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Tandem repeats (TRs) are one of the largest sources of polymorphism, and their length is associated with gene regulation.

Although previous studies reported several tandem repeats regulating gene splicing in cis (spl-TRs), no large-scale study has

been conducted. In this study, we established a genome-wide catalog of 9537 spl-TRs with a total of 58,290 significant

TR–splicing associations across 49 tissues (false discovery rate 5%) by using Genotype-Tissue expression (GTex) Project

data. Regression models explaining splicing variation by using spl-TRs and other flanking variants suggest that at least

some of the spl-TRs directly modulate splicing. In our catalog, two spl-TRs are known loci for repeat expansion diseases,

spinocerebellar ataxia 6 (SCA6) and 12 (SCA12). Splicing alterations by these spl-TRs were compatible with those observed

in SCA6 and SCA12. Thus, our comprehensive spl-TR catalog may help elucidate the pathomechanism of genetic diseases.

[Supplemental material is available for this article.]

Tandem repeats (TRs) are DNA sequences tandemly repeated twice
or more in succession. TRs represent one of the largest sources of
polymorphism and may have substantial effects on genome func-
tions (de Koning et al. 2011). Indeed, TRs are well known to regu-
late gene expression in cis (Gymrek et al. 2016; Fotsing et al. 2019;
Bakhtiari et al. 2021; Eslami Rasekh et al. 2021; Lu et al. 2021) and
contribute to the pathogenesis of both rare (Lalioti et al. 1997;
O’Hearn et al. 2015; LaCroix et al. 2019) and common diseases
(Gymrek et al. 2016; Fotsing et al. 2019; Bakhtiari et al. 2021).

Several studies have suggested that TRsmay also regulate gene
splicing in cis, as summarized in Supplemental Figure S1 (Hui et al.
2003; Sathasivam et al. 2013; De Roeck et al. 2018; Pacheco et al.
2019). For example, a (TG)n repeat near the 3′ splice site of exon
9 of CFTR, the causative gene of cystic fibrosis, was shown to func-
tion as an intronic splicing silencer (Buratti and Baralle 2001). The
repeat was bound by TARDBP (also known as TDP-43), an RNA-
binding protein (RBP) silencing downstream exon inclusion
(Tollervey et al. 2011) and,when expanded, enhanced exon 9 skip-
ping. The lack of exon 9 leads to the production of nonfunctional
proteins, thereby contributing as a pathogenic allele for cystic fi-
brosis. Another example is a 25-bp intronic TR in ABCA7. Its ex-
pansion was reported to be associated with skipping of the

downstream exon putatively due to SRSF9 (also known as
SRp30c) binding (Wang et al. 2005; De Roeck et al. 2018). The
exon skipping led to ABCA7 dysfunction and posed a risk for
Alzheimer’s disease (De Roeck et al. 2018). Although these scat-
tered studies have reported splicing-associated TRs (spl-TRs) and
provided a glance at the potentialmechanism and relevance to dis-
ease, no large-scale study on this issue has been conducted. Here,
we map spl-TRs in a genome-wide manner across tissues through-
out the whole body by using the Genotype-Tissue expression
(GTEx) v8 data set, a population-scale resource of whole-genome
sequencing (WGS) and RNA sequencing (RNA-seq).

Results

Genome-wide identification of spl-TRs across 49 tissues

We discovered cis spl-TRs in GTEx v8 data, consisting of WGS of
838 donors and RNA-seq of 15,253 samples from 49 tissues, by us-
ing FastQTL (Fig. 1; Supplemental Table S1; Ongen et al. 2016; The
GTEx Consortium 2020). TRs were sized using GangSTR, which
handles TRs with motifs of up to 20 bp (n=40,598 after quality
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control) (Mousavi et al. 2019). The sum of TR sizes at both alleles
was defined as the TR dosage, and the association between TR dos-
age and splicing quantity was tested using linear regression where-
as controlling for covariates including sex, population structure,
and sequencing protocols. Among all TR–splicing pairs of each
gene (Fig. 1A), only the top association in the linear regression
was considered, and its P-value was adjusted for all TR–splicing
pairs in each gene by employing a FastQTL permutation scheme.
The adjusted P-valueswere further corrected formultiple gene test-
ing by the Benjamini–Hochberg (BH) method. Consequently,
there were a total of 58,290 significant TR–splicing associations
across 49 tissues (gene-level false discovery rate [FDR] 5%) with
9537 unique spl-TRs and 21,832 unique TR–splicing associations
(Fig. 1B). This spl-TR mapping was robust to various thresholds
for GangSTR genotyping quality (gangstr-min-call-Q option);
nominal P-values of the 1332 significant associations in whole
blood (FDR 5%) were almost identical to those when using 0.8 or

0.95 quality threshold unless the TR site was filtered out (78 for
0.8 and 3 for 0.95 quality threshold) (Supplemental Fig. S2A,C).
Most of the 1422 associations remained the most significant asso-
ciation of each gene (FDR 5%) when using those thresholds (1217
for 0.8 and 1186 for 0.95 quality threshold) (Supplemental Fig.
S2B,D).

The number of significant TR–splicing associations varied
across tissues from 95 in kidney cortex to 4164 in testis
(Supplemental Table S1). The number grew along with the tissue
sample size (Spearman’s rank correlation test P=1×10−21; ρ=
0.93). Testis, skeletal muscle, and whole blood escaped the trend
as in previous works on GTEx data because the number of ex-
pressed genes were more in testis and less in skeletal muscle and
whole blood than other tissues (Fig. 1C; The GTEx Consortium
2020; Garrido-Martín et al. 2021). A majority of TR–splicing asso-
ciations were observed solely in either of the 49 tissues (68%),
whereas some other associations were observed in five or more
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Figure 1. Discovery of spl-TRs across 49 tissues. (A) Selection of the most significant TR–splicing association in each gene. (B) QQ plot of P-values ob-
tained from spl-TR mapping. Dots represent the most significant TR–splicing association in each gene. The black y = x line corresponds to the null hypoth-
esis. (C) Number of associations per tissue as a function of tissue sample size. Tissue color codes are shown in B. (D) Sharing of TR–splicing associations across
tissues. The x-axis: the number of tissues sharing a given association; the y-axis: the number of associations shared across a given number of tissues. (E)
Comparison of effect sizes of 563 TR–splicing pairs between GTEx and 1 KG LCL data sets. Dots denote TR–splicing pairs.
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tissues (13%) (Fig. 1D). To compare the effect size of a TR–splicing
association across tissues, we employed ψ, the proportion of split
reads from an intron relative to all split reads sharing the same
junction as the intron (Mertes et al. 2021), and defined the effect
size of a TR–splicing association as the difference in ψ per repeat
unit. When clustering pairwise correlation of effect sizes across tis-
sues, tissue similarities were captured: brain subregions clustered
together whereas testis, whole blood, and skeletalmusclewere out-
liers (Supplemental Fig. S3). To examine the reproducibility of the
associations, we utilized an independent data set ofWGS and lym-
phoblastoid cell line transformed with Epstein-Barr virus (LCL)
RNA-seq in 1000 genomes (1 KG). Among the 707 significant
TR–splicing associations in GTEx LCL data, 563 could be assessed
in 1 KG LCL data, whereas the rest could not be assessed due to dif-
ferences in minor allele frequency and RNA-seq coverage. Effect
sizes of the 563 associations correlated between GTEx and 1 KG
data (Spearman’s rank correlation test P=8×10−190; ρ= 0.89),
and the direction of effect sizes was concordant in the vast major-
ity of the 563 associations (88%, one-sided sign test P=5× 10−83)
(Fig. 1E). Altogether, these findings validate our TR–splicing
associations.

