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Diagnosing rare genetic diseases remains a major challenge despite widespread clinical testing. Long-read RNA 
sequencing (RNA-seq) offers a powerful approach to capturing the effects of genetic variants on the transcriptome, 
yet challenges with sequencing coverage, cost, tissue selection, and scalability have limited its clinical adoption. To 
address this, we developed STRIPE (Sequencing Targeted RNAs Identifies Pathogenic Events), a targeted long-read 
RNA-seq–based strategy for rare disease diagnosis and variant interpretation. STRIPE enables deep sequencing of 
full-length transcripts for any customized disease-specific gene panel such that a wide range of clinically informa-
tive readouts, including transcript aberrations and sequence variants, can be detected at haplotype-level resolu-
tion. Applying STRIPE to 88 individuals spanning two major rare disease groups, we accurately reidentified known 
pathogenic variants and revealed their transcript consequences, including many unexpected ones. For 8 of 15 
splice site region variants, we observed more complex RNA processing defects beyond single exon skipping or 
cryptic splice site activation. Notably, we find that donor splice site variants frequently activate cryptic intronic 
polyadenylation sites, leading to premature transcript termination. Leveraging unique strengths of long-read RNA-
seq, STRIPE also resolved variants of uncertain significance and uncovered disease-causing variants in five previ-
ously undiagnosed individuals. Overall, STRIPE is a powerful, adaptable, and scalable strategy with broad potential 
to improve clinical variant interpretation and advance genetic diagnosis of rare diseases.

INTRODUCTION
Exome and genome sequencing are routinely used in clinical and 
research settings to identify the molecular basis of rare genetic con-
ditions. However, the diagnostic yield of these technologies varies 
from 20 to 50% (1–4), highlighting a large number of patients for 
whom current genomic testing approaches cannot provide a mo-
lecular diagnosis. While some of these cases may be explained by 
polygenic or environmental risk factors, many undiagnosed cases 
are likely due to genetic changes that cannot be identified or priori-
tized by current clinical workflows. Over the past decade, RNA 
sequencing (RNA-seq) has steadily emerged as a complementary 
assay for rare disease diagnosis, helping clarify variants of uncertain 
significance (VUS) and uncover disease-causing variants in indi-
viduals lacking a molecular diagnosis after standard genetic testing 
(5–12). RNA-seq not only captures sequence variation in exonic 

regions but also reveals changes in gene expression and splicing in-
duced by regulatory genetic variants.

Long-read sequencing technologies, which can generate reads tens 
to thousands of kilobases in length, have increasingly enhanced our 
understanding of genetic and transcriptomic variation and their rela-
tionship to human traits and diseases (13–15). In RNA analysis, long 
reads permit end-to-end sequencing of full-length transcripts and 
provide phasing information that can link individual transcripts to 
their haplotype of origin (16, 17). Analysis of long-read RNA-seq data 
has already proven useful in individual rare disease cases as a follow-
up test to observe the functional effects of known disease-causing 
variants (18, 19). However, despite its potential, long-read RNA-seq 
is underutilized in rare disease research, in part due to the lower 
throughput and higher cost of long-read sequencing platforms, as well 
as the lack of a diagnostic workflow tailored to long-read RNA-seq 
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data. Importantly, RNA-guided genetic diagnosis often relies on clini-
cally accessible tissues (20), in which phenotype-relevant genes may 
have low transcript levels. As a result, the high sequencing cost re-
quired for achieving adequate sequencing coverage creates a major 
barrier to scaling up long-read RNA-seq in clinical settings.

One strategy to overcome this barrier is to perform targeted long- 
read RNA-seq, which focuses sequencing capacity on genes of interest. 
Recently, we developed TEQUILA (Target Enrichment and Quanti-
fication Utilizing Isothermally Linear-Amplified probes), a highly 
versatile and low-cost method for generating large quantities of cap-
ture oligos for any gene panel (21). When coupled with long-read 
RNA-seq, TEQUILA-seq provides deep coverage of full-length tran-
scripts for target genes in custom-designed gene panels while pre-
serving quantitative gene expression and splicing patterns. Here, we 
describe the application of this technology for diagnosing patients 
with suspected rare genetic diseases using RNA obtained from clin-
ically accessible tissues. We report a diagnostic workflow, STRIPE 
(Sequencing Targeted RNAs Identifies Pathogenic Events), that can 
comprehensively detect and phase both transcript aberrations and 
sequence variants for any disease-specific gene panel. Across two 
different rare disease groups [congenital disorders of glycosylation 
(CDG) and primary mitochondrial diseases (PMD)], we demon-
strate that STRIPE can not only delineate the diverse and frequently 
unexpected transcript consequences of previously identified vari-
ants, including VUS, but also uncover disease-causing variation in 
genetically undiagnosed patients.

RESULTS
Overview of STRIPE workflow and study design
We developed a versatile workflow, STRIPE, which enables deep se-
quencing of full-length transcripts for any disease-specific gene 
panel such that a wide range of clinically informative readouts, in-
cluding transcript aberrations and sequence variants, can be detect-
ed at haplotype-level resolution (Fig. 1, A and B). First, hybridization 
capture probes for genes of interest are generated by our TEQUILA 
protocol (21) and used to selectively pull down full-length cDNAs 
derived from a patient sample. The resulting pull-down libraries are 
subjected to long-read sequencing on Oxford Nanopore Technolo-
gies (ONT) platforms, followed by quality control checks on read 
mapping rates and target enrichment levels. To identify potential 
disease-causing genes and variants from patient TEQUILA-seq data, 
we devised an analysis pipeline that can perform haplotype-resolved 
detection of rare deleterious sequence variants and outlier transcrip-
tomic events across targeted genes. Briefly, STRIPE constructs hap-
lotypes from heterozygous single-nucleotide variants (SNVs) present 
in TEQUILA-seq reads for each target gene and uses a realignment 
strategy to partition the reads across the constructed haplotypes. 
TEQUILA-seq reads are then analyzed for extreme patterns in gene 
expression and splicing by comparison to a large cohort of healthy 
individuals with tissue-matched short-read RNA-seq samples from 
the Genotype-Tissue Expression (GTEx) Consortium (22). When 
paired with DNA sequencing data, these outlier transcriptomic sig-
nals can help identify and prioritize nearby rare variants with un-
usually large regulatory effects, as demonstrated in previous studies 
(23–27). STRIPE also deploys multiple tools to perform variant call-
ing on TEQUILA-seq reads and prioritizes rare deleterious variants 
in each target gene based on population allele frequencies in gno-
mAD, existing clinical annotations, and predicted severity.

To investigate the clinical utility of STRIPE, we assembled a cohort 
of 88 individuals, including 68 patients with rare disease who were clin-
ically suspected to have CDG or PMD based on prior phenotyping and 
biochemical testing, as well as 20 unaffected healthy controls (Fig. 1C). 
Of the 68 patients with rare disease in our cohort, 22 had known ge-
netic causes from prior exome or genome sequencing analysis, allowing 
us to assess the capacity of STRIPE to identify disease-causing variants 
and characterize their effects on gene expression and RNA processing 
(28–35). The remaining 46 genetically undiagnosed patients included 
cases for whom DNA sequencing had (i) identified at least one VUS in 
a gene related to a patient’s clinical phenotype, (ii) found a single 
disease-causing variant without a second variant in the gene for a reces-
sive condition, or (iii) failed to reveal any candidate genes (table S1). 
Given the multisystemic nature of the diseases represented in our co-
hort (36, 37), we reasoned that clinically accessible tissues could ade-
quately capture genes that are commonly disrupted in these disorders. 
Using short-read RNA-seq samples from GTEx, we found that nearly 
two to three times more known disease genes for CDG and PMD could 
be detected with a median TPM (transcripts per million) > 10 in fibro-
blasts compared to whole blood (fig. S1). Therefore, to maximize power 
in detecting disease-relevant genes and transcripts, we performed 
TEQUILA-seq of skin fibroblasts from our cohort using two different 
custom-designed gene panels tailored to CDG and PMD (fig. S2A, ta-
bles S2 to S4, and Materials and Methods).

