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Abstract

DMD pathogenic variants for Duchenne and Becker muscular dystrophy are detectable with high
sensitivity by standard clinical exome analyses of genomic DNA. However, up to 7% of DMD
mutations are deep intronic and analysis of muscle-derived RNA is an important diagnostic

step for patients who have negative genomic testing but abnormal dystrophin expression in
muscle. In this study, muscle biopsies were evaluated from 19 patients with clinical features

of a dystrophinopathy, but negative clinical DMD mutation analysis. Reverse transcription PCR
(RT-PCR) or high-throughput RNA sequencing (RNA-Seq) methods identified 19 mutations

with one of three pathogenic pseudoexon types: deep intronic point mutations, deletions or
insertions, and translocations. In association with point mutations creating intronic splice acceptor
sites, we observed the first examples of DMD pseudo 3’-terminal exon mutations causing

high efficiency transcription termination within introns. This connection between splicing and
premature transcription termination is reminiscent of U1 snRNP-mediating telescripting in
sustaining RNA polymerase Il elongation across large genes, such as DMD. \We propose a novel
classification of three distinct types of mutations identifiable by muscle RNA analysis, each of
which differ in potential treatment approaches. Recognition and appropriate characterization may
lead to therapies directed toward full-length dystrophin expression for some patients.

Keywords

Becker muscular dystrophy; Duchenne muscular dystrophy; pseudoexon; deep intronic;
transcription termination; telescripting

1 | INTRODUCTION

X-linked dystrophinopathies are the most common muscular dystrophies with an incidence
ranging from 1:3800 to 1:6200 in newborn boys of European descent(Mendell et al.,
2012), with a prevalence in 2010 estimated at 1.38 per 10 000 males aged 5 to 24
years(Romitti et al., 2015). The dystrophinopathies include Duchenne muscular dystrophy
(DMD), intermediate muscular dystrophy (IMD), Becker muscular dystrophy (BMD) and
the extremely rare X-linked dilated cardiomyopathy; all are caused by mutations in the
DMD gene which encodes dystrophin. DMD is the most severe phenotype; these boys
typically express no dystrophin and in the pre-corticosteroid era would lose ambulation

by age 12 and die of cardiac or respiratory failure in the second or third decade of life.

The designation intermediate muscular dystrophy has been used to describe boys who lose
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ambulation between the ages of 12 and 15 years(Flanigan et al., 2009). Becker muscular
dystrophy is associated with mutations that allow expression of a partially functional
dystrophin protein and a milder phenotype. The mutational heterogeneity of BMD is
associated with broad clinical variability, with loss of ambulation ranging from just beyond
age 15 years to late adulthood(Flanigan, 2014).

The DMD gene is nearly 2.2 megabases in length with 79 exons, although 99% of the gene
is intronic sequence(Muntoni, Torelli, & Ferlini, 2003). According to the reading-frame
rule(Monaco, Bertelson, Liechti Gallati, Moser, & Kunkel, 1988), DMD is caused by
mutations that disrupt or truncate the reading frame and result in no functional dystrophin,
while BMD is caused by mutations that maintain an open reading frame and allow some
functional or partially functional dystrophin to be made. However this rule accurately
predicts phenotype ~90% of the time in DMD and less frequently in BMD(Aartsma-Rus,
Van Deutekom, Fokkema, Van Ommen, & Den Dunnen, 2006; Flanigan et al., 2009), and
its specificity may vary depending on the mutation type. For example, at one clinical center
reporting on nearly 450 dystrophinopathy cases the reading frame rule was upheld for 93%
of exon deletion but only 66% of exon duplications(Takeshima et al., 2010). Deletions

of one or more exons account for around 65% of dystrophinopathy mutations, and exon
duplications around 6-11%; subexonic mutations account for most of the remainder, and
include nonsense mutations, insertions or deletions (indels), splice site mutations, and very
rarely missense mutations (Aartsma-Rus et al., 2006; Beroud et al., 2005; Bladen et al.,
2015; Dent et al., 2005; Flanigan et al., 2009; Takeshima et al., 2010; Tuffery-Giraud et al.,
2009).

An underrecognized class of mutations is that which occurs in deep intronic non-coding
regions of the gene and leads to inclusion of intronic sequence as a pseudoexon(Gurvich

et al., 2008; Tuffery-Giraud, Saquet, Chambert, & Claustres, 2003; Zaum et al., 2017).
Genomic DNA-based analyses used in common clinical practice fail to identify these, as
most use a combination of copy number detection (via a method such as MLPA) along with
sequencing of the coding region of the gene. The frequency of such intronic pseudoexon
mutations is unclear, but the most relevant data for a potential range comes from surveys of
unselected clinic populations, as opposed to databases aggregating reported mutations. The
sensitivity of the standard clinical mutational analysis approach, utilizing DNA from blood
samples, ranges between 93 and 98.5% in patients with a dystrophinopathy (with the latter
value calculated from aggregate data presented in the publication of Takeshima et a/)(Dent
et al., 2005; Takeshima et al., 2010; Yan, Feng, & Buzin, 2004). This suggests that the
remaining dystrophinopathy patients—up to 7%—will have pseudoexon mutations, which
require analysis of muscle-derived mRNA (either via sequencing of RT-PCR generated
cDNA or via RNA-Seq) for identification. Despite a p-globin pseudoexon being among the
very first splicing mutations described for human disease (Treisman, Orkin, & Maniatis,
1983), these mutations have been underappreciated as a group due to their relative rarity.
However, pseudoexons may be particularly prevalent in the dystrophinopathies because

the extremely large genomic size of the DMD locus provides a bigger target for intronic
variations.
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In our ongoing studies of genotype/phenotype correlations in a large research cohort, and
via associated clinical mutation analysis, we performed mRNA analysis in patients with a
dystrophinopathy based on clinical features and abnormal dystrophin protein expression
in muscle biopsy. As a result, we identified 19 causative deep intronic variants or

related mutations resulting in RNA alterations of the DMD gene in these patients, further
highlighting the genotypic complexity of the dystrophinopathies.