Spl-TRs explain splicing variation independently

of nearby variants

These 58,290 TR–splicing associations might be attributable to
nearby true causal variants in linkage disequilibrium (LD) with
the TRs. To address this issue, we determined whether TRs could
explain splicing variation independently of nearby variants such
as single-nucleotide polymorphisms (SNPs), small indels, and
structural variations. Two linear regression models explaining
the variation of each splicing event were compared using analysis
of variance (ANOVA): one including nearby variants and the other
additionally including a TR between the 10-kb upstream position
from the donor site and the 10-kb downstream position from the
acceptor site of the intron as an explanatory variable (Fig. 2A).
Some splicing events have no qualified TR, and 11,435 TR–splicing
associations remained for subsequent ANOVA tests. The resulting
P-values indicated significant deviation from the uniformdistribu-
tion (Fig. 2B, black line) (Kolmogorov–Smirnov test P<2.2 ×
10−16), suggesting that at least some of the TR–splicing associa-
tions cannot be explained by nearby variants.

This analysis simultaneously allowed us to discover TRs
directly regulating splicing. We adjusted the P-values of all
ANOVA tests of each gene using the Bonferronimethod and select-
ed theminimum P-value in each gene to ensure the inter-indepen-
dence of inputs for the following FDR calculation. We then
corrected the Bonferroni-adjusted P-values for the number of
genes analyzed in the ANOVA tests and obtained FDR. There
were 38 TR–splicing associations not attributable to nearby vari-
ants (FDR 20%) (e.g., associations at LINC01855, NARS2, and
RYR3) (Supplemental Table S2). For several examples, RNA-seq
BAM files were downloaded, and regions around the altered splic-
ing events were visualized (Fig. 2C,D; Supplemental Fig. S4). In
these examples, the spl-TR had a more significant association
than neighboring variants, and TR dosages and splicing alterations
were correlated clearly across a wide range of repeat lengths, which
cannot be easily explained by tagged variants. We further investi-
gated whether the causality of these spl-TRs for splicing alterations
is supported by SpliceAI, amodel predictingwhether each position
of a DNA sequence is a splice donor or acceptor site (Jaganathan
et al. 2019). We compared two sequences with shorter or longer

TR repeat for SpliceAI scores at each position, which correlate
with the splicing amount of the position. The direction of differ-
ence in SpliceAI scoreswas compatiblewith the splicing alterations
in most of these spl-TRs (Fig. 2C,D; Supplemental Fig. S4). We ex-
perimentally validated some of the spl-TRs using minigene assay
in HeLa cells (Fig. 2E,F; Supplemental Fig. S5C,D), although for
some genes splicing patterns could not be reproduced in this arti-
ficial system and the TR variation effects could not be evaluated
(Supplemental Fig. S5A,B,E,F; Tran et al. 2006). In this system, an
RYR3 pseudoexon harboring (AAG)10, which is a binding motif
of serine/arginine (SR)-proteins including SRSF1, SRSF4, SRSF6,
and SRSF9 and acts as an exonic splicing enhancer, was spliced
into a proportion of transcripts (mean [SD]: 58% [1%]) whereas
pseudoexons harboring (AAG)3 or 8 were not spliced (mean [SD]:
0% [0%]) (Welch’s t-test P<0.01) (Fig. 2E,F; Slišković et al. 2022).
A NARS2 pseudoexon flanking a (GTTTTTT)4–containing intron
was also spliced (mean [SD]: 14% [1%]) whereas ones flanking a
(GTTTTTT)6 or 10–containing intron were not (mean [SD]: 0%
[0%]) (Welch’s t-test P<0.01), as expected (Supplemental Fig.
S5C,D). Taken together, these results suggest that some of our
spl-TRs may directly regulate splicing.