For both gene panels, we achieved ultradeep coverage of target 
genes, with median on-target rates of 64.2% for the CDG gene panel 
and 87.1% for the PMD gene panel (fig. S2B and table S4). Compared 
to untargeted whole-transcriptome long-read RNA-seq, TEQUILA-
seq resulted in a 71.8- and 39.5-fold increase in the fraction of on-
target reads for the CDG and PMD gene panels, respectively (Fig. 1D), 
yielding a substantial boost in read coverage per target gene. Consis-
tent with our prior work (21), we observed a strong correlation in the 
normalized abundances of target genes (Spearman’s ρ = 0.91 for CDG 
and 0.90 for PMD) (fig. S3A) and usage frequencies of splice junctions 
in target genes (Spearman’s ρ = 0.96 for CDG and 0.95 for PMD) 
(Fig. 1E) between untargeted whole-transcriptome long-read RNA-
seq and TEQUILA-seq data, indicating that our capture probes faith-
fully recapitulate quantitative gene expression and splicing patterns in 
skin fibroblasts. Finally, for both gene panels, principal component 
analysis of target gene expression (fig. S3B) and splicing patterns 
(Fig. 1F) revealed that fibroblasts from our cohort closely resembled 
GTEx fibroblasts when compared to other clinically accessible tissues. 
While batch effects related to differences in sample preparation and 
sequencing technologies (i.e., short-read RNA-seq versus long-read 
RNA-seq) exist (fig. S3, C and D), their overall magnitude was modest 
(Fig. 1F and fig. S3B). Importantly, target gene splicing patterns 
showed strong agreement (Spearman’s ρ = 0.94 for CDG and 0.94 for 
PMD) between cohort and GTEx fibroblasts (fig.  S3E). Moreover, 
measurements of allelic expression are largely unaffected by technical 
factors (38). On the basis of these observations, we reasoned that 
GTEx fibroblasts could be used as additional controls to facilitate the 
detection of transcript aberrations from patient TEQUILA-seq data.

STRIPE enables haplotype-resolved identification and 
transcript characterization of previously known 
pathogenic variants
We first sought to assess how well STRIPE could capture and phase 
known pathogenic variants within exonic regions from TEQUILA-
seq data on previously diagnosed patients. STRIPE correctly identified 
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Fig. 1. Overview of STRIPE workflow and quality control. (A) Clinically accessible tissue from a patient is collected for RNA extraction and full-length cDNA synthesis. 
Resulting cDNA is enriched using TEQUILA probes targeting disease-specific genes and prepared for long-read nanopore sequencing. (B) For each target gene, heterozy-
gous SNVs in TEQUILA-seq reads are used to construct haplotypes, and a realignment strategy is used to partition reads across the haplotypes (left). The resulting read sets 
are analyzed for extreme patterns in gene expression dosage and splicing by comparison to tissue-matched short-read RNA-seq samples from the GTEx Consortium, as 
well as the presence of rare deleterious variants based on predicted severity, population allele frequencies in gnomAD, and existing clinical annotations. (C) We sequenced 
skin fibroblast RNAs from 88 individuals, including 20 unaffected controls and 68 patients with rare disease clinically referred for CDG or PMD. Of the 68 patients, 22 had 
known genetic causes from prior testing, while the remaining 46 were genetically undiagnosed. (D) Gene abundances based on untargeted long-read RNA-seq and 
TEQUILA-seq data for fibroblast cell lines CDG-P12 (CDG-466 gene panel) and PMD-C01 (PMD-359 gene panel). Each bar represents one gene, and only the 1000 most 
abundant genes are shown. On-target rates represent the fraction of transcriptional abundance from target genes. Fold enrichment is calculated by dividing the on-target 
rate in TEQUILA-seq data by the on-target rate in untargeted data. (E) Comparison of annotated splice junction usage frequencies in target genes between untargeted 
and TEQUILA-seq data for CDG-P12 (CDG-466 gene panel) and PMD-C01 (PMD-359 gene panel). (F) Principal component analysis (PCA) of annotated splice junction usage 
frequencies in target genes from the CDG-466 and PMD-359 gene panels in 88 cohort fibroblast samples and GTEx samples for clinically accessible tissues. MAF, minor 
allele frequency.
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all 23 such variants, including 18 missense variants, 3 inframe dele-
tions, 1 nonsense variant, and 1 synonymous variant (fig. S4A and 
table S5). Furthermore, STRIPE was able to phase 18 of the 23 vari-
ants based on sequence information contained within TEQUILA-
seq reads alone. For example, in patient CDG-P08, clinical exome 
sequencing identified two heterozygous missense variants in PIGN 
that were approximately 97.4 kb apart. Using TEQUILA-seq reads 
spanning both variant positions, STRIPE was able to determine that 
the two variants were in trans (fig. S4B).

When provided genotyping information from patient DNA se-
quencing data, STRIPE was able to phase TEQUILA-seq reads for all 
genes with heterozygous pathogenic variants in previously diag-
nosed patients, allowing us to study the effects of these variants on 
gene expression and splicing at haplotype-level resolution. Across 18 
patients with heterozygous pathogenic variants (exonic and intron-
ic), we found that gene haplotypes showing unusually lower expres-
sion relative to their opposite haplotypes (Materials and Methods) 
were more likely to harbor putative protein-truncating variants [i.e., 
structural deletion, nonsense, frameshift, and splice site region (39)] 
(Fisher’s exact test; P  =  0.025). While not all putative protein-
truncating variants were associated with lower gene expression 
(fig. S5 and table S6), those that were likely disrupt transcription ini-
tiation or decrease transcript stability (26, 39). For example, in pa-
tient PMD-P09 (35), we observed little to no expression of TRMU 
from a haplotype carrying a 1.8-kb structural deletion that removes 
the promoter region and first exon (Fig.  2A). Similarly, in patient 
CDG-P07, we observed a 77.1% decrease in PIGN expression from a 
haplotype carrying a stop-gain variant (NM_176787.5:c.1759C>T, 
p.Arg587Ter) that likely triggers nonsense-mediated decay (NMD) 
(Fig. 2B).

On the other hand, we found that splice site region variants [i.e., 
variants located in the −3 to +6 region of the donor splice site or the 
−20 to +3 region of the acceptor splice site (40)] tended to have ab-
errant splice junctions nearby in cis, as expected (fig. S6A and ta-
ble S7). Notably, we also detected aberrant splice junctions that were 
proximal to other classes of variants in cis, such as missense and 
structural variants. For example, gene haplotypes harboring multi-
exon deletions were found to express aberrant transcripts featuring 
skipping of the deleted exons (Fig. 2, C to G, and fig. S7). Similarly, 
in an individual (CDG-P10) with CDG type 1a, we found an unusu-
ally high frequency of exon 5 skipping in PMM2 transcripts ex-
pressed from a haplotype carrying a pathogenic missense variant 
(NM_000303.3:c.415G>A, p.Glu139Lys) that is known to disrupt a 
splicing enhancer sequence (41) in exon 5 (fig. S8). Variants pre-
dicted to affect splicing [i.e., SpliceAI (42) > 0.1] were significantly 
more likely to have aberrant splice junctions within a distance of 100 
base pairs (bp) on the same haplotype (Wilcoxon rank sum test; 
P = 6.4 × 10−5), suggesting that these variants may be responsible for 
the observed splicing defects (fig. S6B). This observation was robust 
to other commonly used SpliceAI score cutoffs (SpliceAI > 0.2, 
P = 1.4 × 10−5; SpliceAI > 0.5, P = 3.7 × 10−5). Nonetheless, we also 
found several aberrant splice junctions that were far away (i.e., > 
100 bp) from previously reported variants despite being on the same 
haplotype. In a patient (PMD-P07) with mitochondrial complex I 
deficiency, we found an unusually high frequency of exon 10 skip-
ping in NUBPL transcripts expressed from a haplotype carrying a 
rare missense variant on exon 2 (fig. S9, A to E). This missense vari-
ant (NM_025152.3:c.166G>A, p.Gly56Arg) is unlikely to explain 