2 | MATERIALS AND METHODS

2.1 | Patients

Patients were ascertained from two sources: (1) patients enrolled in the United
Dystrophinopathy Project (UDP), an ongoing natural history and genotype-phenotype
database consortium, and (2) patients referred for specialized DMD gene testing at the
University of Utah Genome Center. All patients had clinical features of dystrophinopathy
or an X-linked family history of muscular dystrophy. All patients included in our
analysis underwent routine clinical testing that interrogated all exons by copy number
and sequencing but did not identify a mutation in the DMD gene. Such methods

included multiplex ligation dependent probe amplification (MLPA) followed by single
condition amplification/internal primer sequencing (SCAIP), or chip-based microarray
methods. In most patients, the failure to identify DMD mutations led to diagnostic
muscle biopsies; in some, the biopsy diagnosis of dystrophinopathy was established prior
to the performance of the clinical genomic mutation test. Regardless, all patients were
diagnosed with a dystrophinopathy based on altered or absent dystrophin expression by
immunohistochemical, immunofluorescent, or immunoblot analysis of a muscle biopsy (see
representative examples, Figure S1 and S2).

2.2 | Mutational analysis

Under institutional review board approved protocols, and following parental and/or patient
consent, genomic blood and/or archived muscle tissue stored at —80° C (generally derived
from clinical biopsies) was obtained for analysis. A sufficient quantity of archived muscle
tissue was available from all patients to perform diagnostic mRNA extraction and RNA-
based analysis by either RT-PCR and subsequent cDNA sequencing analysis, or by RNA-
Seq analysis. Because patients were ascertained between 2005 and 2019, methodology
changed over time; earlier samples were assessed using RT-PCR, and later samples using
massively parallel RNA Sequencing (RNA-Seq). Once a pathogenic variation was identified
from mRNA analysis and mapped to genomic coordinates, sequencing of genomic DNA was
performed to confirm the underlying mutation in the DMD locus. For each patient, intronic
primers were designed that flanked the site of the pathogenic variant and spanned the
pseudoexon (or similar mutation). Sequencing was performed from PCR products amplified
from genomic DNA using standard Sanger sequencing techniques.

For either method of analysis, total RNA was extracted from approximately 40, 10 um
thick cryosections of frozen muscle tissue, which were triturated in 400 microliters of 20
mM Tris*Cl pH 7.4, 150 mM NaCl, 5 mM MgCl,, 1 mM DTT, and 1% Triton X-100
followed by isolation with TRIzol LS (Life Technologies) according to the manufacturers’
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recommended protocol. For earlier samples, the cDNA of the dystrophin gene was amplified
by RT-PCR using a one-step RT-PCR kit (Life Technologies) and ten overlapping primer
sets (Roberts et al. 1991). RT-PCR reactions were used as template in a second round

of nested PCR using Expand High Fidelity Kit (Roche). PCR products were visualized

on an ethidium bromide-stained gel after electrophoresis to confirm amplification before
being cleaned with ExoSAP-IT® (USB) according to the manufactures’ recommended
protocol. All products were sequenced (Eurofins/Operon), aligned to a consensus sequence
(NM_004006.2) and analyzed using Sequencer 5.0® (Gene Codes) software. After
identification of pseudoexons in the cDNA, specific primers were designed to identify the
DNA level mutations for each patient. Intronic primer sequences used for amplification of
genomic DNA are available upon request.

For RNA-Seq, libraries were constructed from ~1 microgram of total RNA depleted

for cytoplasmic and mitochondrial rRNA using the tiling oligodeoxynucleotides/RNase

H digestion method(Adiconis et al., 2013). Random-primed, indexed RNA-Seq libraries
were prepared using lllumina TruSeq Stranded Total RNA library kits and sequenced

on an Illumina HiSeq 2500 instrument using either single-end 50 bp or paired-end

125 bp v4 read chemistry. BAM alignment files were generated by mapping quality
trimmed FASTQ sequence reads to the GRCh37/hg19 human (Feb. 2009) reference genome
using the STAR v2.7 RNA-Seq aligner(Dobin et al., 2013) with the mapping parameter
set: --alignSJDBoverhangMin 1 --alignSJoverhangMin 8 --outFilterMismatchNoverLmax
0.3 --chimSegmentMin 15 --outFilterMultimapNmax 10 --alignintronMax 1100000 --
twopassMode Basic.

Splicing analysis of DMD transcripts was performed by visualizing splice junction reads

in the IGV browser using strand-specific coverage plots and sashimi plots generated from
BAM alignment files. Additional coverage analysis used the BEDTools genomecov function
with the UCSC bedGraphToBigWig utility and annotated sashimi plots of the splicing
events were generated with the ggsashimi tool(Garrido-Martin, Palumbo, Guigo, & Breschi,
2018). Read counts spanning novel junctions were refined by STAR re-mapping using the
—sjdbFileChrStartEnd parameter with a list of novel splice junction coordinates.

2.3 | DMD intron coverage analysis

Read counts for DMD intron coverage analysis were summarized using Dp427m transcript
annotations either as individual introns or as non-overlapping 5-kilobase intronic windows
from chrX:31140097-33229348. These gene and feature annotations were used to extract
read count summaries from the STAR-aligned BAM files using the featureCounts tool(Liao,
Smyth, & Shi, 2014). For local normalization, read counts from each 5 kb intronic segment
were normalized to total DMD intronic read counts and a log, fold change was calculated
by comparing each segment to locally normalized DMD read coverage from control muscle
biopsies. Alternatively, for global transcriptome normalization, the read count summaries
for individual DMD exons and introns were combined with transcriptome-wide gene-level
summaries. For this analysis, the 125 nt. paired end libraries were trimmed to 50 nt.
single-end, stranded libraries to make read mapping comparable between samples. After
STAR alignment, read counts were extracted using featureCounts for protein coding genes
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from the GENCODE project lifted annotations from V31lift37 (Ensembl 97). Exon and
intron-level read count summaries for DMD were also extracted with featureCounts and
combined with gene-level summaries. Read counts were normalized using the TMM method
from the edgeR Bioconductor package without filtering to remove low count genes. Library
size per sample averaged 19.3 million read counts (range 11.4 to 30.0 million) for muscle
biopsy RNA-Seq samples and the edgeR cpm function was used to compute normalized
counts per million (cpm) or log, cpm values used for fold change analysis. Patient versus
control fold change ratios for individual DMD exons/introns were calculated using the log,
cpm values, and only introns > 2.5 kb in length were analyzed to ensure sufficient read
counts. The control RNA-Seq libraries were from an unaffected 9-year-old male for the
pairwise comparison; and from 2, 8, 27, and 28-year-old males.