Mechanisms of splicing regulation by spl-TRs

Previous studies have suggested that some TRs act as regulatory el-
ements encompassing RBP binding motifs and that TR expansion
might alter splicing in cis via RBP binding (Cuppens et al. 1998;
Buratti and Baralle 2001; Buratti et al. 2001; Hui et al. 2003;
Sathasivam et al. 2013; De Roeck et al. 2018). Indeed, our intronic
or exonic spl-TRs were enriched for RBP binding in cross-linking
immunoprecipitation sequencing (CLIP-seq) databases, The
Encyclopedia of DNA Elements (ENCODE) and POSTAR2 (empiri-
cal P<1×10−4). Specifically, intronic spl-TRs were enriched for 11
and 10 RBPs (Q-value<0.1) in ENCODE and POSTAR2, respective-
ly (Fig. 3A), whereas exonic spl-TRs were not due to the small sam-
ple size (Supplemental Tables S3, S4). Themost significant RBPwas
TARDBP, in both the databases. The enriched RBPs except TDP-43
differed between ENCODE and POSTAR2 because they cover a dif-
ferent collection of RBPs (Supplemental Tables S3, S4). In parallel
with this, intronic spl-TRs were enriched for five repeat motifs
(Q-value<0.1). Then, using SpliceAid and ATtRACT, we predicted
which RBPs bind to the motifs (Fig. 3B; Supplemental Table S5;
Piva et al. 2009; Giudice et al. 2016). These experimental and in sil-
ico analyses pointed out the several common RBPs. Next, we
sought to identify examples of spl-TRs regulated by RBPs. Among
the 58,290 spl-TRs, there were 33 unique TR–splicing pairs (127
across 49 tissues) (1) to which binding by the same RBPs was indi-
cated by in silico tools (SpliceAid or ATtRACT) and CLIP-seq data-
bases (ENCODE or POSTAR2), and (2) the causality of which was
supported by SpliceAI (>0.01), with a total of 160 TR-RBP-splicing
combinations (Supplemental Table S6). In 20 of the 160 combina-
tions, bound RBP expression and splicing level were significantly
correlated (P<3×10−4 [Bonferroni-adjusted threshold for 160
tests]). As an example, a GT repeat of PLEKHA1 was associated
with the increased skipping of a flanking exon (Fig. 3C). The repeat
was predicted to bind TDP-43 as the bindingmotif has been report-
ed as UG repeats (Tollervey et al. 2011; Humphrey et al. 2017) and
indeed the binding was observed in CLIP-seq using an anti-
TARDBP antibody (Fig. 3C; Tollervey et al. 2011). The endogenous
TARDBP expression level was associated with the increased skip-
ping of a PLEKHA1 exon in GTEx data, and concordantly, the ex-
ogenous expression and knockdown of TARDBP led to the increase
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Figure 2. spl-TRs explain splicing variation independently of nearby variants. (A) Overview of ANOVA tests comparing two linear regression models ex-
plaining the variation of each splicing event. Onemodel used TR dosage and nearby variants, whereas the other used nearby variants only. (B) QQ plot of P-
values of ANOVA tests comparing the two models for 11,435 splicing events. The black y = x line corresponds to the null hypothesis. (C,D) Representative
spl-TRs associated with splicing variation independently of nearby variants. Shown are associations of the spl-TR and neighboring variants with splicing
quantity (top panel), correlations between TR dosages and splicing quantities (second panel from the top), mean RNA-seq depth of samples with a smaller
or larger TR dosage (third panel from the top), SpliceAI scores of splice donor or acceptor site for sequences having a shorter or longer TR allele (fourth panel
from the top), and exon–intron structures (bottom). (Top panel) Only variants whose nominal P-value was <0.01 are shown. Purple diamond: spl-TR; circle:
other variants color-coded according to Pearson correlation coefficient between the variant and spl-TR dosages. (Second panel from the top) The splicing
quantity indicates the normalized proportion in clustered splicing events (see Methods subsection “Mapping of spl-TRs”). The red line indicates the mean
at each TR dosage. Nominal P-values of linear regression analysis in FastQTL are shown in each plot. (†) The top association in the gene (Q-value < 0.05); (‡)
other significant associations (P-value < 8.7 × 10−5 for LINC01855 and 7.8 × 10−6 for RYR3; seeMethods subsection “Identification of all significant TR–splic-
ing pairs in each gene”). (Third panel from the top) Arrow: mean± standard deviation of ψ5 or ψ3. (Fourth panel from the top) Because SpliceAI scores are
almost the same between shorter (blue) and longer (red) TR alleles, the bars look purple in the most plotted region. The inset is a magnified image of junc-
tions of splicing events whose alteration by TRs was supported by SpliceAI. (E,F ) Experimental validation of the spl-TR at RYR3 using minigene assay. (E)
Schematic representation of H492 minigene vector. The vector is constructed to have DMD exons 18 and 20, and between these exons the RYR3 pseu-
doexon and flanking sequences were inserted. For the synthesis of mRNA, the vector contains a cytomegalovirus (CMV) enhancer–promoter and a bovine
growth hormone (BGH) polyadenylation signal. The vector was transfected into HeLa cells, and extracted RNAwas amplified using the primers indicated by
arrows in a reverse-transcription polymerase chain reaction (RT-PCR) assay. (F ) RT-PCR products of minigene assay for RYR3 pseudoexon (PE). Here, 284-
and 208-bp transcripts were generated from the vector carrying the (AAG)10 allele (A), whereas only a 208-bp transcript was generated from the vectors
carrying the (AAG)3 or (AAG)8. Shown on the right is a schematic description of the RT-PCR products. The longer product consists ofDMD exon 18, RYR3 PE,
and DMD exon 20, whereas the smaller product does not contain the RYR3 PE.
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Figure 3. Mechanisms underlying spl-TRs. (A,B) Shown from top to bottom are themost enriched RBPs (A) or repeatmotifs (B) among intronic spl-TRs (n =
5660). The count of each RBP or repeat motif observed in the 5660 intronic sTRs is shown by the red point against blue violin plots representing the kernel
density estimation of counts in sets (n = 10,000 and 100,000 for repeatmotifs and RBPs, respectively) of 5660 randomly selected intronic TRs among all the
intronic TRs (n = 18,139). The counts are represented as the ratio to themedian of the negative control sets. For each repeatmotif, RBPs predicted to bind it
by SpliceAid or ATtRACT are shown on the right (B). (∗) Q-value < 0.1. (C ) The spl-TR at PLEKHA1. Shown are correlations between TR dosages and splicing
quantities in GTEx data (top panel), RNA-seq depth of samples with a smaller or larger TR dosage in GTEx data (second panel from the top), TARDBP-knock-
out HeLa cell lines rescued by exogenously re-expressing TARDBP or not (third panel from the top), and SH-SY5Y cells stably expressing a shRNA for TARDBP
or control SH-SY5Y cells (fourth panel from the top), CLIP-seq depth of H9 embryonic stem cells using an anti-TARDBP antibody (fifth panel from the top),
exon–intron structures (sixth panel from the top), and correlations between TARDBP expression and splicing quantities in GTEx data (bottom). These panels
are drawn as in Figure 2C and D. (Third and fourth panels from the top) The splice site usages were compared between the two cell types using binomial
generalized linear model, and the resulting P-values are shown in brackets. (Bottom) The significance of linear regression is given in the plots (threshold: 3 ×
10−4). The red line and gray shading represent the regression line and 95% confidence interval, respectively. The expression and splicing levels are nor-
malized (see Methods subsection “Correlation between RBP expression level and splicing quantity”).
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and decrease in the skipping, respectively (Fig. 3C; Roczniak-
Ferguson and Ferguson 2019; Brown et al. 2022). Thus, the
PLEKHA1GT repeat is a good candidate for TRs regulating splicing
through RBP binding (Buratti et al. 2001; Hui et al. 2003;
Sathasivam et al. 2013; De Roeck et al. 2018; Pacheco et al. 2019).

Another mechanism underlying spl-TRs may be the relative
position change of regulatory elements, such as branch site, in
pre-mRNA. We noted that the spl-TR at NARS2, experimentally
validated above (Supplemental Fig. S5C,D), lies between the 3′

splice site and branch sites of the regulated pseudoexon
(Supplemental Fig. S4). The spl-TR,when expanded to six units, in-
creases the distance from 35 to 49 bp, which exceeds a typical dis-
tance (19 to 37 bp), and reduced the efficiency of splicing the
pseudoexon (Supplemental Fig. S4; Mercer et al. 2015). In silico
mutagenesis of the six-unit allele using SpliceAI showed that mu-
tations creating a branch site sequence TNA, except ones concur-
rently creating an acceptor motif AG, recovered the splicing
efficiency (Supplemental Fig. S6A; Leman et al. 2020). These trends
were irrespective of the repeat motif, GTTTTTT, because even ran-
dom sequences (NNNNNNN) reduced the splicing efficiency,
whereas those containing TNA recovered it (Supplemental Fig.
S6B). Thus, in the regulatory machinery that SpliceAI learned,
the NARS2 GTTTTTT repeat regulates splicing through lengthen-
ing the distance from the 3′ splice site to branch sites.