the observed changes in exon 10 splicing due to its distance and lack 
of computational evidence supporting a deleterious effect on splic-
ing (SpliceAI = 0). Notably, previous clinical testing had identified a 
second rare variant (NM_025152.3:c.815-27T>C) upstream of exon 
10 that resides on the same haplotype as the p.Gly56Arg missense 
variant on exon 2, and targeted long-read genomic DNA (gDNA) 
sequencing of NUBPL in patient fibroblasts confirmed this arrange-
ment (fig. S9F). The c.815-27T>C variant is known to increase exon 
10 skipping by disrupting a branchpoint motif, and patients with 
complex I deficiency and the p.Gly56Arg missense variant are almost 
always found to carry this branchpoint mutation in cis combined 
with a second deleterious NUBPL variant in trans (43–45). Together, 
our findings demonstrate how STRIPE enables both local and long-
range coupling of disease-relevant alleles with splicing defects in cis.

STRIPE discovers complex transcript consequences of splice 
site region variants
While standard genetic testing approaches can detect splice site re-
gion variants, which are likely to induce mis-splicing, such methods 
cannot reliably predict whether exon skipping, cryptic splice site 
activation, or intron retention will occur, greatly limiting interpreta-
tions of pathogenicity (46). We reasoned that clinical interpretations 
of splice site region variants could be substantially improved using 
long-read RNA-seq data, which not only provide phasing informa-
tion linking disease-associated alleles to mis-splicing events but also 
reveal such mis-splicing events in the context of full-length mRNA 
transcripts. To this end, we used STRIPE to further characterize the 
precise nature of aberrant RNA processing events associated with 
splice site region variants that were identified from clinical testing of 
previously diagnosed and undiagnosed patients.

Haplotype-resolved evaluation of TEQUILA-seq reads around 
15 splice site region variants revealed a wide range of associated de-
fects in RNA processing (Fig. 3A and table S8). Importantly, two of 
the 15 splice site region variants were previously reported as VUS, 
and STRIPE confirmed that both variants resulted in aberrant tran-
script isoforms with altered coding potential. For example, in an 
individual (PMD-P11) with mitochondrial DNA depletion syn-
drome, clinical testing identified a VUS in SUCLG1 (NM_003849. 
4:c.98-9A>G) located 9 bp upstream of the intron 1 acceptor splice 
site. TEQUILA-seq reads revealed that this variant creates a cryptic 
acceptor splice site, which extends exon 2 by eight out-of-frame 
nucleotides and results in a premature termination codon (fig. S10). 
Similarly, an individual (PMD-P12) with combined oxidative phos-
phorylation deficiency had a synonymous VUS in TRIT1 (NM_ 
017646.6:c.702A>G, p.Ala234=) that maps to the −2 position of the 
intron 5 donor splice site. This variant was found to cause several 
complex splicing changes, predominantly two multiexon skipping 
events that result in frameshift-induced premature termination co-
dons (fig. S11).

Notably, more than half (8 of 15) of the splice site region vari-
ants evaluated resulted in RNA processing changes that were more 
complex than single exon skipping or cryptic splice site activation. 
Even for pathogenic splice site region variants with studies charac-
terizing their molecular effects, we uncovered complex splicing 
defects that were not previously appreciated. For example, an indi-
vidual (PMD-P01) with Leigh syndrome had a rare homozygous 
variant in ATP5MK (NM_001206427.2:c.87+1G>C) that disrupts 
the donor splice site of intron 3. Previous reverse transcription 
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polymerase chain reaction (RT-PCR) and Western blot analysis of 
fibroblasts from this patient suggested that this variant induces 
exon 3 skipping and reduces ATP5MK (ATP synthase membrane 
subunit K) protein level (31). While the pathogenicity of this vari-
ant was believed to be driven by exon 3 skipping, TEQUILA-seq 
data generated on the same fibroblast cell line revealed that tran-
scripts skipping exon 3 alone made up a relatively minor propor-
tion (7.2%) of ATP5MK transcripts in patient fibroblasts (Fig. 3, 
B to E). Rather, the predominant splicing changes induced by the 

donor splice site variant are combined skipping of exons 2 and 3 as 
well as activation of a cryptic donor splice site within exon 3, 11 bp 
upstream of intron 3 (49.6 and 26.8% of ATP5MK transcripts, re-
spectively). Transcripts skipping either exon 3 or exons 2 and 3 are 
predicted to be noncoding, as the only known start codon is locat-
ed in exon 3. On the other hand, transcripts using the cryptic do-
nor splice site within exon 3 are predicted to encode a substantially 
altered protein that shares 43% sequence identity with the canoni-
cal protein.
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over PIGN in patient CDG-P07, who is heterozygous for a stop-gain variant (NM_176787.5:c.1759C>T, p.Arg587Ter). (C) Sashimi plot visualization of haplotype-resolved 
PMM2 splicing patterns in individual CDG-P12. Haplotype 2 carries a 15.4-kb structural deletion that removes a genomic region containing exons 3 to 7. Reads that could 
not be confidently assigned to a haplotype (Materials and Methods) are not displayed in (A) to (C). (D) Usage frequencies for a splice junction involving skipping of PMM2 
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(E) and (F). Skipping of PMM2 exons 3 to 7 is indicated by the dashed box in (E). (G) Read counts for PMM2 transcripts displayed in (E) and (F) in individual CDG-P12 (re-
solved by haplotype).
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For 5 of 12 donor splice site region variants, TEQUILA-seq re-
vealed robust activation of cryptic polyadenylation sites (PASs) 
downstream of the affected splice sites. In an individual (CDG-P09) 
with early infantile epileptic encephalopathy, clinical exome se-
quencing revealed two compound heterozygous variants in PIGQ, 
one of which was a paternally inherited donor splice site region 

variant affecting intron 4 (NM_004204.5:c.942+1G>A) (29). Anal-
ysis of phased TEQUILA-seq reads revealed that 82.8% of PIGQ 
transcripts expressed from the paternal haplotype featured usage of 
a cryptic PAS located ~1 kb downstream of the mutated splice site 
together with retention of the upstream intron (Fig. 4, A to D). 
The resulting transcript isoform is predicted to encode a severely 
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truncated protein that lacks the catalytic domain of the PIGQ en-
zyme. By contrast, transcripts skipping exon 4 made up a small pro-
portion (8.8%) of PIGQ transcripts from the paternal haplotype 
and are predicted to harbor frameshift-induced premature termina-
tion codons. In four other individuals with donor splice site region 
variants, we also found that activation of cryptic PASs within the 

affected introns frequently emerged as the predominant, if not only, 
transcript consequence (fig. S12). Variants in donor splice sites are 
known to affect splicing by disrupting base-pairing interactions 
with U1 small nuclear ribonucleoprotein (snRNP), a core compo-
nent of the spliceosome (47). Notably, previous studies have shown 
that U1 snRNP also plays a nonsplicing role in suppressing cryptic 
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Fig. 4. Donor splice site mutations activate downstream cryptic PASs. (A) Sashimi plot visualization of haplotype-resolved splicing patterns around PIGQ exons 2 to 6 
in individual CDG-P09. Haplotype 1 (paternal) carries a variant (NM_004204.5:c.942+1G>A) that disrupts the donor splice site of intron 4. Reads that could not be confi-
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PASs within introns by binding to neighboring canonical and cryp-
tic donor splice sites (Fig. 4E) (48, 49). When interactions between 
U1 snRNP and pre-mRNA transcripts are disrupted by variants in 
canonical donor splice sites, cleavage and polyadenylation can take 
place at the first immediate PAS that becomes accessible, leading to 
severely truncated transcripts, consistent with our TEQUILA-seq data 
on patients with rare disease.