2.4 | Splice site strength analysis

Splice site strength predictions utilized the following tools: MaxEntScan (http://
hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html), Human Splicing Finder
(HSF3.1, http://www.umd.be/HSF3/HSF.shtml), ESEfinder3.0 (http://krainer01.cshl.edu/
cgi-bin/tools/ESE3/esefinder.cgi?process=home), and the SpliceAl deep learning
algorithm(Jaganathan et al., 2019). Bioinformatic prediction of intronic polyadenylation
sites utilized the IPAFinder_PS_FET.py program from IPAFinder and the POLYAR
program with parameters for PAS-strong poly(A) sites(Akhtar, Bukhari, Fazal, Qamar, &
Shahmuradov, 2010; Zhao et al., 2021). Genome-wide, pre-computed SpliceAl A scores
were downloaded from https://basespace.illumina.com/s/5u6ThOblecrh and variants from
chrX:31140097-33229348 with splice acceptor or donor A scores greater than 0.1 were
extracted. The SpliceAl predicted scores for DMD region variants and individual mutations
were confirmed by re-analysis with SpliceAl run as a local instance using software available
from https://github.com/Illumina/SpliceAl. The ggseqlogo R package was used to display
sequence alignments of splice acceptor and donor sites using the probability method for
height scaling.

3 | RESULTS

3.1 | Classification of DMD intronic mutations

A total of 1,344 subjects from the UDP and 1,259 clinical tests had positive DMD
mutations. Out of those samples, we identified 19 patients with clinical features, dystrophic
muscle biopsies (Supp. Figures 1 and 2), and muscle dystrophin expression consistent with
a dystrophinopathy who had deep intronic or other pathogenic variants resulting in altered
DMD RNA transcripts. In each case, RNA analysis was performed after standard clinical
DMD gene testing was negative. For the purposes of characterization as outlined in Table 1,
we describe three general types of mutations: Type 1, consisting of point mutations; Type
2, consisting of multi-nucleotide deletions or insertions; and Type 3, consisting of larger
chromosomal rearrangements/translocations.

As shown in Table 2 and Figure 1, the largest group consisted of point mutations (Type
1), a type of pseudoexon-creating mutation that has been previously identified and well-
characterized(Baskin, Gibson, & Ray, 2011; Bovolenta et al., 2008; Cagliani et al., 2004;
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Ginsberg, McCarty, Lacomis, & Abdel-Hamid, 2018; Gonorazky et al., 2016; Greer et al.,
2015; Gurvich et al., 2008; Jones et al., 2019; Khelifi et al., 2011; Madden, Fletcher, Davis,
& Wilton, 2009; Magri et al., 2011; Oshima et al., 2009; Zaum et al., 2017). In this cohort,
we found eight Type 1a point mutations that created splice donor or acceptor sites (Figure
1A-H), two Type 1a point mutations that removed a decoy splice acceptor site (Figure 11,J),
one Type 1b that creation/disruption an exon splice enhancer/silencer motif (Figure 1K)
leading to the utilization of cryptic splice donor and acceptor signals, and a novel class of
two Type 1c point mutations that created splice acceptor sites (Figure 1L and M) leading to
the formation of pseudo 3’-terminal exons. As expected, these pseudoexon-activating point
mutations were embedded in intronic sequences that resembled splice acceptor and donor
consensus, as seen by comparing the Type 1 pseudoexon splice site sequence alignments to
constitutive splice sites from the DMD Dp427m transcript isoform (Figure 1N).

Three patients had Type 2 mutations (Figure 2A—-C) consisting of multi-nucleotide deletions
or insertions. One patient with DMD had a 34 nt deletion within intron 7 (¢.650-916_650—
883del) that resulted in flanking sequences being included as a novel out-of-frame
pseudoexon that utilized an upstream acceptor and downstream donor site. We analyzed this
pseudoexon using the HSF3.1 program, which identified that the novel junction sequence
may have resulted in enhanced utilization of cryptic splice donor and acceptor sites by two
complementary mechanisms. First, it creates two new potential exon splice enhancer sites,
recognized by two different SR proteins important to splicing: one site is recognized by

the SRSF2 (formerly SC35) protein (UGCUACUA), and one is recognized by the SRSF5
(formerly SRp40) protein (CUACUAG); in addition, it is predicted to disrupt an exon splice
suppressor site (UCAGAACU). Also, we analyzed this mutation using SpliceAl algorthim
which predicts delta (A) acceptor and donor scores ranging from 0 to 1 between a reference
and alternate allele and can be interpreted as the probability of the variant being splice-
altering. The SpliceAl-10k algorithm predicted that this 34 nt deletion activates strong splice
acceptor (A score = 0.61) and donor (A score = 0.76) sites at the observed locations (Figure
2A). A second Type 2 mutation (Figure 2B) found in a BMD patient, had a 238 nt deletion
that spanned the exon 45/intron 45 junction (c.6489_6614+111del); the resulting hybrid
exon, which maintains an open reading frame, contains 48 nt from the first part of exon 45
and 30 nt from intron 45 beginning at a position +110 relative to the end of exon 45. A third
Type 2 mutation (Figure 2C) found in a patient with DMD, showed a L1 retrotransposon
element (LINE) insertion entirely within exon 33 (¢c.4606_4607ins10218+As). The resulting
hybrid pseudoexon contained the first 88 nt from exon 33, and 95 nt from the 5’ portion of
the LINE element insertion, spliced to exon 34, and results in translational termination 17
amino acids downstream in the new reading frame.