Repeat expansion diseases relevant to spl-TRs

Leveraging our spl-TR catalog, we investigated whether TRs con-
tribute to disease pathomechanisms via in-cis splicing alterations.
We examined the overlap between our 9537 spl-TRs and 52 known
loci responsible for repeat expansion diseases (Supplemental Table
S7), and five of them overlapped (Supplemental Table S8). In three
of these five, the spl-TR was located near the associated splicing,
namely, within the spliced/removed intron or flanking exons: spi-
nocerebellar ataxia (SCA) 6, SCA12, and myotonic dystrophy 1
(DM1).

SCA6 is caused by heterozygous expansion of the CAG repeat
in the last exon ofCACNA1A, which produces toxic proteinswith a
polyglutamine tract (Paulson et al. 2017). The repeat correlated
with an intron (Chr 19: 13,208,054–13,208,755) usage in the cer-
ebellum in our catalog (Q-value=5×10−7 and nominal P=2 ×
10−11, Supplemental Table S8), where Purkinje cells are lost in pa-
tients. Besides, the repeat length was also correlated, to a similar
degree, with another intron (Chr 19: 13,208,049–13,208,755) us-
age (nominal P=1×10−9; significance threshold for all TR–splicing
pairs of CACNA1A: 5.1 × 10−6), whereas not with the other event
(Chr 19: 13,208,046–13,208,755) among the cluster (nominal P=
0.061) (Fig. 4A; Paulson et al. 2017). These three splicing patterns
correspond to the isoforms conventionally named as MPI, MPII,
and MPc (Watase et al. 2008). The CAG repeat, when longer, pre-
ferredMPI toMPc (Fig. 4A), which is in good agreement with find-
ings in knock-inmousemodels of SCA6 carrying 14, 30, or 84 CAG
repeats at the humanized last exon of Cacna1a; reverse-transcrip-
tion polymerase chain reaction, followed by subcloning and se-
quencing, of Purkinje cells revealed that the proportions of MPI
and MPc isoforms significantly increased and decreased as a func-
tion of the repeat length, respectively (Fig. 4B; Watase et al. 2008).
In addition, Ishikawa et al. also qualitatively observed theMPI pre-
dominance in multiple brain regions, including cerebellar cortex,
of SCA6 patients by using similar experiments (Ishikawa et al.
1999). Because MPI, but not MPII and MPc, encodes the polyglut-
amine tract, the splicing alterations may contribute to the patho-

genesis by increasing the proportion of the toxic MPI isoform
(Ishikawa et al. 1999; Watase et al. 2008).

SCA12 is an autosomal dominant disorder associated with
CAG repeat expansion in PPP2R2B. The repeat size was negatively
associated with an intron (Chr 5: 146,878,196–146,878,590) usage
in basal ganglia, a brain subregion affected in SCA12 (Choudhury
et al. 2018), in our spl-TR catalog (Q-value=0.044 and nominal P=
3×10−6; Supplemental Table S8; Fig. 4C).Moreover, the repeat size
positively correlated with Chr 5: 146,878,196–146,878,700 splic-
ing to a similar degree (nominal P=8×10−6), whereas all of the
other 14 events among the splicing cluster did not correlate (nom-
inal P>0.1). The alterations were more remarkable in the neuron
of an SCA12 patient, as evident from the RNA-seq coverage plot
(Fig. 4C; Kumar et al. 2018). Longer CAG repeats preferred
ENST00000530902.5 and ENST00000532154.5 isoforms, neither
of which produces functional proteins as reported in Ensembl, to
the ENST00000394411.8 isoform, which encodes the full-length
protein. This switch may reduce the level of full-length protein,
which seemed to be deleterious because PPP2R2B is loss-of-func-
tion-intolerant (pLI = 0.98 in gnomAD) (Karczewski et al. 2020).

DM1 is caused by expansion of a DMPK CTG repeat, whose
dosage was significantly associated with the reduced usage of an
intron (Chr 19: 45,770,641–45,770,970) in skeletal muscle in our
catalog (Q-value=0.012 and nominal P= 4×10−6, Supplemental
Table S8; Supplemental Fig. S7). Because four other splicing events
among the splicing cluster were not altered (nominal P>0.05), we
reasoned that the reduced intron usagemight reflect the increased
intron retention. We quantified the intron retention in skeletal
muscle samples in GTEx (n=706), and the TR dosage had a weak
tendency for being associated with increased intron retention
(nominal P= 4×10−3; significance threshold for all TR–splicing
pairs in DMPK: 2 × 10−5) (Supplemental Fig. S7A,B). However,
these alterations were not reproducible in publicly available
RNA-seq data of biopsied skeletal muscle and cultured muscle
cell samples of DM1 and healthy individuals (one-sided
Wilcoxon rank-sum test P>0.01, Bonferroni-corrected threshold
for the number of tests [n =5]) (Supplemental Fig. S7A,C). Thus,
the alterations at DMPK observed in GTEx data might not be rele-
vant to the disease mechanism.

Lastly, we built a user-friendly platform, enabling public ac-
cess to detailed information on the 58,290 significant TR–splicing
associations across 49 tissues. By downloading the contents (https
://doi.org/10.5281/zenodo.7086007) and giving combinations of
TR, splicing, and tissue of interest, users can browse details on
any of the associations (Fig. 5).

Discussion

Here, we present a comprehensive catalog of spl-TRs and their
applications.

We provide insights into the mechanisms underlying a few
spl-TRs (Fig. 3). However, the mechanisms of most spl-TRs are un-
known, and their comprehensive exploration by experiments is la-
borious and unfeasible. Perturbation methods for deep learning
models theoretically enable this, and indeed SpliceAI might disen-
tangle the roles of DNA sequence in TR-mediated splicing
(Supplemental Fig. S6), although SpliceAI is based solely on DNA
sequences and does not give any clues to the roles of other factors
such as RBPs. One solution to this is to construct another deep
learning model using transcriptome data after the knockdown of
each RBP or a model considering RBP binding sites as well as
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DNA sequences. Perturbations of thesemodels should lead to com-
prehensive elucidation of TR-mediated splicing mechanisms.

Although the TR–splicing associations in our catalog are
based on the range of polymorphic repeat lengths (>1% MAF),
the associations in CACNA1A and PPP2R2B that we detected are
in agreement with those observed in repeat expansion diseases
(Fig. 4). Effects of TR dosage on splicingmay be linear across broad
ranges. Previous studies reported abnormal splicing events in a few
repeat expansion diseases such as Huntington’s disease, C9orf72
amyotrophic lateral sclerosis and frontotemporal dementia, myo-
tonic dystrophy type 2, and Fuchs endothelial corneal dystrophy

(Neueder et al. 2017; Sznajder et al. 2018). However, we could
not confirm these trends in the GTEx population because
GangSTR could not confidently genotype these loci, thereby war-
ranting QTL studies based on long-read technologies as discussed
below. These TR-related splicing abnormalities could be alleviated
by targeting the TRs with antisense oligonucleotides because the
TRs may be bound by RBPs altering the splicing. Thus, our catalog
may give insights into pathomechanisms and, at the same time,
potential therapeutic targets for repeat expansion diseases.