STRIPE uncovers disease-causing variants in previously 
undiagnosed patients
Lastly, we used STRIPE to perform a gene panel-wide analysis of 
transcript aberrations and sequence variants in 42 patients with 
rare disease for whom prior genetic testing revealed only a single 
pathogenic variant in a gene associated with a recessive condition 
(n = 4) or no candidate genes (n = 38). Of note, we restricted this 
analysis to target genes with sufficient read coverage (Materials and 
Methods) to ensure reliable variant detection as well as robust quan-
tification of splicing and gene expression dosage in individual pa-
tient samples. Across the 42 patients, STRIPE reported a total of 
8, 78, and 192 target genes with gene expression dosage imbalance, 
aberrant splice junctions, and rare deleterious sequence variants, 
respectively (tables S9 to S11). From these results, we were able 
to uncover disease-causing variants in three individuals, all of 
which highlight several key advantages of long-read RNA-seq in 
rare disease diagnosis.

In one individual (CDG-P16), trio exome sequencing revealed a 
maternally inherited frameshift deletion in NGLY1 exon 10 (NM_ 
018297.4:c.1533_1536del, p.Asn511LysfsTer51). However, neither 
exome nor short-read RNA-seq analysis of patient blood (50) re-
vealed a second variant in trans. Patient TEQUILA-seq reads de-
rived from the maternal haplotype revealed a substantial decrease in 
NGLY1 transcripts relative to the paternal haplotype, likely due to 
NMD (Fig. 5A). We also observed an unusually high proportion of 
transcripts (53.0%) expressed from the maternal haplotype featur-
ing skipping of exon 11, which encodes the oligosaccharide-binding 
domain of the NGLY1 enzyme (51) and is naturally skipped at low 
frequencies in GTEx fibroblasts (interquartile range: 6.5 to 11.1%) 
and other fibroblast samples from our cohort (7.5 to 10.1%) (Fig. 5, 
B to E). This observed increase in skipping is likely due to NMD 
preferentially degrading transcripts that include exon 11, as the 
frameshift deletion in exon 10 introduces a premature termination 
codon only when exon 11 is present. On the other hand, we found 
that NGLY1 transcripts expressed from the paternal haplotype showed 
nearly complete skipping of exon 11. Targeted long-read gDNA se-
quencing of NGLY1 subsequently revealed a paternally inherited 
intronic variant (NM_018297.4:c.1612-34A>G) located upstream 
of exon 11 (Fig. 5F). While this variant is absent in the general pop-
ulation (gnomAD allele count: 0), it was previously reported as a 
VUS in ClinVar (4 April 2023). To ascertain whether the intronic 
c.1612-34A>G variant is responsible for exon 11 skipping, we gen-
erated minigene reporter plasmids containing NGLY1 exon 11 and 
its flanking intronic sequences. We then transfected these minigenes 
with or without the c.1612-34A>G variant into K562 cells and ana-
lyzed splicing patterns by RT-PCR. While 18.6 to 19.4% of minigene 
transcripts show exon 11 inclusion in the presence of the reference 
A allele, the mutant G allele causes complete skipping of exon 11 
(Fig. 5G). Furthermore, RT-PCR analysis of NGLY1 intron 10 lariats 
in control fibroblasts revealed that the c.1612-34A>G variant dis-
rupts the branchpoint adenosine (fig. S13), providing a mechanism by 

which this variant induces exon 11 skipping. On the basis of this in-
formation, we prioritized the paternally inherited branchpoint vari-
ant as a previously unknown disease-causing variant, which helped 
complete a molecular diagnosis of NGLY1 deficiency for this patient. 
This diagnosis was further confirmed with detection of a urine bio-
marker for NGLY1 deficiency (fig. S14).

We were also able to achieve molecular diagnoses in two patients 
with no candidate genes. In one individual (PMD-P23) with Leigh 
syndrome, we identified two aberrant splicing events in MTFMT 
from patient TEQUILA-seq data, including partial exon 4 skipping 
and inclusion of a 53-bp pseudoexon within intron 6. Both splicing 
events result in unproductive MTFMT transcript isoforms with pre-
mature termination codons, and phasing information from TEQUILA-
seq reads confirmed that the two events occur in trans (Fig. 6, A to 
E). Concordantly, targeted long-read gDNA sequencing revealed 
two compound heterozygous MTFMT variants underlying the ob-
served splicing defects: a missense variant on exon 4 (NM_139242.4: 
c.626C>T, p.Ser209Leu) and a deep intronic variant within intron 6 
(NM_139242.4:c.814-2763A>G) (Fig. 6F). The c.626C>T missense 
variant has been previously reported in patients with MTFMT-
related Leigh syndrome and is known to cause exon 4 skipping by 
eliminating a splicing enhancer sequence (52,  53). On the other 
hand, the deep intronic c.814-2763A>G variant, which is absent in 
the general population (gnomAD allele count: 0), creates a cryptic 
AG splice acceptor site flanking the observed pseudoexon. The 
c.626C>T missense variant had been previously identified through 
clinical testing. However, we were blinded to this information, and 
STRIPE resolved this case through a gene panel-wide analysis, with-
out knowledge of prior clinical testing data. In addition, clinical 
short-read RNA-seq and whole-transcriptome long-read RNA-seq 
data failed to capture the two aberrant MTFMT splicing events due 
to low read coverage (fig. S15), likely driven by degradation of the 
resulting transcripts via NMD.

Finally, in another individual (CDG-P22) with a clinical diagno-
sis of type I CDG but nondiagnostic findings from exome sequenc-
ing, STRIPE detected a rare homozygous missense variant in ALG1 
exon 13 (NM_019109.5:c.1312C>T, p.Arg438Trp). This variant, which 
disrupts a glycosyltransferase domain of the ALG1 enzyme, was 
missed by exome sequencing due to a lack of read coverage over 
exon 13 (Fig. 7A). The absence of reads covering this exon can be 
explained by the genomic architecture of ALG1, which is known to 
have at least eight pseudogenes that share strong sequence identity 
with ALG1 exons 10 to 13 (Fig. 7B). The coding region of exon 13, in 
particular, possesses a remarkably high sequence identity (92.4 to 
97.7%) with known ALG1 pseudogenes, further complicating map-
ping of short sequencing reads. Notably, the c.1312C>T variant ob-
served in ALG1 is also present in the reference genome sequences of 
three ALG1 pseudogenes (ALG1L9P, ALG1L7P, and ALG1L8P), 
likely due to the variant being located in a CpG dinucleotide context 
(Fig. 7C). While it is possible for variants in ALG1 pseudogenes to 
masquerade as variants in the primary ALG1 sequence based on 
short-read sequencing, nearly all TEQUILA-seq reads harboring 
the c.1312C>T variant (16,332 of 16,679) were uniquely mapped to 
the ALG1 locus (Fig. 7D). Furthermore, targeted long-read gDNA 
sequencing of ALG1 confirmed that this variant is present in a ho-
mozygous state in the patient (fig. S16). Subsequent N-glycan analy-
sis of patient serum revealed unusually high levels of N-tetrasaccharide 
(Fig. 7E), which biochemically confirmed the diagnosis of ALG1-
CDG in this patient.
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DISCUSSION
Long-read RNA-seq has substantially enhanced our ability to ana-
lyze cis effects of rare genetic variants on the transcriptome (15, 16). 
Recent applications of this technology to individual rare disease cases 
have yielded insights into the molecular consequences of known 
disease-causing variants (18, 19). However, the high sequencing 
depths required, especially when analyzing clinically accessible tis-
sues, make long-read RNA-seq cost prohibitive for regular genetic 
diagnoses. In this work, we present STRIPE, a long-read RNA-seq– 
based strategy for rare disease diagnosis and variant interpretation 
(Fig. 1, A and B). By harnessing TEQUILA-seq (21), a cost-effective 
and versatile method for targeted long-read RNA-seq, STRIPE can 
provide ultradeep coverage of full-length transcripts for any disease-
specific gene panel while preserving quantitative gene expression 
and splicing patterns. In terms of sequencing costs, the per-sample 
RNA-to-data cost of running STRIPE is currently estimated to be as 
low as $100 on Oxford Nanopore platforms, making it feasible to de-
ploy at scale in various settings. Building on this foundation, STRIPE 
incorporates several analytical components designed to facilitate 
interpretation of targeted long-read RNA-seq data in a rare disease 
context. While STRIPE leverages existing variant calling tools to 
identify candidate sequence variants, it also implements approaches 
for detecting outlier splicing events at haplotype-level resolution and 
genes with extreme dosage imbalance. Although such approaches 
are established in short-read RNA-seq–based workflows (12, 27), their 
systematic adaptation to long-read transcriptomes across a large rare 