Patients with Type 3 mutations represented larger scale chromosomal rearrangements, and
all had a DMD phenotype. One patient had an annotated chr. 2 IncRNA exon (exon 2

from NR_131227.1) detected by RT-PCR analysis (Figure 2D), indicating a portion of that
chromosome 2 genomic region had been inserted into DMD intron 55. RNA-Seq analysis
resolved the final two cases as a transposition of the chromosome X OFDI1 region into DMD
intron 1 (Figure 2E) and an inversion of the short arm of chromosome X (Figure 2F). For
one patient, RNA-Seq detected normal levels of intron 1 DMD reads that ended abruptly
near chrX:33,112,600 (Figure 2G). An intron DMD 9.33112674 :: OFD1g.13782326
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breakpoint was detected both by RNA-Seq reads and by PCR from genomic DNA both

in the proband and his mother (Figure 2G). A chromosomal inversion was not observed by
cytogenetic staining of chromosomal spreads, but cytogenetic microarray analysis detected
duplications (Supp. Figure 3) both in DMD intron 1 (chrX:~33100000-33150000) and in
the OFD1 region (chrX:~13720000-13780000), suggesting a complex transposition event.
Transcription from the DMD intron 1 into the transposed region proceeded in the antisense
orientation into the OFDI gene and eliminated most transcription through the DMD gene,
probably due to the insertion of a strong transcriptional terminator from the OFDI region
(Figure 2H). RNA-Seq analysis of the final Type 3 patient indicated an ~23 Mb inversion
breakpoint, confirmed by PCR from genomic DNA, between DMD intron 60 and the VCX2-
VCX3B region at chrX:8200000, where transcription from the DMD region proceeded for
an additional ~300 kb (Figure 21I).

A summary of patient clinical and genotypic features is provided in Table 2. Of the 19
patients reported, 10 had the milder BMD phenotype. In this group, symptom onset occurred
as early as 1 year and as late as 56 years of age with all ambulant at the time of this

report (age 7-68 years). All but one BMD patients had normal cardiac function, and varying
degrees of preservation of normal splicing were observed in 4 out of these 10 patients
analyzed by RNA-Seq (Table 2, Figure 3). All of the DMD patients had typical features,
with symptom onset ranging from 6 months to 3 years and loss of ambulation between 9
and 12 years. Only one DMD patient had cardiomyopathy, although this is a young cohort
and all of those with reported normal cardiac function were age 13 or younger. Consistent
with the more severe phenotype, 8 of the 9 DMD patient samples showed only out-of-frame
RNA transcripts, with no significant wild-type transcript. The sole exception is the subject
whose pseudoexon consisted of a 51 nt fragment of chromosome 2 sequence, in whom the
resulting translated protein might be expected to be significantly misfolded and unstable
(p-Glu2739_Asp2740ins17).

3.2 | Activation of intronic splice acceptor sites cause premature transcription

termination

Splice junction reads from two BMD patients with Type 1c point mutations each activated
an intronic splice acceptor site that led to inclusion of a pseudo 3’-terminal exon and
unexpectedly caused premature termination of the transcribing RNA polymerase complex.
Unlike other pseudoexons detected by RNA-Seq analysis (Supp. Figure 3), downstream
splice donor site junction reads were not observed for the intron 43 ¢.6290+3076A>G
(Figure 3A) or the intron 61 ¢.9163+2510G>A (Figure 3B) mutations, and elevated intronic
read depths persisted for at least 5 kb downstream of these mutations. To identify the
locations of putative intronic polyadenylation sites at the 3 border of these pseudo-terminal
exons, we applied the IPAFinder algorithm which performs de novo identification of intronic
poly(A) events using splice junction reads and intronic RNA-seq read coverage. IPAFinder
predicted a terminal exon (located at chrX:31364161-31358615) from a paired analysis of
the intron 61 9.31364162, ¢.9163+2510G>A mutation versus a normal control (Pvalue from
Fisher’s exact test = 7e-05). The 3’ end of predicted 5.5 kb intron 61 pseudo-terminal exon
coinciding with a precipitous decline in read depth; independently, the POLYAR program
predicted a strong polyadenylation site at this putative 3’ border of this pseudo-terminal
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exon (Figure 3C). In contrast to the intron 61 mutation, IPAFinder did not predict the
location of an intronic poly(A) site for the intron 43 mutation, suggesting that the more
gradual decline of intron 43 read coverage may reflect the combined use of multiple

sites. To test if these activated intronic splice acceptor sites were coupled to premature
transcription termination, we used two different approaches for measuring normalized levels
of RNA-Seq reads from introns downstream of these mutations. First, read counts were
summarized in non-overlapping 5 kb intronic intervals across the entire ~2.1 Mb span of
the Dp427m isoform and interval coverage depths were calculated relative to total DMD
intronic read counts mapped in that patient. The ratio of these coverage values in the

patient versus an unaffected 9-year-old male were plotted across the DMD locus as ‘locally’
normalized log, fold change values (Figure 4A). For both Type 1c mutations, the read depth
within the intron containing the mutation was increased followed by an abrupt decrease in
intron coverage 3’ of the mutation; this pattern of decreased intronic read depth was not
apparent with other pseudoexon point mutations (Supp. Figure 4A). The decreased intronic
read depth pattern downstream of the mutation is reminiscent of RNA-Seq coverage in
genes that undergo telescripting, where failure of U1 snRNP to suppress premature RNA
polymerase Il termination leads to abrupt decreases in intronic coverage after sites of
premature termination(So et al., 2019).

RNA polymerase Il prematurely terminating after transcribing across these Type 1c point
mutations would also decrease the relative abundance of exons downstream of the mutation.
To test this second prediction, DMD exon and intron read counts were normalized to the
entire protein coding transcriptome and relative fold changes were calculated as the ratio of
counts per million values from the patient versus a 9-year-old, non-dystrophic male. These
‘globally’ normalized DMD exon and intron mRNA fold change values are plotted in their
5’ to 3’ direction of transcription in Figure 4B. The normalized DMD intron pre-mRNA
levels for the ¢.6290+3076A>G (intron 43) mutation were unchanged from intron 1 through
42, followed by a slight elevation in intron 43 level and then a sharp reduction (~5-fold)
from intron 44 through 62, then elevating to intermediate levels from intron 63 through 78
coinciding with low-level transcription from the Dp71 promoter in intron 62 (Figure 4B,
right panel). The normalized DMD exon pre- and mature mRNA levels for this mutation
closely paralleled the intron levels with a sharp reduction in mRNA levels after exon 43