We did not investigate the relevance of spl-TRs to commondis-
eases because multiallelic sites such as TRs are not considered in

A

B

C

Figure 4. Splicing alterations by the spl-TR associated with SCA6 and SCA12. (A,C) Shown are correlations between TR dosages and splicing quantities
(top), mean RNA-seq depth of samples with a smaller or larger TR dosage (second panel from the top), SpliceAI scores of splice donor or acceptor site for
sequences having a shorter or longer TR allele (third panel from the top), and representative exon–intron structures (bottom). (Top panel) The splicing quan-
tity indicates the normalized proportion in clustered splicing events (see Methods subsection “Mapping of spl-TRs”). The red line indicates the mean at
each TR dosage (A); the red line and gray shading represent the regression line and 95% confidence interval, respectively (C). Nominal P-values of linear
regression analysis in FastQTL are shown in each plot. (†) The top association in the gene (Q-value < 0.05); (‡) other significant associations (P-value thresh-
old: CACNA1A, 5 × 10−6; PPP2R2B, 4 × 10−6; see Methods subsection “Identification of all significant TR–splicing pairs in each gene”). (Second panel from
the top) iPSC-derived neurons of an SCA12 patient with 14/60 CAG repeats and a healthy individual with 9/16 units are shown (C ) (Kumar et al. 2018);
arrow: mean± standard deviation of ψ5 or ψ3 of the junction. (Fourth panel from the top) The inset is a magnified image of junctions of splicing events
whose alteration by TRs was supported by SpliceAI. The differences in SpliceAI scores between shorter and longer TR alleles are shown above or below
the insets. Transcript models at the bottom are ENST00000360228 for MPI, ENST00000636473 for MPc, and ENST00000636389 for MPII (A) and
ENST00000530902.5, ENST00000532154.5, and ENST00000394411.8 (C). (B) Proportions of MPI, MPII, and MPc isoforms in knock-in mouse
models of SCA6 harboring 14, 30, or 84 CAG repeats at the humanized last exon of Cacna1a. The total number of sequenced clones was 55 from four
Cacna1a14Q/14Q samples, 31 from two Cacna1a30Q/30Q samples, and 52 from three Cacna1a84Q/84Q samples. P-values of tests comparing proportions
between Cacna1a14Q/14Q and Cacna1a84Q/84Q are shown.
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conventional genome-wide association studies employing microar-
rays.However,WGS-based studies for commondiseaseswill increas-
ingly be conducted in theNational Heart, Lung, and Blood Institute
(NHLBI) Trans-Omics for PrecisionMedicine (TOPMed) project, and
the UK Biobank (Hu et al. 2021), which should eventually detect
many susceptible TR loci. For the interpretation of their working
mechanisms, our catalog will be an invaluable resource.

To maximize the benefit of these applications, our spl-TR cat-
alog should be further expanded. Our catalog is based on GangSTR,
which assesses TRs detected by the Tandem Repeats Finder
(Mousavi et al. 2019). As many as 14,000 novel TR loci, not in the
Tandem Repeats Finder list, were discovered in a previous study
(Trost et al. 2020), and thus it is clear that our analysis in this study
is unlikely to have covered all TR loci. Moreover, tools sizing TRs
with more than 20 bp motifs, which GangSTR does not capture,
have become increasingly available (Bakhtiari et al. 2021; Eslami
Rasekh et al. 2021; Lu et al. 2021). More TRs are undoubtedly acces-
sible by long-read WGS, although its high cost currently hampers
large-scale QTL studies based on it. Thus, new informatics and se-
quencing technologies will enable the identification of more spl-
TRs.

In conclusion, our spl-TR catalog may help elucidate func-
tional mechanisms of TR-mediated splicing regulation and patho-
mechanisms of both rare and common genetic diseases, which
could be targeted by employing the antisense oligonucleotide
strategy. The catalog should be further expanded by using new
technologies.

Methods

TR sizing and quality control

We genotyped TRs in 838 donors using GangSTR v2.4.3 (https://
github.com/gymreklab/GangSTR) and a BED file for 832,380
TR regions (hg38_ver13.bed.gz, https://github.com/gymreklab/
GangSTR) (Mousavi et al. 2019). We downloaded an hg38 reference
file (resources_broad_hg38_v0_Homo_sapiens_assembly38.fasta,
https://console.cloud.google.com/storage/browser/genomics-
public-data/resources/broad/hg38/v0/) and WGS CRAM files
accessed from the NCBI database of Genotypes and Phenotypes
(dbGaP; https://www.ncbi.nlm.nih.gov/gap/) under accession
number phs000424.v8.p2. TR calls of each donor were merged
and filtered by following the developer’s recommendation (https

Figure 5. Snapshots of our HTML pages presenting information on the 58,290 significant TR–splicing associations across 49 tissues. By providing com-
binations of TR, splicing, and tissue of interest on the portal page, users can browse the relationship between TR size and splicing quantity, the genomic
coordinates of the TR, splicing, and genes, and the SpliceAI predictions of shorter and longer TR alleles for splice sites.
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://github.com/gymreklab/GangSTR/wiki/Filtering-GangSTR-outp
ut) and using TRTools v3.0.2 (https://github.com/gymreklab/
trtools) (Mousavi et al. 2021). Specifically, the following options of
the DumpSTR function were used: ‐‐gangstr-filter-spanbound-only:
filtering all reads except spanning and bounding; ‐‐gangstr-filter-
badCI: filtering regions where the maximum likelihood estimate
is not in the confidence interval; ‐‐filter-regions: filtering sites in
segmental duplication regions downloaded from UCSC Genome
Browser (http://genome.ucsc.edu/); ‐‐gangstr-max-call-DP 1000
and ‐‐gangstr-min-call-DP 20: filtering calls with >1000× or <20×
coverage; ‐‐min-locus-hwep 0.01: filtering sites with P-value <
0.01 from a two-sided binomial test comparing the observed and
expected percentages of homozygous calls; ‐‐gangstr-min-call-Q
0.9: filtering calls with quality score <0.9; and ‐‐min-locus-callrate
0.8: filtering sites with call rate <0.8. In addition, alleles with allele
counts of 16 or less, corresponding to <1% MAF, were removed,
and sites with two or more alleles were kept. Repeat units on two
alleles were summed at each site and regarded as TR dosage.
When at least one allelewasmissing, TR dosagewas not calculated.
Consequently, 40,598 sites on autosomes remained. For 1 KG, we
downloaded WGS CRAM files for 445 samples (http://ftp
.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/1000G_2504_
high_coverage/) and performed processing as for GTEx data.