disease cohort has not been previously achieved, representing a key 
advance of this study.

Applying STRIPE to skin fibroblast RNAs from 88 individuals 
spanning two different rare disease groups (CDG and PMD), we 
demonstrate that our approach can provide multiple readouts that 
are clinically informative for both previously diagnosed and undiag-
nosed patients. First, the long read lengths and deep sequencing 
coverage provided by STRIPE enable robust identification and phas-
ing of sequence variants in exonic regions. STRIPE reidentified all 
23 known pathogenic exonic variants that were reported from clini-
cal testing of previously diagnosed patients (fig. S4A) and phased 18 
of the 23 variants using TEQUILA- seq data alone, including two 
compound heterozygous missense variants that were separated by 
~97.4 kb (fig. S4B). Notably, the median genomic distance between 
biallelic pathogenic variants in our cohort was ~16.7 kb (table S1), 
which far exceeds the typical read span of short- read sequencing li-
braries. Computational phasing approaches are also unlikely to suc-
ceed in this context, given that these variants are often extremely 
rare and absent from population reference panels (54, 55). In addi-
tion, we show that STRIPE has the capacity to ascertain sequence 
variants within highly duplicated and repetitive regions of the tran-
scriptome, which are known to elude detection by traditional short- 
read sequencing methods (14,  56,  57). For example, in a patient 
(CDG- P22) with type I CDG, STRIPE revealed a homozygous mis-
sense variant within a highly duplicated region of ALG1 that prior 
clinical exome sequencing failed to capture (Fig. 7).
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Fig. 7. STRIPE identifies a missense variant within a highly duplicated region of ALG1. (A) Exome sequencing and TEQUILA-seq read coverage of ALG1 exons 11 to 13 
for patient CDG-P22, who was found to carry a missense variant (NM_019109.5:c.1312C>T, p.Arg438Trp) on exon 13. (B) Multiple sequence alignment between the CDS 
of ALG1 (partitioned by exon) and its eight known pseudogenes (TSSC2, ALG1L6P, ALG1L3P, ALG1L5P, ALG1L9P, ALG1L12P, ALG1L7P, and ALG1L8P). Matches, mismatches, 
and gaps are represented in blue, red, and gray, respectively. (C) The CDS in ALG1 surrounding the c.1312C>T missense variant shares strong sequence identity with se-
quences from known ALG1 pseudogenes. The variant is found in a CpG dinucleotide context, which likely explains its appearance in the reference sequences of ALG1L9P, 
ALG1L7P, and ALG1L8P. (D) Number of uniquely mapped and multimapped TEQUILA-seq reads from patient CDG-P22 that are aligned to ALG1 and its known pseudo-
genes. (E) Relative abundances of N-tetrasaccharide, a biomarker for ALG1-CDG, in serum samples from patient CDG-P22, three confirmed cases of ALG1-CDG, and 98 
age-matched controls, as measured by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (at 1124 mass/charge ratio).
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STRIPE can also comprehensively profile gene expression and 
splicing patterns at haplotype-level resolution, providing an oppor-
tunity to map transcript aberrations to rare variants, including disease- 
causing ones. While traditional short-read RNA-seq can also detect 
aberrant changes in gene expression or splicing, it has limited capac-
ity to link such changes, especially splicing defects, to individual 
haplotypes given that short reads rarely cover both heterozygous 
loci and isoform-informative splice junctions (58, 59). Using phased 
TEQUILA-seq data for previously diagnosed patients with heterozy-
gous pathogenic variants, we show that haplotypes with reduced 
gene expression or aberrant splicing often carry putative protein-
truncating variants (figs. S5 and S6), which are known to have pro-
found effects on gene regulation through various mechanisms such 
as NMD or disruption of splicing (39, 60). Additional studies, such 
as coupling NMD inhibition with transcriptome profiling (61), could 
help further clarify the molecular mechanisms by which these puta-
tive protein-truncating variants exert their effects.

Furthermore, our ability to detect haplotype-specific aberrations 
in gene expression and splicing allowed us to not only clarify VUS 
but also uncover disease-causing variants with large regulatory ef-
fects (Figs. 5 and 6 and figs. S10 and S11) in four individuals with 
nondiagnostic findings from previous genetic testing. Notably, in 
two of these individuals, short-read RNA-seq did not resolve the 
genetic diagnosis. In a patient with NGLY1 deficiency, both alleles 
showed skipping of the same exon (exon 11): One allele carried a 
known frameshift deletion in exon 10 that would trigger transcript 
degradation when exon 11 is included, and the other carried an 
exon 11 branchpoint mutation missed by exome sequencing (Fig. 5). 
While short-read RNA-seq detected the exon skipping event, it could 
not determine whether this signal was driven solely by the frame-
shift variant due to a lack of haplotype resolution (50). In a patient 
with MTFMT deficiency, both alleles carried splicing defects that 
were tightly coupled to NMD, which led to negligible read coverage 
over MTFMT in standard short-read and long-read RNA-seq data 
(fig. S15). By contrast, targeted long-read RNA-seq of the same pa-
tient sample yielded sufficient depth to both detect and phase the 
two splicing defects, enabling us to uncover their causal variants and 
complete the patient’s diagnosis (Fig. 6).

An important observation made in our study is that the precise 
nature of variant-induced mis-splicing is often not obvious. Even in 
the case of splice site region variants, it often remains unclear wheth-
er these variants will lead to exon skipping, cryptic splice site activa-
tion, or intron retention (46). Understanding the exact transcript 
consequences of splice-altering variants is especially important in 
clinical settings because it not only informs assessments of variant 
pathogenicity but also creates opportunities to design personalized 
splice-modulating oligonucleotide therapies (62). Across our pa-
tient cohort, we observed a wide range of RNA processing defects, 
including many unexpected events, caused by splice site region vari-
ants found from prior testing (Fig. 3A). More than half of these vari-
ants (8 of 15) resulted in more complex RNA processing defects 
beyond single exon skipping or cryptic splice site activation alone. 
In particular, we demonstrate that donor splice site variants fre-
quently activate cryptic PASs downstream of the affected splice sites 
(Fig. 4, A to C, and fig. S12). This particular outcome has not been 
described in previous studies using RNA-seq for rare disease inves-
tigation (5–12). Nonetheless, the coupling of donor splice site vari-
ants to cryptic PASs observed in our patients with rare disease is 
consistent with and provides compelling genetic evidence for the 

proposed dual roles of U1 snRNP in recognizing donor splice sites 
and suppressing cryptic PASs (Fig. 4E) (48, 49). In the absence of U1 
snRNP bound to the canonical donor splice site, 3′ end processing 
factors can cleave pre-mRNA transcripts from the first intronic PAS 
that becomes accessible. Given the pervasive contribution of donor 
splice site variants to rare diseases (20, 63), we envision that the acti-
vation of cryptic intronic PASs may be a prevalent yet underappreci-
ated mechanism by which these variants exert their pathogenicity.