to exon 62 and then slightly elevated with the Dp71 transcript beginning at exon 63. This
parallel reduction in exon and intron mRNA levels in the vicinity of the intron 43 mutation
strongly supports the model for premature termination of RNA polymerase Il transcription
in the vicinity of the activated intronic splice acceptor site. The DMD exon and intron
mMRNA levels for the ¢.9163+2510G>A (intron 61) mutation were unchanged from exon 1
through 60, followed by a ~5-fold increase in intron 61 and a ~5-fold decrease in intron 62
coverage consistent with pseudo 3’-terminal exon formation within intron 61; intermediate
levels beginning at exon 63 through 79 indicated Dp71 expression in this patient’s muscle
biopsy, as well (Figure 4B, right panel). In contrast, globally normalized DMD intron
MRNA levels from other pseudoexon point mutations (Supp. Figure 4B) showed only minor
fluctuations across all 78 introns, as did RNA-seq data from additional non-dystrophic
controls ranging in age from 2 to 28 years old (Supp. Figure 4C). At the exon mMRNA

level, these other pseudoexon point mutations showed a relative 5’ to 3’ decrease in DMD
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exon mMRNA, particularly for the intron 7 ¢.650-39498A>G, intron 38 ¢.5448+67A>G,

and intron 47 ¢.6913-5879A>G mutations (Supp. Figure 4B). This progressive 5’ to 3’
decrease in DMD exon mRNA levels has been previously observed in DMD patients using
RT-gPCR and was interpreted as post-transcriptional nonsense-mediated decay (NMD) of
the mature mRNA transcript overlayed with pre-mRNA transcript accumulation differences
in the 5’- versus 3-ends of the gene due to the additional nuclear half-life of 5” exons
during the 16 hours required to transcribe the ~2.1 Mb Dp427m pre-mRNA(Anthony et

al., 2014; Tennyson, Shi, & Worton, 1996). A similar 5’ to 3’ exon mRNA decrease has
been observed in the max mouse (exon 23 nonsense mutation) and in myotubes derived
from a patient with an out-of-frame exon 48 to 50 deletion; that study suggested that a
decrease in DMD transcription instead of cytoplasmic NMD was responsible for reduction
in DMD mRNA(Garcia-Rodriguez et al., 2020). For the pseudoexon mutations shown in
Figure S4, the lack of a parallel 5’ to 3’ decrease in intron mRNA levels suggests that the
5’ to 3’ decrease in exon mRNA levels is due to a post-transcriptional mechanism, most
likely NMD. However, the corresponding decrease of exon and intron mRNA read depths
downstream of the Type 1c intronic splice acceptor site mutations support the hypothesis
that splicing to these mutation-activated acceptor sites results in 3’-end cleavage of the
pre-mRNA and premature transcription termination within the DMD gene in close proximity
to the mutation.

3.3 | Intronic target size estimation for pseudoexon activation

We compared the 13 pseudoexon point mutations found in this study to 24 DMD
pseudoexon mutations previously described in the literature and in the ClinVar database
(Supp. Table 2) and found only three mutations in common: ¢.650-39498A>G,
€.3603+820G>T, and ¢.9225-647A>G. Since the SpliceAl algorithm accurately predicted
the observed pseudoexon location for the Type 2 ¢.650-916_¢.650-883del mutation (Figure
2A), we calculated SpliceAl A scores for the Type 1a, 1b and 1c point mutations, as well
as the previously described DMD pseudoexon mutations. The locations of the pseudoexon
boundaries were accurately predicted for each Type 1a and 1b mutation, and the mean
SpliceAl A score was 0.66 for acceptor gain and 0.71 for donor gain for Type 1a mutations,
where a A score > 0.5 is considered a high confidence prediction(Jaganathan et al., 2019),
while the Type 1c pseudo 3’-terminal exons showed only high A scores for acceptor gain
(Supp. Table 1). The pseudoexon locations of the previously known mutations (23 Type la
and one Type 1b) were also accurately predicted, with mean A scores of 0.65 for acceptor
gain and 0.62 for donor gain (Table S2). The pseudoexon location of Type 1a intron 22
€.2949+909C>T (exon 22a +21C>T) mutation was correctly predicted although without
high confidence A scores for acceptor and donor gain (Table S1). While the SpliceAl deep
learning algorithm does not specifically report what sequence features contributed to the
accurate definition of exon 22a, RNA binding protein motif analysis surrounding the +21
C>T mutation suggested both loss of MBNL1/HNRPNK/SRSF1 motifs and gain of an
ETR-3 motif may have been contributing factors. Since the SpliceAl predictions displayed
good sensitivity for the observed pseudoexons, we used these predictions as a surrogate
for estimating the “target size’ for pseudoexon mutations by examining the acceptor and
donor gain A scores at all possible single nucleotide variants (SNVs) for the ~2.1 million
DMD intronic nucleotide sites, excluding + 40 nt flanking each exon. Only 13,129 variants
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(0.21% of all possible variants) had relatively permissive SpliceAl acceptor or donor gain
A scores = 0.1, and the score distribution for these sites is shown in Figure 5A, including
scores for observed pseudoexon point mutations(Jaganathan et al., 2019). As expected,

the positions of these variants relative to the predicted pseudoexons were enriched in the
flanking acceptor and donor regions (61.5%, Supp. Figure 5). Using the lower quartile A
score of the observed mutations as a threshold (0.33 for acceptor gain and 0.38 for donor
gain), only the top 1,090 predicted sites (~0.02% of all possible variants) occurred in this
scoring range and were highly enriched in =20 to +2 acceptor consensus region (27.1%)
and the -2 to +6 donor consensus region (62.7%) flanking the predicted pseudoexons. This
suggests that within DMD introns spanning 2.1 Mb, the effective pseudoexon target size
for high penetrance point mutations is ~1 kb, although insertion/deletion mutations will also
contribute to additional targets for pseudoexon activation.

