, R. N. Minor intron splicing revisited: identification
of new minor intron-containing genes and tissue-dependent retention and alternative splicing
of minor introns. BMC Genomics 20, 686 (2019).

27. Levine, A. & Durbin, R. A computational scan for Ul12-dependent introns in the human
genome sequence. Nucleic Acids Res. 29, 4006—4013 (2001).

28. Griffin, C. & Saint-Jeannet, J.-P. Spliceosomopathies: Diseases and mechanisms. Dev. Dyn.
249, 1038-1046 (2020).

29. Hamanaka, K. et al. Genome-wide identification of tandem repeats associated with splicing
variation across 49 tissues in humans. Genome Res. 33, 435447 (2023).

30. Hale, M. A., Johnson, N. E. & Berglund, J. A. Repeat-associated RNA structure and aberrant
splicing. Biochim. Biophys. Acta BBA - Gene Regul. Mech. 1862, 194405 (2019).

31. Chai, G. et al. Mutations in Spliceosomal Genes PPIL1 and PRP17 Cause
Neurodegenerative Pontocerebellar Hypoplasia with Microcephaly. Neuron 109, 241-256.e9

(2021).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

It is made available under a CC-BY-NC-ND 4.0 International license .

Olthof, A. M. et al. Disruption of exon-bridging interactions between the minor and major
spliceosomes results in alternative splicing around minor introns. Nucleic Acids Res. 49,
3524-3545 (2021).

Kfir, N. et al. SF3B1 Association with Chromatin Determines Splicing Outcomes. Cell Rep.
11, 618-629 (2015).

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

Wang, E. T. et al. Transcriptome alterations in myotonic dystrophy skeletal muscle and heart.
Hum. Mol. Genet. 28, 1312-1321 (2019).

Lopez-Martinez, A., Soblechero-Martin, P., de-la-Puente-Ovejero, L., Nogales-Gadea, G. &
Arechavala-Gomeza, V. An Overview of Alternative Splicing Defects Implicated in
Myotonic Dystrophy Type 1. Genes 11, 1109 (2020).

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

Nakamori, M. Expanded-repeat-RNA-mediated disease mechanisms in myotonic dystrophy.
Neurol. Clin. Neurosci. 12, 16-23 (2024).

L1, Y. I, Sanchez-Pulido, L., Haerty, W. & Ponting, C. P. RBFOX and PTBP1 proteins
regulate the alternative splicing of micro-exons in human brain transcripts. Genome Res. 285,
1-13 (2015).

Lee, J.-S., Lamarche-Vane, N. & Richard, S. Microexon alternative splicing of small GTPase
regulators: Implication in central nervous system diseases. WIREs RNA 13, e1678 (2022).
Mertes, C. et al. Detection of aberrant splicing events in RNA-seq data using FRASER. Nat.

Commun. 12, 529 (2021).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

It is made available under a CC-BY-NC-ND 4.0 International license .

Scheller, L. F., Lutz, K., Mertes, C., Yépez, V. A. & Gagneur, J. Improved detection of
aberrant splicing using the Intron Jaccard Index. medRxiv 2023.03.31.23287997 (2023)
doi:10.1101/2023.03.31.23287997.

Ungar, R. A. ef al. Impact of genome build on RNA-seq interpretation and diagnostics. Am.
J. Hum. Genet. 111, 1282—-1300 (2024).

Amar, D. et al. Temporal Dynamics of the Multi-Omic Response to Endurance Exercise
Training across Tissues. (2022). doi:10.1101/2022.09.21.508770.

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinforma. Oxf. Engl. 29,
15-21 (2013).

Frankish, A. et al. GENCODE 2021. Nucleic Acids Res. 49, D916-D923 (2021).

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal 17, 10-12 (2011).

R Core Team. R: A language and environment for statistical computing. R Foundation for
Statistical Computing (2021).