Because STRIPE is based on targeted long-read RNA-seq, it is best 
suited for patient cohorts that have been prescreened for disease 
phenotypes that fall into well-defined rare disease categories (e.g., 
CDG and PMD). Ideally, the relevant disease genes should also be 
adequately detectable in clinically accessible tissues, such as whole 
blood and skin fibroblasts. Nonetheless, in certain disease contexts, 
phenotype-relevant genes may show restricted or low expression in 
accessible tissues, limiting the diagnostic utility of standard tran-
scriptome sequencing (20). The targeted design of STRIPE helps to 
mitigate this limitation by concentrating sequencing capacity on 
predefined genes of interest, thus achieving substantially improved 
read depth even for genes with low baseline expression. This advan-
tage is exemplified by the patient with MTFMT deficiency, where 
the gene is well covered by TEQUILA-seq (Fig. 6) but barely detect-
able in whole-transcriptome RNA-seq data (fig. S15).

In a separate vein, an inherent tradeoff of targeted long-read 
RNA-seq is constraining diagnostic breadth to predefined disease 
genes. This limitation becomes particularly relevant for disease phe-
notypes with high genetic heterogeneity, where causal variants may 
occur in genes not represented on a given panel. While in principle 
deep whole-transcriptome long-read RNA-seq could broaden cov-
erage to all genes, achieving the sequencing depth required to confi-
dently investigate lowly expressed disease genes across large patient 
cohorts remains prohibitively expensive (64). To mitigate this limi-
tation and expand breadth, curated gene panels can be designed to 
include not only known disease genes but also biologically relevant 
genes that currently lack definitive disease associations, thereby en-
abling opportunities for gene discovery. Moreover, owing to the 
relative ease and substantially lower cost of generating large pools of 
capture oligos with TEQUILA compared to commercial providers 
(e.g., IDT and Twist Bioscience) (21), targeted long-read RNA-seq 
panels used by STRIPE can be readily and regularly updated to in-
clude new genes, as more insights are gained into the genetic basis of 
different conditions. It is also worth noting, however, that while the 
current implementation of STRIPE is based on targeted sequencing, 
the underlying computational framework is fully adaptable to deep 
whole-transcriptome long-read RNA-seq data, as such datasets be-
come more available in the future. In this regard, downstream analy-
ses and reporting can focus on selected gene subsets, guided by 
patient phenotypes and gene-phenotype relationships.

Finally, while the present study demonstrates the development 
and application of STRIPE in a research setting, its impact could be 
substantially amplified through clinical deployment. As with any 
transcriptome-based diagnostic workflow, implementing STRIPE in 
clinical settings will require addressing several practical challenges. 
Many of these are shared with ongoing efforts to implement clinical 
short-read RNA-seq, including procurement and processing of RNA 
samples, as well as standardization of experimental protocols and 
bioinformatics workflows to ensure reproducibility (12, 50, 65). The 
added complexity of targeted long-read RNA-seq also introduces ad-
ditional considerations, such as training clinical laboratory personnel 
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and validating disease-specific gene panels. Although further work 
is needed to establish STRIPE as a clinical test, we envision that 
STRIPE can serve as a uniform supplement to exome and genome 
sequencing within a multiomic diagnostic framework. In addition, 
our ability to resolve genetic diagnoses without relying on informa-
tion from prior testing (e.g., the patient with MTFMT deficiency; 
Fig. 6) suggests that STRIPE could potentially be deployed as a front-
line test, particularly in resource-constrained settings, although fur-
ther studies will be needed to systematically evaluate this possibility.

Overall, we demonstrate that targeted long-read RNA-seq is a 
powerful and scalable strategy that can expand our understanding of 
rare disease mechanisms, facilitate new molecular diagnoses, and 
inform the development of future personalized therapies.

MATERIALS AND METHODS
Experimental design
This study aimed to develop a targeted long-read RNA-seq strategy 
to enhance variant interpretation and facilitate rare disease diagnosis. 
We reasoned that sequencing full-length transcripts from patient-
derived tissues could more precisely characterize the cis functional 
effects of genetic variants identified through prior clinical DNA test-
ing, including VUS, and uncover disease-causing variants missed by 
standard approaches. To address this, we implemented a targeted 
long-read RNA-seq workflow, STRIPE, and applied it to skin fibro-
blast RNAs from 88 individuals spanning two groups of rare dis-
eases: CDG and PMD. Capture panels were designed to selectively 
enrich disease-relevant genes and enable deep sequencing of full-
length transcripts with haplotype-level resolution. We first validat-
ed STRIPE’s capacity to detect and phase known pathogenic variants 
and their transcript-level consequences in 22 previously diag-
nosed patients. We then performed panel-wide analyses across 46 
genetically undiagnosed patients to identify gene expression dosage 
imbalance, aberrant splicing events, and rare deleterious sequence 
variants, with the goal of resolving VUS and uncovering disease-
causing variants.

Patient cohorts and clinical samples
Local institutional review boards of participating institutions pro-
vided study approval and oversight for research protocols enabling 
skin punch biopsies for fibroblast cell line establishment and genet-
ic/transcriptomic analysis of individuals suspected of having rare 
diseases (IRB #14-0112233 for CDG; IRB #08-6177 and #24-22190 
for PMD). All patients and/or guardians of patients provided in-
formed consent before inclusion in the studies. This study was per-
formed in accordance with ethical principles for medical research 
outlined in the Declaration of Helsinki of 1975, as revised in 2013.

Cell culture
Skin fibroblasts from individuals subjected to TEQUILA-seq with 
the CDG gene panel were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, #11885084) supplemented with 10% fetal 
bovine serum (FBS; Corning, #45000-734), 1% GlutaMAX (Gibco, 
#35050061), and penicillin-streptomycin (100 U/ml; Gibco, #15140
122). Skin fibroblasts from individuals subjected to TEQUILA-seq 
with the PMD gene panel were cultured in DMEM supplemented 
with 10% FBS, uridine (50 μg/ml; Thermo Fisher Scientific Chemi-
cals, #A15227.06), and penicillin-streptomycin (100 U/ml). K562 

cells (American Type Culture Collection, #CCL-243) were cultured 
in RPMI 1640 medium (Gibco, #11875093) supplemented with 10% 
FBS and penicillin-streptomycin (100 U/ml). Cells were maintained 
at 37°C in a humidified incubator with 5% CO2.

RNA isolation and full-length cDNA synthesis
Total RNA was isolated from fibroblast cell lines using TRIzol re-
agent (Invitrogen, #15596018) according to the manufacturer’s in-
structions. RNA concentration and integrity were measured with a 
NanoDrop 2000 Spectrophotometer and an Agilent 4200 TapeStation, 
respectively. A total of 200 ng of total RNA was used in a reverse 
transcription and template switching reaction with Maxima H Minus 
Reverse Transcriptase (Thermo Fisher Scientific, #EP0753) for 90 min 
at 42°C, followed by 5 min at 85°C. First-strand cDNA was then 
PCR amplified using the KAPA HiFi HotStart ReadyMix (KAPA 
Biosystems, #KK2602) under the following program: initial dena-
turation at 95°C for 3 min, 12 cycles of (98°C for 20 s, 67°C for 20 s, 
and 72°C for 5 min), and final extension at 72°C for 8 min. PCR 
products were purified with 0.8X SPRIselect beads (Beckman Coulter, 
#B23318) and quantified using the Qubit dsDNA High Sensitivity 
Assay and Agilent High Sensitivity D5000 ScreenTape Assay on an 
Agilent 4200 TapeStation. The sequences of oligos and primers used 
are listed in table S12.