The SpliceAl predicted sites were seen throughout introns but their fine-scale distribution
suggests local enrichment around proto-pseudoexons. Two extreme examples of SpliceAl
site density are shown in Figure 5B and C, where in the first case, pseudoexon 7i has only
one predicted SpliceAl site in the local vicinity (+ 1.5 kb) and the pseudoexon mutation
(c.650-39498A>G) occurred at this site. In contrast, pseudoexon 22i (Figure 1K) has 7
predicted SpliceAl sites in the local vicinity (~300 bp), one of which coincides with the
observed ESE mutation (c.2949+909C>T), while 6 additional SpliceAl sites would generate
the equivalent pseudoexon and 8 sites would generate a nested set of pseudoexons sharing
the same acceptor site. Previous work using ultra-deep, targeted RNA-Seq analysis of DMD
transcripts in immortalized human muscle cell lines detected low-level splicing to intronic
sites with adjacent 3’ and 5’ splice site motifs suggestive of ‘zero-length exons’, also known
as recursive splicing sites, and predicted 145 recursive splicing (RS) sites within DMD
introns (Gazzoli et al., 2016; Sibley et al., 2015). Although recursive splicing is seldom
seen in human introns, an additional analysis using targeted ODMD RNA-Seq from human
skeletal muscle biopsies found overlap between these proposed RS sites and the splice
junctions of three low-level alternative cassette exons(Bouge et al., 2017). A recent review
of DMD pseudoexons proposed a more extensive concordance of 145 predicted RS sites and
pseudoexon splice sites (Keegan, 2020). We tested the degree of concordance by intersecting
the locations of these 145 predicted 5’RS and 3’RS sites with the 68 pseudoexon splice
junctions from the new and known pseudoexons described in this study (Supp. Tables 1 and
2), and found overlap between three pseudoexon splice donor sites and three 3’RS sites and
one pseudoexon splice acceptor site and a 5’RS site (Supp. Table 3). Intersection of the 145
RS sites with the top 1,090 or the complete 13,129 set of SpliceAl predicted splice acceptor
or donor sites with high A scores (Figure 5A) resulted in 28 (19%) and 74 (51%) RS sites
overlapping this class of SpliceAl sites, suggesting that the RS sites are derived from the
same intronic territory as pseudoexons.

4 | DISCUSSION

The current gold standard of clinical mutation analysis—exon deletion/duplication analysis
with reflex to exon sequencing as needed—will successfully identify the causative mutation
in most, but not all, dystrophinopathy patients. The actual frequency of such mutations
is not known but can be estimated. Notably, many large collections of DMD mutations
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are obtained from databases of established mutations, not cohort studies(Aartsma-Rus et
al., 2006; Bladen et al., 2015). Among the 2603 total patient samples in our cohorts with
identified DMD mutations (1344 from the UDP and 1259 from the clinical testing program
at Utah Genome Center) with identified DMD mutations, 19 (0.73%) had pseudoexon
mutations, a value we consider to be the lower boundary of possible frequency. A more
meaningful estimate of frequency may be provided by the observation that pseudoexon
mutations were found in all 19, or 100%, of all patients for whom (i) a dystrophinopathy
was detected by protein expression, and (ii) sufficient tissue was available for the RNA
analyses we describe. Because unbiased cohort-based studies of dystrophinopathy patients
as defined by either X-linked family history or dystrophin expression abnormalities show
that 1.5% to 7% of DMD mutations are not detectable by genomic DNA analysis (Dent

et al., 2005; Takeshima et al., 2010; Yan et al., 2004), we can infer an upper boundary of
an estimated frequency as 7% of all mutations. We anticipate that these estimates will be
refined by improved recognition of this mutation class, and increased availability of clinical
RNA sequencing to facilitate its recognition.

In an effort to better characterize these unusual mutations, we propose a classification
system for DMD mutations identified after muscle mRNA analysis (Table 1). This
classification is beneficial because it highlights and simplifies these unusual mutational
mechanisms. This will also allow for ease in identification of patients with pseudoexons
amenable to current therapeutic strategies, ultimately impacting diagnosis and counseling
for DMD and BMD patients. Type 1 pseudoexon mutations comprise the most common
previously reported type: point mutations leading to creation of splice donor, acceptor, or
enhancer sites(Baskin et al., 2011; Bovolenta et al., 2008; Cagliani et al., 2004; Ginsberg

et al., 2018; Gonorazky et al., 2016; Greer et al., 2015; Gurvich et al., 2008; Khelifi et al.,
2011; Madden et al., 2009; Magri et al., 2011; Oshima et al., 2009; Zaum et al., 2017).
Although exon-skipping therapies are perhaps most widely associated with skipping of
native exons, it has also been successful in skipping pseudoexons via antisense(Bolduc et al.,
2019; Gurvich et al., 2008; Rendu et al., 2013) or gene editing approaches. Type 1 mutations
include those potentially amenable to splice site modification that could result in exclusion
of the pseudoexon from the mature mRNA.

All mutations reported here are novel, except for three Type 1a mutations. The ¢.650—
39498A>G mutation was previously reported as creating a cryptic splice donor site within
intron 7(Zaum et al., 2017). In that case, the authors posited that the minor G allele of

a known intronic polymorphism (rs113593006 G/T) was important in the development

of a cryptic splice acceptor site and activation of this pseudoexon(Zaum et al., 2017).
However, the patient reported here has the rs113593006 T allele and also has activation of
the pseudoexon; therefore, the minor rs113593006 allele is not required for the development
of the pseudoexon. Two cases of acceptor site variants, one novel and one known, both
altered an AG dinucleotide at the —19 position, which improved the predicted acceptor site
strength (Supp. Table 1) and created an AG-exclusion zone between the pseudoexon 3’ss AG
and its upstream branch point by removing the decoy AG at position —19(Wimmer et al.,
2020). An additional novel ¢.5448+67A>G mutation created a new donor site that redefined
exon 38 splicing to the extent of causing a DMD phenotype. Both these types of mutations
reinforce the role of exon definition as one of the earliest steps in splice site recognition.
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Application of the SpliceAl deep learning algorithm to the pseudoexon mutations in this
study and from the literature showed that pseudoexon activation can be accurately predicted
from primary sequence variation alone. The proportion of observed mutations activating
donor versus acceptor sites was similar to the distribution seen from the high confidence
SpliceAl predictions, and only a small fraction of the observed mutations occurred outside
of the core donor and acceptor sites. The skew in the predicted activation strength of the
observed mutations also allowed us to estimate that the target size for pseudoexon point
mutations is on the order of only ~1000 nucleotides within the 2.1 Mb expanse of DMD
intronic sequence. This effective target size is consistent with the frequency of pseudoexon
mutations across the spectrum of all DMD mutations(Flanigan et al., 2009; Tuffery-Giraud
etal., 2009).