Mapping of spl-TRs

Tomap spl-TRs, we downloaded resources, based on the human ref-
erence genome build GRCh38, fromGTEx portal (https://gtexportal
.org/home/) and followed the sQTLmapping protocol developed by
GTEx. Briefly, splicing level and covariates for 49 tissues were down-
loaded from GTEx portal (GTEx_Analysis_v8_sQTL_phenotype_
matrices.tar and GTEx_Analysis_v8_sQTL_covariates.tar.gz). The
splicing level was calculated in 49 tissues by The GTEx
Consortium as follows: (1) Splicing was detected from RNA-seq
BAM files using LeafCutter (Li et al. 2018); (2) splicing clusters, a
group of splicing events sharing either of their junctions, were gen-
erated; (3) introns with few read counts or low diversity of counts
across sampleswere filtered; (4) proportions of each splicing in splic-
ing clusterswere calculated and standardized across samples; and (5)
the splicing proportions of all splicing events were quantile-normal-
ized to the normal distribution in each sample. The covariate files
include sex, librarypreparationprotocol (PCR-based or PCR-free), se-
quencing platform (HiSeq 2000 or HiSeq X), five genotype principal
components, and probabilistic estimation of expression residuals
(PEER) factors. The PEER factors are calculated from the splicing
quantities above by PEER, a data-driven approach detecting hidden
confounders (Stegle et al. 2012).

Leveraging these downloaded resources and our TR dosages,
wemapped spl-TRs using FastQTL as done in GTEx. Only TRs with-
in 1Mb fromeach gene centerwere considered (n=36,020) because
splicing-associated quantitative trait loci (sQTL) are enriched
around genic regions (Battle et al. 2014; Takata et al. 2017; Walker
et al. 2019). FastQTL performed linear regressions between TR dos-
ages and splicing quantities and obtained a nominal P-value for
each test. Only the top association among all TR–splicing pairs
was selected for each gene using –grp option. The same regressions
were performed in permutations of the sample labels. Permutation
was performed using the adaptive permutation mode –permute
1000 10000, which adapts the number of permutations to the sig-
nificance level to decrease the computational burden. The null dis-
tribution made of 1000–10,000 nominal P-values of the top
association in each permutation was fitted to a β distribution for
each gene. Using this fitted β distribution, the nominal P-value of
the top association in the real data, not permuting sample labels,
was extrapolated to obtain a β-approximated empirical P-value.

From these empirical P-values, Q-values were calculated, and one
spl-TR in each gene was identified (gene-level FDR 5%).

For 1 KG, we downloaded RNA-seq BAM files for 445 LCL
samples (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/
geuvadis/) and performed processing as for GTEx data by using
script and docker files provided by The GTEx Consortium as fol-
lows. Splicing was quantified using the leafcutter_bam_to_
junc.wdl and leafcutter_cluster.wdl script files and the broad-cga-
francois-gtex/leafcutter (https://hub.docker.com/r/francois4/
leafcutter) docker file; PEER factors were computed by using the
run_PEER.R script in the broadinstitute/gtex_eqtl (https://hub
.docker.com/r/broadinstitute/gtex_eqtl) docker file. Genotype
principal components were computed from VCF files (ftp://
ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/) by using
the ‐‐pca option of PLINKv1.90b (Chang et al. 2015) after selecting
variants with >10% MAF and pruning them with the ‐‐indep 50 5
1.5 option.

Computation of ψ value

We downloaded LeafCutter junction read count files for GTEx
RNA-seq data fromAnVIL andmerged the files of each tissue using
the leafcutter_cluster.wdl script file and the broad-cga-francois-
gtex/leafcutter (https://hub.docker.com/r/francois4/leafcutter)
docker file mentioned above. From this merged file (perind_nu-
mers.counts.gz), ψ5 and ψ3 values, which are the proportions of
split reads from an intron relative to all split reads sharing the
same donor (ψ5) or acceptor (ψ3) as the intron, were computed.
The mean of these two values, ψ5 and ψ3, of an intron was defined
as ψ of the intron whereas ψ was not computed when either ψ5 or
ψ3 was missing due to a lack of coverage.

Effect size correlation between data sets

To compare the effect size of TR–splicing associations, defined as
change in ψ per repeat unit, among GTEx tissues and between
GTEx and 1 KG LCL, we first regressed out the covariates used in
the spl-TR mapping mentioned above from ψ values, followed by
running the linear regression of the ψ residuals on TR size by using
the Python stasmodels.api.OLS function. Based on the resulting
regression coefficients of TR–splicing associations significant in
at least one of the two data sets, Spearman’s correlation coeffi-
cients were computed for every pair of GTEx tissues or GTEx and
1 KG LCL pair.

Analysis of independence of TR–splicing associations from

nearby variants

To prove that the 58,290 TR–splicing associations were indepen-
dent of nearby variants, we performed an analysis similar to that
by Gymrek et al. (2016). For each of the 58,290 splicing events,
we constructed two linear regression models explaining the
splicing variation in the relevant tissue: first model: nearby
variant dosages + covariates; second model: nearby variant do-
sages + spl-TR dosage+ covariates. As the “nearby variants,” we
considered SNVs and small indels (GTEx_Analysis_2017-06-
05_v8_WholeGenomeSeq_838Indiv_Analysis_Freeze.SHAPEIT2_
phased.vcf, downloaded from AnVIL) as well as SVs, discovered
through LUMPY, Genome STRiP, and MELT (GTEx_v7.sv.low_
pass.vcf.gz, downloaded from AnVIL and lifted over to hg38
with picard-tools-2.10. LiftOverIntervalList) (Scott et al. 2021).
Because the information on SVswas available only for 613 individ-
uals, 601 of whom overlapped with the 838 individuals analyzed
for TRs, SNVs, and small indels, we restricted this analysis to these
601 individuals. In the two models, the nearby variants were de-
fined as SNPs or small indels (1) with MAF>1%, (2) within 100
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kb up- and downstream of each splicing, and (3) with nominal P-
value <0.01 in linear regression as well as SVs (1) with MAF>1%
and (2) whose center position ([start position+ end position]/2)
was within 100 kb up- and downstream of each splicing; the spl-
TR was defined as one of the 58,290 TRs within ±10 kb of each
splicing; splicing events whose junction was within 900 kb (=1
Mb–100 kb) from the gene center position were selected. After
this filtering, 11,435 remained among the 58,290 associations
because some events had no qualified TR. For each association,
the nearby variants, including SNVs, small indels, and SVs, in
LD (>0.8 R2), were pruned using PLINK with ‐‐indep 50 5 0.8 for
two reasons: (1) Too many explanatory variables, even when
each of them was unrelated to splicing level, could explain it
well andmask the contribution of TR. (2) Multicollinearity among
explanatory variables can lead to inflated regression coefficients
and test statistics, leading to error termination of the R lm function
for linear regression. Then, whether the second model outper-
formed the first one was tested with ANOVA.

LD between TRs and other variants

For selected examples of TR–splicing associations independent of
nearby variants, we calculated LD between TRs and nearby vari-
ants by employing an approach previously used by Fotsing et al.
(2019). The LD was defined as a squared Pearson correlation coef-
ficient between the TR dosage and the other variant dosage, ob-
tained with Scipy.stats.pearsonr.