TEQUILA probe synthesis and hybridization capture
Two custom gene panels were designed for probe synthesis: a CDG 
panel targeting 466 genes and a PMD panel targeting 359 genes 
(fig. S2A and tables S2 and S3). The CDG panel was compiled across 
five different sources, including 183 genes known to underlie CDG 
(37), 386 genes from the GlyCosmos Portal (66), 87 genes encoding 
glycoside hydrolases (67), 349 murine glycosylation-related genes 
with known human orthologs (68), and 213 genes encoding glycos-
yltransferases and sulfotransferases (69). On the other hand, the 
PMD panel was constructed on the basis of the Combined Mito Ge-
nome Plus Mito Focused Nuclear Gene Panel from GeneDx, the 
Nuclear Mitochondrial Disorders Panel from Invitae, and expert 
consultation (R.D.G.). Notably, the PMD panel focuses exclusively 
on nuclear-encoded mitochondrial genes, as genes within the mito-
chondrial genome are routinely assessed through existing mito-
chondrial DNA diagnostic workflows.

TEQUILA probes for these gene panels were synthesized as pre-
viously described (21). All probe sequences are available on GitHub 
(https://github.com/Xinglab/STRIPE) and archived at Zenodo (https:// 
doi.org/10.5281/zenodo.17538307). Approximately 500 ng of am-
plified cDNA was denatured at 95°C for 10 min and incubated with 
100 ng of TEQUILA probes for 12 hours at 65°C. The mixture was 
then incubated with 50 μl of M-270 streptavidin beads (Invitrogen, 
#65306) for 45 min at 68°C. The resulting mixture was subjected 
to a series of washes according to the IDT xGen Lockdown proto-
col, followed by resuspension in 40 μl of TE buffer (Invitrogen, 
#12090015). Captured cDNA was amplified using on-bead PCR 
with KAPA HiFi HotStart ReadyMix under the following program: 
initial denaturation at 95°C for 3 min, 14 cycles of (98°C for 20 s, 
67°C for 20 s, and 72°C for 5 min), and final extension at 72°C for 
8 min. PCR products were purified with 0.7X SPRIselect beads and 
quantified using the Qubit dsDNA High Sensitivity Assay and Agi-
lent High Sensitivity D5000 ScreenTape Assay on an Agilent 4200 
TapeStation.

https://github.com/Xinglab/STRIPE
https://doi.org/10.5281/zenodo.17538307
https://doi.org/10.5281/zenodo.17538307
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1D cDNA library construction and nanopore sequencing
Pre- and postcapture amplified cDNA products were end-repaired 
and dA-tailed using the NEBNext Ultra II End Repair/dA-Tailing 
Module (NEB, #E7546) for 20 min at 20°C, followed by 20 min at 
65°C. The resulting cDNA was purified with 0.7X SPRIselect beads 
and used to make nanopore 1D sequencing libraries according to 
the ONT ligation sequencing kit (SQK-LSK109) or native barcod-
ing kit (SQK-NBD114-24) protocols. Libraries were then loaded 
onto R9.4.1/R10.4.1 flow cells and sequenced on MinION/Prome-
thION devices. Summary statistics for all nanopore sequencing runs 
are provided in table S4.

Genomic DNA isolation and selective nanopore sequencing
Genomic DNA was isolated from fibroblast cell lines using the 
Quick-DNA Miniprep Plus Kit (Zymo Research, #D4068) according 
to the manufacturer’s instructions. DNA concentration and integrity 
were measured with a NanoDrop 2000 Spectrophotometer and a Ge-
nomic DNA ScreenTape Assay on an Agilent 4200 TapeStation, re-
spectively. Extracted DNA was sheared to a target fragment size of 
20 kbp using a g-TUBE (Covaris, #520079), and ~1 μg of sheared 
DNA was used to make nanopore 1D sequencing libraries according 
to the ONT ligation sequencing kit (SQK-LSK114) protocol. Librar-
ies were then loaded onto R10.4.1 flow cells and sequenced on a 
PromethION device. Target regions were enriched using ONT’s adap-
tive sampling option in MinKNOW (v24.02.19).

Minigene assay and RT-PCR analysis
Gene fragments containing NGLY1 exon 11 and its flanking intronic 
regions (252 bp upstream and 270 bp downstream of exon 11) with 
and without the variant NM_018297.4:c.1612-34A>G were ordered 
from Twist Bioscience and cloned into the XbaI and XhoI sites of the 
pI-11-H3 minigene vector (70). All sequences and mutations were 
verified by Sanger sequencing. Reference and variant-containing plas-
mids were transfected into K562 cells (n = 3) using 4D-Nucleofector 
(Lonza, #AAF-1003X) according to the manufacturer’s instructions. 
Total RNA was extracted from transfected cells 3 days after transfection 
using TRIzol reagent (Invitrogen, #15596018) according to the manu-
facturer’s instructions and treated with deoxyribonuclease (DNase) I 
(Invitrogen, #18068015). Approximately 1 μg of total RNA was reverse 
transcribed using oligo(dT) primers (Invitrogen, #18418012), Moloney 
Murine Leukemia Virus (M-MLV) Reverse Transcriptase (Promega, 
#M1701), and 1× M-MLV Reverse Transcriptase Buffer (Promega, 
#M5313) according to the manufacturer’s instructions for 1 hour at 
37°C. RT products were then PCR amplified using primers pI-11-H3-
RT-For and pI-11-H3-RT-Rev, and resulting PCR products were sep-
arated on a 1.5% agarose gel and visualized in ChemiDoc MP Imaging 
System (BioRad, #12003154). The intensity of individual bands was 
analyzed with ChemiDoc Image Lab software (v6.0.0). The sequences 
of oligos and primers used are listed in table S12.

Branchpoint mapping by nested PCR and Sanger sequencing
Total RNA from healthy control fibroblast cell line CDG-C03 was 
treated with RNase-free DNase I (TURBO DNA-free kit, Invitrogen, 
#AM1907). Approximately 1 μg of total RNA was reverse tran-
scribed using Maxima H Minus Reverse Transcriptase and the Rev1 
primer at 42°C for 60 min. PCR was performed in a Veriti 96-Well 
Thermal Cycler (Applied Biosystems, #43-757-86) using the KAPA 
HiFi HotStart ReadyMix with primers For and Rev1, followed by 
nested primers For and Rev2, under the following program: initial 

denaturation at 95°C for 3 min, 32 cycles of (98°C for 15 s, 65°C 
for 15 s, and 72°C for 15 s), and final extension at 72°C for 1 min. 
PCR products were analyzed using a D1000 ScreenTape assay on 
an Agilent 4200 TapeStation. Sanger sequencing of the nested 
PCR amplicon was used to determine the location of the branch 
point. The sequences of oligos and primers used are listed in 
table S12.

Basecalling and alignment of nanopore sequencing data
Raw nanopore data were basecalled using Guppy (v6.5.7) in super-
accurate mode (dna_r9.4.1_450bps_sup.cfg) for MinION sequencing 
runs and high-accuracy mode (dna_r10.4.1_e8.2_400bps_hac_prom. 
cfg) for PromethION sequencing runs. Basecalled reads from mul-
tiplexed sequencing runs were also demultiplexed using Guppy 
(v6.5.7). Reads were then aligned to the GRCh38 reference genome 
using minimap2 (v2.26) with presets “splice” and “map-ont” for nano-
pore long-read RNA and DNA sequencing data, respectively.

Reprocessing of patient exome and genome 
sequencing data
Exome and genome sequencing reads were aligned to the GRCh38 
reference genome using BWA mem (v0.7.18) with default parame-
ters. SNVs and indels were called from resulting alignment files us-
ing DeepVariant (v1.6.1) with parameter “--model_type=WES” for 
exome sequencing data and parameter “--model_type=WGS” for ge-
nome sequencing data.