Perhaps the most unexpected observation in this study were two point mutations that
activated splice acceptor sites and led to pseudo 3’-terminal exon formation coupled to
premature transcription termination. Pseudoexon mutations that create 3’-terminal exons
have not, to our knowledge, been previously described and were not detected in previous
RNA-Seq surveys of muscle disorder transcriptomes(Cummings et al., 2017; Gonorazky

et al., 2016; Waddell et al., 2021). The distinctive RNA-Seq pattern of a uniform

decrease in intronic read depth downstream of the pseudo 3’-terminal exon mutations has
been previously observed in two different experimental contexts. It is seen in antisense
oligonucleotide (ASO) experiments that block U1 snRNA (U1) base-pairing to splice donor
sites, which interferes with U1’s telescripting activity in suppressing premature 3’-end
cleavage and transcription termination. It is also seen in ASO experiments that target introns
and direct RNase H cleavage, leading to premature transcription termination downstream

of the intronic cleavage site(Lai, Damle, Ling, & Rigo, 2020). A mechanism for splicing
control of transcription termination has been widely appreciated due to the normal coupling
of terminal exon splicing and 3’ end processing of pre-mRNA. It is well known that
mutations inactivating the splice acceptor site of 3’ terminal exons coordinately disrupt
splicing, 3’ end cleavage, polyadenylation and RNA polymerase 1l (Pol 1) transcription
termination(Dye & Proudfoot, 1999). The pseudo 3’-terminal exons observed here may be
the reverse of these coupled processes where mutations that activate cryptic splice acceptor
sites induce cryptic cleavage and polyadenylation (CPA) sites and subsequent premature
termination of elongating RNA polymerase 1l (Pol I1). That both of these acceptor site
mutations were associated with long (>5 kb), variable pseudo 3’-terminal exons suggests an
additional mechanism that may result in terminal exon formation within large, constitutively
spliced introns. Recent observations suggest that U1 snRNA 5’end base-pairing to pre-
mRNA splice donor sites suppresses recognition of cryptic polyadenylation signals in large
introns and prevents premature transcription termination(So et al., 2019). The absence of

a strong splice donor site downstream of the activated splice acceptor site may be one
sequence feature contributing to the formation of pseudo 3’-terminal exons by preventing
formation during the exon definition step of a stable U1 sSnRNP pre-mRNA complex trailing
the elongating Pol Il. Several genes encoding CPA and termination factors, including CSTF3
and PCF11, have an analogous mechanism using weak splice donor sites coupled to intronic
polyadenylation and premature transcription termination to autoregulate their levels(Wang,
Zheng, Wei, Ding, & Tian, 2019).
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This splicing-dependent activation of premature transcription termination may also have

an unsuspected role in pre-mRNA quality control if mis-splicing events also activate this
premature Pol 11 termination pathway and may have implications for therapeutic strategies
designed to bypass splicing mutations. The concordance of recursive splicing sites and
pseudoexon splicing sites that we and others have observed may also be related to quality
control of mis-splicing events. One hallmark of efficient recursive splicing is a multiple
‘sawtooth’ RNA-Seq read depth pattern within single long introns due to co-transcriptional
splicing of recursive segments followed by relatively rapid degradation of the excised
intronic RNA; however, DMD long introns display a single ‘sawtooth’ pattern characteristic
of non-recursive, co-transcriptional splicing. /n vivo skipping of a duplicated mouse Dmd
exon 2 using AAV-U7 mediated antisense treatment converts intron 1 and intron 2 ‘sawteeth’
into a single intron 1 + 2 sawtooth, consistent with non-recursive, co-transcriptional splicing
of exon 1 to exon 3 in the treated mice (Wein et al., 2014). Therefore, it is unlikely

that efficient recursive splicing is used in DMD introns but instead the predicted RS sites
may represent a salvage pathway for mis-spliced transcripts. Since recursive splicing in
vertebrates acts through an “‘exon definition’ mechanism, the novel association we observed
between the increased density of pseudoexon-activating SpliceAl sites at putative RS-exons
suggests that the rare RS splice junction products may result from mis-spliced intermediates
at intronic sites that most closely mimic exon definition rules. These mis-spliced transcripts
may be resolved through either a recursive splicing salvage pathway to produce a non-
aberrant mature transcript or by a salvage pathway using the novel pseudo 3’-terminal

exon mechanism described here that would couple mis-splicing to premature transcription
termination, discontinuing the synthesis of an aberrant transcript.

In contrast to Type 1 mutations, the more complex Type 2 and 3 mutations would not
necessarily be amenable to intron sequence directed exon skipping and gene editing
strategies. The Type 2 mutations described here are all unique. Although a LINE

insertion deep within intron 51 resulting in a pseudoexon has been reported in one

patient with BMD(Goncalves et al., 2017), and a similar intron 13 LINE insertion

has been reported to result in a pseudoexon in a dog model(Smith et al., 2011), here

we report the first example of a LINE insertion within an exon (exon 33) resulting

in a hybrid pseudoexon (c.4606_4607ins10218+As). The Type 3 mutations are larger

scale chromosomal rearrangements which, in general, have previously been reported in
dystrophinopathy(Flanigan et al., 2011), but the inversions described here provide additional
insights into mechanisms that contribute to complex structural mutations. Large intragenic
DMD single and multi-exon deletions and duplications are thought to occur through

repair of double stranded breaks using non-homologous end-joining repair pathways and
replication-dependent mechanisms(Ankala et al., 2012; Ishmukhametova et al., 2012; Mitsui
et al., 2010). The association of the DMD-OFD1 transposition with a local duplication in
DMD intron 1 may reflect the use of similar DNA damage response pathways.

Among the nine patients with DMD and the ten patients with BMD/hyperCKemia, the
reading frame rule applied 89% and 10% of the time, respectively. This discrepancy

was investigated further in one patient with a Type 1b “out-of-frame” mutation who was
essentially asymptomatic with only an elevated CK. RNA-Seq revealed the presence of two
transcripts, one with the pseudoexon (55%) and one with an essentially normal transcript

Hum Mutat. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Waldrop et al.

Page 15

(45%) (data not shown). Thus, his milder phenotype was supported by dystrophin protein
production from the second transcript, and it is likely the other “out-of-frame” BMD patients
have a similar mechanism. It has been previously reported that even a relatively low level

of dystrophin expression can significantly ameliorate phenotype(de Feraudy et al., 2021,
Kinane et al., 2018; Mendell et al., 2016; Mendell et al., 2013; Waldrop et al., 2018) and
these results are further supported here.