Cormier, M. J., Pedersen, B. S., Bayrak-Toydemir, P. & Quinlan, A. R. Combining genetic
constraint with predictions of alternative splicing to prioritize deleterious splicing in rare
disease studies. BMC Bioinformatics 23, 482 (2022).

Cormier, M. J. et al. Go Get Data (GGD) is a framework that facilitates reproducible access
to genomic data. Nat. Commun. 12,2151 (2021).

Blekhman, R. ef al. Natural Selection on Genes that Underlie Human Disease Susceptibility.
Curr. Biol. 18, 883—889 (2008).

Berg, J. S. ef al. An informatics approach to analyzing the incidentalome. Genet. Med. 185,

36-44 (2013).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

53. Mainland, J. D., Li, Y. R., Zhou, T., Liu, W. L. L. & Matsunami, H. Human olfactory
receptor responses to odorants. Sci. Data 2, 150002 (2015).

54. Pierron, D., Cortés, N. G., Letellier, T. & Grossman, L. I. Current relaxation of selection on
the human genome: Tolerance of deleterious mutations on olfactory receptors. Mol.
Phylogenet. Evol. 66, 558-564 (2013).

55. Hart, T. et al. Evaluation and Design of Genome-Wide CRISPR/SpCas9 Knockout Screens.
G3 GenesGenomesGenetics 7,2719-2727 (2017).

56. Thormann, A. et al. Flexible and scalable diagnostic filtering of genomic variants using G2P
with Ensembl VEP. Nat. Commun. 10, 2373 (2019).

57. Firth, H. V., Wright, C. F. & Study, for the D. The Deciphering Developmental Disorders
(DDD) study. Dev. Med. Child Neurol. 53, 702—703 (2011).

58. Fitzgerald, T. W. et al. Large-scale discovery of novel genetic causes of developmental
disorders. Nature 519, 223-228 (2015).

59. Wright, C. F. et al. Genetic diagnosis of developmental disorders in the DDD study: a
scalable analysis of genome-wide research data. The Lancet 385, 13051314 (2015).

60. McRae, J. F. ef al. Prevalence and architecture of de novo mutations in developmental
disorders. Nature 542, 433-438 (2017).

61. Wright, C. F. et al. Making new genetic diagnoses with old data: iterative reanalysis and
reporting from genome-wide data in 1,133 families with developmental disorders. Genet.
Med. 20, 1216-1223 (2018).

62. Amberger, J. S., Bocchini, C. A., Scott, A. F. & Hamosh, A. OMIM.org: leveraging
knowledge across phenotype—gene relationships. Nucleic Acids Res. 47, D1038-D1043

(2019).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

It is made available under a CC-BY-NC-ND 4.0 International license .

Richards, S. ef al. Standards and guidelines for the interpretation of sequence variants: a joint
consensus recommendation of the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology. Genet. Med. 17, 405423 (2015).

Ellingford, J. M. et al. Recommendations for clinical interpretation of variants found in
non-coding regions of the genome. Genome Med. 14, 73 (2022).

Strande, N. T. et al. Evaluating the Clinical Validity of Gene-Disease Associations: An
Evidence-Based Framework Developed by the Clinical Genome Resource. Am. J. Hum.
Genet. 100, 895-906 (2017).

Schneider, C., Will, C. L., Makarova, O. V., Makarov, E. M. & Liithrmann, R. Human
U4/U6.U5 and U4atac/U6atac.US Tri-snRNPs Exhibit Similar Protein Compositions. Mol.
Cell. Biol. 22,3219-3229 (2002).

Will, C. L. & Liihrmann, R. Splicing of a rare class of introns by the U12-dependent
spliceosome. 386, 713—724 (2005).

Alioto, T. S. U12DB: a database of orthologous U12-type spliceosomal introns. Nucleic
Acids Res. 35, D110-D115 (2007).