Identification of all significant TR–splicing pairs in each gene

In addition to top associations, we identified all significant TR–
splicing pairs of each gene in a manner similar to that described
in the GTEx original publication (The GTEx Consortium 2020).
The significance threshold for a TR–splicing association was de-
fined as the beta-approximated P-value closest to the 5% FDR
threshold applied for top associations. The beta-approximated P-
values were obtained after adjustment for all TR–splicing pairs in
each gene with the permutation scheme; however, the permuta-
tion scheme can be applied only to the top association in each
gene. Instead, associations whose nominal P-value exceeded the
threshold after Bonferroni correction for the number of all TR–
splicing pairs in each gene were considered significant.

RNA-seq coverage plot

We visualized the mean depth of multiple RNA-seq samples
by ggsashimi (https://github.com/guigolab/ggsashimi) (Garrido-
Martín et al. 2018). The BAM files of the RNA-seq data were down-
loaded from AnVIL (Analysis, Visualization, and Informatics Lab-
Space, https://anvilproject.org/).

SpliceAI analysis

We predicted the effect of repeat length on splice site recognition
by supplying two nucleotide sequences with a shorter or longer
TR allele to SpliceAI (https://github.com/Illumina/SpliceAI)
(Jaganathan et al. 2019). Because SpliceAI considers 10-kb se-
quences surrounding positions of interest, we gave sequences of
the plotted region together with 5-kb upstream and downstream
regions (Supplemental Fig. S4). For LINC01855, we filled the se-
quence of the upstream and downstream regionswith “N” because
otherwise SpliceAI did not recognize splice sites of LINC01855.
This is possibly because SpliceAI may be less sensitive to noncod-
ing genes or small genes such as LINC01855, which consists of
three exons. To match the length of shorter and longer TR alleles
to that of the reference allele when visualizing the scores, we filled

in themiddle part of the TRwith zero scores in the shorter TR allele
or deleted the middle part of the TR in the longer TR allele.

Minigene splicing assay

An H492minigene vector containing twoDMD exons and one in-
tervening intron encompassing amulticloning sitewas kindly pro-
vided by Prof. Masafumi Matsuo (Tran et al. 2006). The target
exons and flanking sequences (RYR3, Chr 15: 33,772,172–
33,772,481; LINC01855, Chr 19: 16,065,776–16,066,086;
CACNA1A, Chr 19: 13,207,811–13,208,253) were amplified from
genomic DNA using primers containing recognition sites for
BamHI or EcoRV restriction enzymes (New England Biolabs). The
samples were selected from our genomic DNA and WGS data col-
lection, based on repeat genotype determined with GangSTR.
Amplified products were digested with the enzymes and ligated
to the minigene using Mighty Mix DNA Ligation Kit (Takara
Bio). The ligation mixture was cloned into Competent Quick
DH5α cells (Toyobo), and minigene vectors were extracted with
QIAprep Spin Miniprep Kit (Qiagen). Next, HeLa cells were grown
in six-well plates inDulbecco’sModified EagleMediumcontaining
5% fetal bovine serum (Trace Biosciences). Minigenes (1 μg each)
were transfected into the cells using Opti-MEM I Reduced Serum
Media (Thermo Fisher Scientific) and polyethylenimine (PEI
MAX; Polysciences, Inc.) in accordance with the manufacturer’s
protocol. Cells were harvested 24 h after transfection, and total
RNA was extracted using RNeasy Mini Kit (Qiagen). Two micro-
grams of total RNA was subjected to reverse transcription (RT) us-
ing random hexamer primers (PrimeScript 1st strand cDNA
Synthesis Kit, Takara Bio). PCR was carried out using forward
and reverse primers corresponding to the upstream DMD exon
(5′-GGTACCACAGCTGGATTACTCGCTC-3′) or the downstream
DMD exon (5′-CTCGAGCAGCCAGTTAAGTCTCTCAC-3′). The
cDNA was amplified using LA Taq Polymerase (Takara Bio) and
PCR products were electrophoresed on a 2% agarose gel. The
PCR products were cloned into Competent Quick DH5α cells
with the TOPO TA Cloning Kit for Sequencing (Thermo Fisher
Scientific), and colony PCR ampliconswere subjected to Sanger se-
quencing. Band intensities were quantified with Image Lab soft-
ware 5.2.1 (Bio-Rad Laboratories, Inc.) after local background
intensities were subtracted using the Volume Tools function.
These experiments were replicated independently twice.

For NARS2, pcDNA 3.1(+) vectors, similar to the H492 mini-
gene vector, inserted with the two DMD exons and NARS2 exon-
intron structure (Chr 11: 78,561,717–78,562,765) harboring
(CAAAAAA)4, 6, or 10 at 78,562,032–78,562,066 were synthesized
by using the GeneArt Gene Synthesis service (Thermo Fisher
Scientific). The RT-PCR products of NARS2 were treated with T7
Endonuclease I (New England Biolabs) according to the manufac-
turer’s protocol to digest heteroduplex products.

Enrichment analyses of repeat motifs and RBPs in spl-TRs

We tested the enrichment of repeat motifs among exonic or
intronic spl-TRs significant in at least one tissue (n =353 and
5660) compared with 100,000 negative data sets of 353 exonic
or 5660 intronic TRs randomly sampled from all exonic or intronic
TRs analyzed in spl-TR mapping (n=721 and 18,139). TRs in each
negative data set were matched to spl-TRs in terms of the distribu-
tion of 100 categories of distances to the nearest SJ. The distance
category was made by binning all of the analyzed TRs (n=
36,020) into 100 categories of the same TR counts from the short-
est to the longest distance. The enrichment was assessed only for
20 motifs observed more than five times in all of the exonic TRs
(n=721) or 53 motifs observed more than ten times in all of the
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intronic TRs (n =18,139) (Supplemental Table S4). The empirical
P-value of a motif was defined as the proportion of negative data
sets where the motif count was more than that in the spl-TRs.
The P-values were corrected for multiple testing using the BH
method. Motif sequences on the sense strand were rearranged
into all possible patterns (e.g., CAG to CAG, AGC, and GCA),
and the lexicographically first sequence was defined as the motif
of the TR. Exon and intron regions and strands were extracted
from the gene model (gencode.v26.GRCh38.genes.gtf) above.
We predicted RBPs binding to each repeat motif by SpliceAid
and ATtRACT (Piva et al. 2009; Giudice et al. 2016). For each TR,
the repeat sequence on the sense strand was tandemly repeated
100 times and, if the overall sequence contained an RBP binding
motif existing in SpliceAid or ATtRACT, the repeat was considered
to bind the RBP.