Transcript detection and characterization
Genes and transcripts were detected and quantified from primary 
alignments with MAPQ ≥ 1 in long-read RNA-seq data using 
StringTie (v2.2.3) with GENCODE v45 annotations (using the -G 
parameter) and the following additional parameters: “-L -s 5 -c 5 -u 
-M 0”. We used the following strategy to determine coding sequences 
(CDSs) of transcripts without existing CDS annotations. If the tran-
script is derived from a known protein-coding gene, we selected the 
longest open reading frame (ORF) starting from any annotated start 
codon that overlaps the transcript sequence. If there are no overlap-
ping annotated start codons, then the longest ORF starting from any 
ATG contained in the transcript sequence was selected. All predict-
ed ORFs are required to contain ≥ 20 amino acids.

Quantification of splice junction usage frequencies
We estimated the usage frequency of a splice junction using a slightly 
modified version of the Intron Jaccard Index (71). Briefly, for some 
splice junction J with donor splice site D and acceptor splice site A, 
let nD be the number of RNA-seq reads supporting donor splice 
site D, nA be the number of RNA-seq reads supporting acceptor 
splice site A, and nDA be the number of RNA-seq reads supporting 
splice junction J. The usage frequency for splice junction J is cal-
culated as n

DA
∕
(

n
D
+ n

A
− n

DA

)

 , where nD + nA − nDA ≥ 20 . Here, 
nD + nA − nDA represents the total read coverage around splice sites  
D and A.

SNV and indel calling from TEQUILA-seq data
SNVs and indels were called from TEQUILA-seq alignment files us-
ing LongcallR (v0.1.0) with preset “ont-cdna” and DeepVariant 
(v1.6.1) with parameter “--model_type=ONT_R104.” For each tar-
get gene, we curated a set of high-confidence biallelic variants across 
both tools using the following criteria: (i) not located within a dense 
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cluster of variants (i.e., ≤3 variants within any 200-bp window); (ii) 
variant position is covered by ≥100 reads, and ≥30% of these reads 
support the variant; (iii) flagged as “PASS”, “LowQual”, or “RnaEdit”. 
The resulting call set was then filtered for rare, predicted deleterious 
variants using the following sequential filters: (i) CADD (v1.6) 
score > 15 or SpliceAI (v1.3) prediction > 0.1 [tool thresholds were 
taken directly from (72)], (ii) maximum allele frequency across gno-
mAD v4 populations < 1%, and (iii) not annotated as “Benign” or 
“Likely benign” in ClinVar (17 September 2024). To remove poten-
tial false positive variants corresponding to basecalling or alignment 
artifacts, we further filtered for variants that were identified and pri-
oritized in no more than three cohort individuals.

Gene-level phasing of nanopore sequencing reads
TEQUILA-seq reads mapping to a given gene were phased using an 
alignment-based strategy as follows. First, phased heterozygous SNVs 
called from TEQUILA-seq reads via LongcallR are used to construct 
a pair of haplotypes for the given gene. Gene haplotypes are further 
updated to include additional phased variants called from previous 
exome or genome sequencing data, if available. Haplotype-specific 
reference sequences are then constructed for the given gene, and 
TEQUILA-seq reads are realigned to both haplotype-specific se-
quences using minimap2 (v2.26) with preset “splice”. We subse-
quently assigned reads with a MAPQ score ≥ 1 to the haplotype with 
a higher alignment score. Reads with a MAPQ score of 0, as well as 
reads with identical alignment scores to either of the two haplotypes, 
were not assigned to a haplotype. To assess the quality of our read 
phasing results for a given gene G, we computed a quality score QG as

where 
(

SG ,TG

)

 denotes the start and end coordinates of gene G and 
(

Sk,Tk

)

 denotes the alignment start and alignment end coordinates 
of some read k mapping to gene G. For each haplotype, SNVs and 
indels were called from haplotype-assigned reads using bcftools 
(version 1.21) with parameters “-B -Q 5 --ploidy 1” and filtered on 
the basis of the following criteria: (i) not located within a dense clus-
ter of variants (i.e., ≤3 variants within any 200-bp window) and (ii) 
variant position is covered by ≥30 reads. Haplotype-resolved vari-
ant calls were further filtered for rare, predicted deleterious variants 
using the same criteria as previously described. Separately, nano-
pore DNA sequencing reads mapping to a given gene were phased 
using the wf-human-variation workflow (v2.4.1) from EPI2ME 
Labs with parameters ‘--basecaller_cfg “dna_r10.4.1_e8.2_400bps_
hac_prom” --snp --phased’.

Identification of target genes with gene expression 
dosage imbalance
Let m1 and m2 represent read counts for both haplotypes of a target 
gene (minimum phasing quality score of 0.7). We define a “haplo-
type expression ratio” as m

1
∕
(

m
1
+m

2

)

 , where m1 +m2 ≥ 20 . For 
each target gene, we fitted a beta distribution to haplotype expres-
sion ratios observed among tissue-matched GTEx short-read RNA-seq 
samples (minimum of 100 samples), which were used to represent 
the general population. We assume that this beta distribution has a 
fixed mean μ = 1∕2 and some precision parameter θ . For some in-
dividual P, let m1P and m2P be the number of reads supporting both 

haplotypes of a target gene. Suppose m1P is drawn from a beta-binomial 
distribution with m1P +m2P trials and parameters μP (individual-
specific mean) and θ (precision). Under the null hypothesis, we as-
sume that μ

P
= 1∕2 (i.e., individual P shows balanced expression of 

both gene haplotypes). Thus, the probability of observing m1 = k 
reads in individual P for some k ∈ {0, … ,m1P +m2P } is given by

where B is the beta function. The P value is calculated as

Detection of aberrant splice junctions in target genes
Splice junctions in target genes were identified from TEQUILA-seq 
reads, filtered for those with at least one annotated splice site (rela-
tive to GENCODE v45 annotations), and annotated with the follow-
ing: (i) genomic coordinates, (ii) target gene in which the junction 
was observed, (iii) read support for the junction, and (iv) total read 
coverage around the corresponding splice sites. Junctions were then 
further filtered for those supported by ≥20 reads. For each junction, 
we fitted a beta distribution to usage frequencies observed among 
tissue-matched GTEx short-read RNA-seq samples (minimum of 
100 samples). Suppose our fitted beta distribution is parameterized 
by μ (mean) and θ (precision) such that for some random variable 
z ∼ beta(μ, θ) , the probability density function is given by

For some individual P, let yP be the number of reads supporting 
a given junction, and let NP be the number of reads covering the 
corresponding splice sites. Suppose yP is drawn from a beta-binomial 
distribution with NP trials and parameters μP (individual-specific 
mean) and θ (precision). Under the null hypothesis, we assume that 
μP = μ (i.e., the mean usage frequency of a given splice junction in 
individual P is identical to that of the general population). Thus, 
the probability of observing y = k reads in individual P for some 
k ∈ {0, … ,NP } is given by

The P value is calculated as

Statistical analysis and code availability
Gene expression dosage imbalance calls were pooled across all co-
hort individuals and filtered for significance [false discovery rate 
(FDR) < 1%]. We subsequently filtered out target genes that were 
called as gene expression dosage outliers in more than three cohort 
individuals. On the other hand, outlier splice junction calls were 
pooled across all cohort individuals and filtered for significance 
(FDR < 1%) and the following sequential criteria: (i) usage frequen-
cy for a junction is >10% higher than the mean usage frequency 
observed among tissue-matched GTEx controls, and (ii) junction is 
called an outlier in no more than three cohort individuals. Each 
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aberrant splice junction was visualized in a sashimi plot using ggsashi-
mi (v1.1.5). Scripts for analyzing data and generating figures in the 
manuscript are available on GitHub (https://github.com/Xinglab/
STRIPE) and archived at Zenodo (https://doi.org/10.5281/zenodo. 
17538307).

Supplementary Materials
The PDF file includes:
Figs. S1 to S16
Legends for tables S1 to S12

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S12
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