Olthof, A. M., Rasmussen, J. S., Campeau, P. M. & Kanadia, R. N. Disrupted minor intron
splicing is prevalent in Mendelian disorders. Mol. Genet. Genomic Med. 8, 1374 (2020).
Shukla, G. C. Domains of human U4atac snRNA required for U12-dependent splicing in
vivo. Nucleic Acids Res. 30, 4650—4657 (2002).

Farach, L. S. et al. The expanding phenotype of RNU4ATAC pathogenic variants to Lowry
Wood syndrome. Am. J. Med. Genet. A. 176, 465-469 (2018).

Turunen, J. J., Niemeld, E. H., Verma, B. & Frilander, M. J. The significant other: splicing by

the minor spliceosome. WIREs RNA 4, 61-76 (2013).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

73. Hallermayr, A. et al. Extending the critical regions for mutations in the non-coding gene
RNU4ATAC in another patient with Roifman Syndrome. Clin. Case Rep. 6, 2224-2228
(2018).

74. Merico, D. et al. Compound heterozygous mutations in the noncoding RNU4ATAC cause
Roifman Syndrome by disrupting minor intron splicing. Nat. Commun. 6, 8718 (2015).

75. He, H. et al. Mutations in U4atac snRNA, a Component of the Minor Spliceosome, in the
Developmental Disorder MOPD 1. Science 332, 238-240 (2011).

76. Merico, D. et al. Compound heterozygous mutations in the noncoding RNU4ATAC cause
Roifman Syndrome by disrupting minor intron splicing. Nat. Commun. 6, 8718 (2015).

77. Ls, F. et al. The expanding phenotype of RNU4ATAC pathogenic variants to Lowry Wood
syndrome. Am. J. Med. Genet. A. 176, (2018).

78. Padgett, R. A. & Shukla, G. C. A revised model for U4atac/U6atac snRNA base pairing.
RNA 8, 125-128 (2002).

79. Nilsen, T. W. A Parallel Spliceosome. Science 273, 1813—1813 (1996).

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

81. Chen, S. ef al. A genomic mutational constraint map using variation in 76,156 human
genomes. Nature 625, 92—100 (2024).

82. Shukla, G. C. & Padgett, R. A. Conservation of functional features of U6atac and U12
snRNAs between vertebrates and higher plants. RNA 5, 525-538 (1999).

83. Lopez, M. D., Alm Rosenblad, M. & Samuelsson, T. Computational screen for spliceosomal
RNA genes aids in defining the phylogenetic distribution of major and minor spliceosomal

components. Nucleic Acids Res. 36, 3001-3010 (2008).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

84. Bj, R. et al. The UCSC Genome Browser database: 2024 update. Nucleic Acids Res. 52,
(2024).

85. Mj, F. & Ja, S. Dynamic exchanges of RNA interactions leading to catalytic core formation
in the U12-dependent spliceosome. Mol. Cell 7, (2001).

86. Shukla, G. C., Cole, A. J., Dietrich, R. C. & Padgett, R. A. Domains of human U4atac
snRNA required for U12-dependent splicing in vivo. Nucleic Acids Res. 30, 4650—4657
(2002).

87. Lietzke, S. E., Barnes, C. L., Berglund, J. A. & Kundrot, C. E. The structure of an RNA
dodecamer shows how tandem U—U base pairs increase the range of stable RNA structures
and the diversity of recognition sites. Structure 4, 917-930 (1996).

88. Wang, E. T. et al. Transcriptome alterations in myotonic dystrophy skeletal muscle and heart.
Hum. Mol. Genet. 28, 1312-1321 (2019).

89. Benoit-Pilven, C. et al. Clinical interpretation of variants identified in RNU4ATAC, a
non-coding spliceosomal gene. PloS One 15, €0235655 (2020).

90. Nguyen, T. H. D. et al. The architecture of the spliceosomal U4/U6.U5 tri-snRNP. Nature
523, 47-52 (2015).

91. Almentina Ramos Shidi, F. ef al. Mutations in the non-coding RNU4ATAC gene affect the
homeostasis and function of the Integrator complex. Nucleic Acids Res. 51, 712-727 (2023).