We also analyzed the enrichment of RBPs bound to spl-TRs.
BED files for RBP binding sites detected through CLIP-seq were
downloaded from the ENCODE portal (184 files) and POSTAR2
(human_RBP_binding_sites.txt) (Zhu et al. 2019; Luo et al.
2020). For ENCODE, BED files for the same RBP were merged,
with a total of 122 files, and call cutoffs for each signal were set
at fold-enrichment >4 and P-value< 0.01. Because POSTAR2 data
contained some of the ENCODE data, we removed them, and 85
RBPs remained. RBPs whose binding sites overlapped with at least
one of the 36,020 TRs in spl-TR mapping were analyzed (n=112
for ENCODE and 71 for POSTAR2). The enrichment was assessed
only for RBPs observed more than ten times in all intronic TRs
(n =36 for ENCODE and 19 for POSTAR2).

Correlation between RBP expression level and splicing quantity

We assessed correlations between RBP expression level and splicing
quantity using linear regression based on a Pythonmodule, statsmo-
dels. The RBP expression levels for 49 tissues were downloaded from
GTEx portal (GTEx_Analysis_v8_sQTL_expression_matrices.tar) and
calculated by The GTEx Consortium as follows (The GTEx
Consortium2020): (1) Read countswerenormalizedbetween samples
using the TMM (trimmedmean of M values) method (Robinson and
Oshlack2010); (2) geneswere selectedbasedon expression thresholds
for TPM (transcripts per kilobase million) and read count; and (3) ex-
pression values for each genewere inverse normal transformed across
samples. The splicing level was downloaded and processed as de-
scribed above (see Methods subsection “Mapping of spl-TRs”).

CLIP-seq

We downloaded FASTQ files of CLIP-seq using anti-TDP43 anti-
body for H9 embryonic stem cells (E-MTAB-530) (Tollervey et al.
2011). NCBI Sequence Read Archives (SRA; https://www.ncbi
.nlm.nih.gov/sra) files were converted to FASTQ files using the
fasterq-dump-orig command of the SRA Toolkit (2.10.8-
ubuntu64). FASTQ files were processed using the nf-core clip-seq
workflow (https://nf-co.re/clipseq/1.0.0) of Amazon Genomics
command-line interface briefly as follows (Ewels et al. 2020).
Universal adapter sequences were trimmed, and reads shorter
than 12 nucleotides were filtered out using cutadapt (Martin
2011). Remaining reads were premapped to rRNA and tRNA with
Bowtie 2 (Langmead and Salzberg 2012). Resulting unmapped
reads were aligned to the GRCh38 reference with STAR and dedu-
plicated for PCR duplication using UMI-tools (Dobin et al. 2013;
Smith et al. 2017).

Overlap of spl-TRs with known disease loci

We surveyed the literature and compiled a list of repeats whose ex-
pansion is related to rare diseases (n =52, Supplemental Table S7;

Tang et al. 2017; Yu et al. 2021). The overlap of these loci with
the 9537 spl-TRs above was analyzed by using BEDTools intersect
function (Quinlan and Hall 2010).

Processing of downloaded RNA-seq data

Wedownloaded SRA or FASTQ files of RNA-seq data from theNCBI
Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/
geo/) or the European Nucleotide Archive (ENA; https://www.ebi
.ac.uk/ena/browser/home) as follows: GSE136366: TARDBP-
knockout HeLa cell lines rescued by exogenously re-expressing
TARDBP or not (n =3) (Roczniak-Ferguson and Ferguson 2019);
PRJEB42763: SH-SY5Y cells stably expressing a shRNA for
TARDBP or control SH-SY5Y cells (n =3) (Brown et al. 2022);
PRJNA391769: two technical replicates of SCA12 and control neu-
ron derived from induced pluripotent stem cell (n =1 for each);
GSE86356: DM1 and control quadriceps femoris (n = 19 and 12),
and DM1 and control tibialis anterior (n=46 and 11);
GSE128844: DM1 and control myoblast (n =3 and 3); and
GSE160916: DM1 and control myoblast (n =3 and 3) and DM1
and control myotube (n=3 and 3) (Kumar et al. 2018; Bargiela
et al. 2019; Wang et al. 2019; Franck et al. 2022). SRA files were
converted to FASTQ files using the fasterq-dump-orig command
of the SRA Toolkit (2.10.8-ubuntu64). We determined the read
length with FastQC-0.11.9 and noticed that read length was dis-
cordant between disease and control samples in GSE86356.
Hence, we trimmed reads to 57 bp for tibialis anterior samples
withTrimmomatic-0.40 (Bolger et al. 2014); for quadriceps femoris
samples, we only analyzed samples of 60-bp read length (n=12 for
DM1 and n=11 for control).

These downloaded files were processed following the GTEx
pipeline (https://github.com/broadinstitute/gtex-pipeline/tree/
master/rnaseq). Briefly, the FASTQ files were aligned to the human
hg38 reference genome (Homo_sapiens_assembly38_noALT_
noHLA_noDecoy.fasta, https://console.cloud.google.com/storage/
browser/gtex-resources/references) with STAR-.2.5.3a (Dobin et al.
2013) and the gene annotation file (gencode.v26.GRCh38.gen
es.gtf, https://www.gtexportal.org/home/data sets) using a docker
file (broadinstitute/gtex_rnaseq:V8, https://hub.docker.com/r/
broadinstitute/gtex_rnaseq/tags). In the STAR mapping, we en-
sured that the “sjdbOverhang” parameter matched read length
for each FASTQ file. Splicing levels were quantified using the pro-
vided scripts (leafcutter_bam_to_junc.wdl and leafcutter_clus-
ter.wd) and the docker file (broad-cga-francois-gtex/leafcutter,
https://hub.docker.com/r/francois4/leafcutter).

Quantification of the retention and splicing of Chr 19:

45,770,640–45,770,971 intron at DMPK

We quantified intron retention (Chr 19: 45,770,640–45,770,971)
in DMPK in all available skeletal muscle samples in GTEx v8 (n=
706). We counted reads spanning either of the two exon–intron
junctions (Chr 19: 45,770,640–45,770,641 and Chr 19:
45,770,970–45,770,971) using iREAD (Li et al. 2020) and averaged
them in each sample. This intron retention event was added to the
LeafCutter junction read count file of each sample downloaded
from AnVIL. Then, the junction files were processed using the
GTEx protocol described above (Methods subsection “Mapping
of spl-TRs”). This processing treated the intron retention like a
splicing event: (1) calculated the proportion of intron retention
reads in a splicing and intron retention cluster and (2) normalized
it across all samples and all events, as performed for splicing
events. For DM1 and control samples (GEO; GSE86356,
GSE128844, and GSE160916), no covariates were available, and
we simply evaluated the difference in the proportion of Chr 19:
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45,770,640–45,770,971 splicing and intron retention among
the clustered splicing events by using one-sided Mann–Whitney
U test (stats.mannwhitneyu). Aside from this regression analysis,
we quantified the retention and splicing of the Chr 19:
45,770,640–45,770,971 intron with the theta (θ) value, which is
almost identical to the ψ value but considers intron retention
(Mertes et al. 2021).

Data access

The results of associations between all splicing events versus all TRs
in 49 tissues and user-friendly web pages with detailed informa-
tion are available in Zenodo (https://doi.org/10.5281/zenodo
.7086007).
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