We note that pseudoexon mutations are not limited to the dystrophinopathies, as similar
mutations have been described in other forms of muscular dystrophy (e.g., the COL6A1,
CAPN3and DYSFgenes)(Blazquez et al., 2013; Bolduc et al., 2019; Dominov et al., 2014),
where utilization of the pseudoexon classification system may also prove useful. In the
current era of therapeutic development for the dystrophinopathies, obtaining a definitive
molecular diagnosis is key for patients and their families. In addition to potential therapeutic
implications, a definitive molecular diagnosis facilitates accurate genetic counseling and
diagnostic testing of family members. This work highlights that in the proper clinical
context, failure to identify a mutation based on genomic analysis from blood samples is
insufficiently sensitive to exclude a diagnosis of dystrophinopathy, and muscle biopsy for
dystrophin immunostaining and for mRNA analysis remains an essential next diagnostic
step.
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Figure 1. Deep Intronic DMD Point Mutationsthat Activate Pseudoexons
(A-H) Individual exon/intron diagrams for mutations that create cryptic splice acceptor

(SA) or splice donor (SD) sites used for pseudoexon inclusion. The coding DNA (c.)
nomenclature is based on NM_004006.2, and exon/intron sizes (not drawn to scale) are
shown in nucleotides (nt) with mutation locations indicated with red arrows. (1,J) Mutations
that inactivate AG dinucleotides in the polypyrimidine tract. (K) Exonic splice enhancer
mutation +21 nucleotides from the 5’ splice junction. (L,M) Mutations activating cryptic
SA sites associated with pseudo 3’-terminal exons. (N) Sequence logos showing the relative
nucleotide proportions (probability) at each position of the pseudoexon SA and SD sites
(upper panel) versus constitutive splice sites for DMD exons 1 to 79 of NM_004006.2.
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Figure 2. Type 2 and 3 DMD mutations
Exon/intron diagrams for intronic deletions, insertions and chromosome level

rearrangements. Mutations that (A) activate pseudoexon inclusion by a 34 nt. intronic
deletion, (B) cryptic splice donor activation by a 238 bp. Deletion, or (C) a~6.2 kb L1
retrotransposon insertion. Complex mutations due to (D) an inter-chromosomal transposition
of a chr2 segment, (E) intra-chromosomal transposition of the chrX OFD1 region, and (F)

a large, 23 Mb inversion between the VCX2-3region at chrX:8.2 Mb and DMD intron

60 at chrX:31.4 Mb. (G) RNA-Seq read depth across the DMD region for the (E) and (F)
mutations. (H) RNA-Seq coverage and exon junction reads that link DMD exon 1 with the
OFD1 region, and the genomic sequence of the confirmed DMD intron 1 to OFDI region
junction. Strand-specific coverage is shown in the OFD1 regions, ectopic transcription

on the minus strand shown in brown. (I) RNA-Seq coverage showing transcription from
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the DMD region and exon 60 junction reads supporting the inversion breakpoint junction
(green), and ectopic transcription through the VCX2- VCX3Bregion (blue).
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Figure 3. Type 1C Intronic DMD Mutations Activate I ntronic Splice Acceptor Sites
(A) Coverage plots of stranded, total RNA-Seq reads mapped to the DAMD exon 43 — intron

43 — exon 44 region (hgl9, chrX:32.32-32.22 Mb). The lower panel (blue) displays mapped
reads from the intron 43 ¢.6290+3076A>G patient, compared to reads from a control
muscle biopsy (upper panel, gray). Exon and pseudoexon junction read counts are shown

as numbers alongside connecting arcs. Numbers in brackets are flanking exon junction read
counts. The cryptic splice acceptor site activating mutation (bold red) is shown relative to
the reference sequence. (B) Coverage plots for mapped reads in the DMD exon 61 — intron
61 — exon 62 region (chrX:31.37-31.34 Mb) from the intron 61 ¢.9163+2510G>A patient
(lower panel, green) versus a control biopsy (upper panel, gray). (C) The read depth for the
intron 61 ¢.9163+2510G>A patient is zoomed to the intron 60 — exon 61 — intron 61 region
(chrXx:31,349,600-31,367,400) and then to the 100 nucleotide region (chrX:31,358,538-
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31,358,647) with an abrupt decrease in read depth coinciding with a POLYAR predicted
strong cleavage and polyadenylation site.
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Figure 4. Type 1C Intronic DMD M utations Cause Premature RNA Transcription Ter mination
(A) Read depth and differential intron coverage tracks across the DMD gene (chrX:33.27-

31.11 Mb) with the intron 43 ¢.6290+3076 A>G patient browser tracks shown in blue
(upper) and the intron 61 ¢.9163+2510G>A patient in green (lower). The *Intronic Fold
Change, Local’ track plots the logs ratio of patient versus an unaffected 9-year-old male
from read counts summarized in 5 kb non-overlapping intronic bins and normalized to the
total number of DMD intronic reads in each sample. (B) Globally normalized RNA-seq data
for DMD for patients with the indicated DAMD mutation, with the left panels plotting 5’ to
3’ the intron (red) and exon (blue) log, fold change differences from compared to values
from an unaffected 9-year-old male. Right panels are box plots of log, fold changes for
exons/introns grouped from 1 to 44, 44-60, and 62 to 79.
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Figure 5. Landscape of Observed and Predicted DMD Pseudoexon M utations
A) SpliceAl-10k predicted strength gains of cryptic splice sites caused by SNVs in DMD

intronic regions (excluding 50 nts. flanking each exon) are shown for donor and acceptor
sites. The probability of the SNV causing cryptic splice site gain (D score) ranges from 0 to
1, and only sites with a D score = 0.1 were included. Point mutations described in Figure
1A-J are shown in red, pseudo 3’-terminal exons mutations from Figure 1L.—M are shown in
orange, and point mutations found in the literature (Table S2) are shown in blue. Box plots
summarizing the D score ranges for the acceptor and donor site scores are shown separately
for observed sites (new + known, purple) and predicted sites (gray). (B) Detailed view of
intron 7 pseudoexon mutation (see Figure 1A) with RNA-Seq coverage from patient muscle.
Locations of the SpliceAl-10k predictions for splice acceptor (brown) or donor (blue) gain
are shown for all scores = 0.1. (C) Detailed view of intron 22 pseudoexon mutation (see
Figure 1K) with the observed pseudoexon shown in red and overlapping SpliceAl predicted
pseudoexons in green. The arrow indicates the overlap of a 3’RS site.
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