92. Chen, Y. et al. De novo variants in the non-coding spliceosomal snRNA gene RNU4-2 are a
frequent cause of syndromic neurodevelopmental disorders. MedRxiv Prepr. Serv. Health Sci.
2024.04.07.24305438 (2024) doi:10.1101/2024.04.07.24305438.

93. Greene, D. et al. Mutations in the U2 snRNA gene RNU2-2P cause a severe

neurodevelopmental disorder with prominent epilepsy. 2024.09.03.24312863 Preprint at


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.02.24318941; this version posted January 3, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

https://doi.org/10.1101/2024.09.03.24312863 (2024).


https://doi.org/10.1101/2025.01.02.24318941
http://creativecommons.org/licenses/by-nc-nd/4.0/

Cardiology (5.5%, n=12)
ndocrinology (0.9%, n=2)
/Gastroenterology (2.3%, n=5)
Hematology (0.9%, n=2)

Rheumatology (3.7%, n=8)
Pulmonology (0.9%, n=2) \ /
Psychiatry (0.9%, n=2)

Immunology

o (6%, n=13)
ther

(21.2%, n=46)

—Musculoskeletal
(1.4%, n=28)

Ophthalmology—
(0.9%, n=2) Nephrology

(1.8%, n=4)

217 affected probands
173 unaffected familial controls

Neurology (41.9%, n=91)

Figure 1. Affected status and primary systems affected for individuals in our GREGoR and UDN cohort

Two pie charts depicting information on our rare disease cohort. The pie chart on the left of the page depicts the affected
status composition of our 390-person rare disease cohort from the Undiagnosed Disease Network (UDN) and Genomics to
Elucidate the Genetics of Rare Disease (GREGOR) consortia. Lines radiating from the affected (orange) section of the left pie
chart indicate that the pie chart on the right contains information on the primary systems affected for all 217 individuals with
rare disease in our cohort. The percent and number of individuals affected (n) per system in our cohort are labeled.
“Cardiology” includes both cardiology and vascular systems, while “Immunology” includes immunology, infectious diseases,
and allergies. “Musculoskeletal” also includes orthopedic complaints. “Other” indicates that no system was selected for the
individual at the time of enrollment.
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Figure 2. Evaluation of the number of outlier
junctions detected per person

(A) Depiction of FRASER and FRASER2 metrics. y5
and y3 use split reads, which span an exon-exon
boundary, while 6 and the Jaccard index (J)

use both split and unsplit reads, the latter of which
span only one exon boundary. y5 quantifies
alternative acceptor usage from a single donor,
while y3 quantifies alternative donor usage from
a single acceptor. 6 quantifies the splicing
efficiency, which captures intron retention outliers
by comparing the number of split reads to all
reads, split and unsplit. ] quantifies the proportion
of all reads, split and unsplit that support the
spicing of an intron of interest compared to all
reads, split and unsplit, associated with both the
donor and acceptor of the intron of interest.

(B) Box plot displaying the number of outlier splice
junctions detected per person for each metric.
Junctions were labeled as outliers if their adjusted
p-value was less than 0.05 and their absolute value
of |Ay|, a normalization metric, was greater

than 0.3. The Y-axis is the number of outlier
junctions found per person, while the X-axis
represents the different types of metrics examined
by FRASER (3, ¢5, 0) and FRASER2 (J). Combined
FRASER refers to the combined number of outlier
junctions from FRASER's three metrics- y5, y3, and
0. The bottom of the box represents the first
quartile, while the middle line represents the
median and the top of the box represents the third
quartile. All dots represent outliers.
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Figure 3. Enrichment analysis on genes detected to be splicing outliers via FRASER1 and FRASER2

(A) Results of enrichment analysis on genes detected to be significant splicing outliers via FRASER. All categories not
crossing the dotted vertical line were found to be significant before False Discovery Rate (FDR) correction. All categories
shown as significant stayed significant after FDR correction except for the haploinsufficient gene set, whose p-value after
correction was 0.06. (B) Results of enrichment analysis on genes detected to have significant Jaccard index outlier junctions
(as detected by FRASER?2). All categories whose lines do not cross the dotted vertical line were found to be significant
before FDR correction, and all categories shown as significant in this figure remained significant after FDR correction.
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Figure 4. Individuals with excess significant outlier junctions detected using FRASER
and FRASER2 metrics

Plots showing the number of significant outlier junctions detected per individual for all three
FRASER metrics (y3, y5, and 0) and the FRASER2 Jaccard index (J). Junctions were labeled as
significant outliers if their adjusted p-value was less than 0.05 and their |Ay|, a normaliza-
tion metric, was greater than 0.3. For all four plots, each dot represents an individual and the
position on the Y-axis of the dot represents the number of significant outlier junctions of the
specified type for that individual. Individuals are ordered on the X-axis by the number of
significant outlier junctions of the specified metric. The number of significant outliers shown
per individual are, as labeled: (A) 3, (B) 5, (C) 6, and (D) .
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Figure 5. Outliers with excess intron retention events (6) in minor intron containing genes (MIGs) identified in
individuals with rare, biallelic variants in RNU4ATAC

(A) Plot showing the number of significant intron retention (8) events in minor intron containing genes (MIGs). Each dot
represents an individual and the Y-axis position represents the number of significant intron retention (6) events in MIGs
detected in that individual. The X-axis is ordered by the number of significant intron retention events (6) in MIGs. Individuals
with rare, biallelic variants in RNU4ATAC or RNUGATAC are labeled as “RNU4atac-opathy” and “RNU6atac-opathy”, respectively.
(B) Boxplots showing the number of MIGs with significant outliers of type (from top left clockwise) ¢3, y5, Jaccard index (J),
and 6 (intron retention). In each boxplot, the right box labeled “RNU4atac-opathies” represents the individuals with rare,
biallelic variants in RNU4ATAC, while the left box represents the remaining samples. Where D1 is an outlier, it is marked as an
orange circle. Note that the y-axis ends at around 15 for the y3 and y5 boxplots and around 200 for the 6 and ] boxplots.

(C) Secondary structure of U4ATAC, which is encoded by RNU4ATAC. Areas of high importance to splicing are labeled in pink;
limited importance to splicing, brown; and variable importance to splicing, gray. The rare variants in individuals A1, B1, C1,
and C2 are labeled by the blue, red, and yellow arrows.
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Figure 6. Outlier with excess intron retention events in minor intron containing genes (MIGs) found to harbor rare,
conserved biallelic variants in RNU6ATAC

(A) Venn diagram of the genes shared between all four RNU4atac-opathy cases (A1-C2) and the case with rare, biallelic
variants in RNU6ATAC (D1). All genes unique to the RNU4atac-opathy cases (A1-C2) are shown in yellow, while all genes unique
to D1 (RNUGATAC case) are shown in blue. All shared genes are shown in green.

(B) Examination of conservation of RNU6ATAC (DNA). Conservation levels for each nucleotide were obtained using PhyloP to
compare the nucleotides across 100 vertebrates. The brown line above the sequence indicates that all of the nucleotides in
this region are highly conserved. The animals shown represent the following organisms: human, rhesus, mouse, dog,
elephant, chicken, X. tropicalis, and zebrafish. The two RNUGATAC variants seen in individual D1 are marked by arrows.

(C) Secondary structure of the binding of U4ATAC and U6ATAC (RNAs) required for the formation of the catalytic splice site.
The two variants in D1 are marked by the dashed and solid arrows. The relative importance of each nucleotide in RNU4ATAC
to splicing is indicated in the colored legend.
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