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Myotonic dystrophy type 1 (DM1), the leading cause of adult-
onset muscular dystrophy, is caused by a CTG repeat expansion.
Expression of the repeat causes widespread alternative splicing
(AS) defects and downstream pathogenesis, including signifi-
cant skeletal muscle impacts. The HSALR mouse model plays a
significant role in therapeutic development. This mouse model
features a transgene composed of approximately 220 interrup-
ted CTG repeats, which results in skeletal muscle pathology
that mirrors DM1. To better understand this model and the
growing number of therapeutic approaches developed with it,
we performed a meta-analysis of publicly available RNA
sequencing data for AS changes across three widely examined
skeletal muscles: quadriceps, gastrocnemius, and tibialis ante-
rior. Our analysis demonstrated that transgene expression
correlated with the extent of splicing dysregulation across these
muscles from gastrocnemius (highest), quadriceps (medium), to
tibialis anterior (lowest).We identified 95 splicing events consis-
tently dysregulated across all examined datasets. Comparison of
splicing rescue across seven therapeutic approaches showed a
range of rescue across the 95 splicing events from the three
muscle groups. This analysis contributes to our understanding
of the HSALR model and the growing number of therapeutic
approaches currently in preclinical development for DM1.
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INTRODUCTION
Myotonic dystrophy type 1 (DM1) is an autosomal dominant, multi-
systemic disease that impacts various body systems, including skeletal
and smooth muscles, heart, endocrine system, eyes, and the CNS.1 It
is the most prevalent form of adult-onset muscular dystrophy and
presents with clinical symptoms that include myotonia, muscle weak-
ness and wasting, cardiac dysfunction, cataracts, insulin resistance,
and cognitive impairment. The genetic basis of DM1 is an expansion
of a CTG trinucleotide microsatellite repeat in the 30 UTR of the dys-
trophia myotonica protein kinase (DMPK) gene.2–5 The molecular
underpinnings of the disease are attributed to a toxic RNA gain-of-
function model,6 in which CUG-expanded (CUGexp) RNAs sequester
muscleblind-like (MBNL) splicing factors creating nuclear RNA
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foci.7–12 Sequestration of MBNL splicing factors disrupts various
cellular processes, including alternative splicing (AS), translation,
polyadenylation, microRNA processing, and mRNA localization
and stability.8,13–15 Disruptions of key AS events are linked to
DM1 symptoms such as myotonia, insulin resistance, and cardiac
defects.16–18

The use of mouse models to study DM1 has provided critical insights
into disease pathology and therapeutic development.19–27 For
example, Mbnl1 knockout mice closely mimic DM1 symptoms sup-
porting the critical role for MBNL1 in DM1 pathology.28 While
various mouse models have been used,29 theHSALR model has played
an extensive role in studying DM1.19,28,30–50,51–73 The HSALR mouse
model, expressing �220 CUG repeats in the 30 UTR of the ACTA1
mRNA, replicates several DM1 features, including central nuclei
and ring fibers, variability in fiber size without muscle fiber necrosis,
and myotonia. This model replicates the RNA-centric disease pathol-
ogy driving DM1, without DMPK flanking sequences, and has helped
cement the central role of the expression of the repeat expansion in
disease pathogenesis. Given the use of the mouse model across
different studies, there are several RNA sequencing (RNA-seq)
studies from muscle tissues from the HSALR mouse,28,69 especially
in studying the response to therapeutic treatments.31,47,52,59,66

In this study, we collected publicly available HSALR RNA-seq data
along with internal data from our group to analyze HSA transgene
expression, AS dysregulation, and the impact of seven different ther-
apies tested in the HSALR model. We uncovered previously unre-
ported tissue-specific differences across skeletal muscle groups in
HSA transgene expression, which directly correlated to AS dysregula-
tion. We also found that the severity of global and shared AS
py: Nucleic Acids Vol. 35 December 2024 ª 2024 The Author(s).
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Table 1. Datasets within the meta-analysis

First author Reference Method Read length Average read depth, million Tissue

Angelbello PRJNA525438 rRNA depletion 150 50 Tibialis anterior

Hicks PRJNA1103789 rRNA depletion 100 115 gastrocnemius, quadriceps, tibialis anterior

Jenquin PRJNA555349 rRNA depletion 75 80 quadriceps

Klein PRJNA531100 poly(A) selection 150 80 gastrocnemius, quadriceps

Mishra PRJNA891268 rRNA depletion 100 110 gastrocnemius

Reddy PRJNA486539 rRNA depletion 75 65 quadriceps

Solovyeva E-MTAB-10842 poly(A) selection 75 71 gastrocnemius

Tanner PRJNA625451 poly(A) selection 125 59 quadriceps
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dysregulation across datasets was greater in tissues with higher levels
of CUGexp RNA expression, further supporting the RNA gain-of-
function model. We identified a set of 95 splicing events consistently
dysregulated across all examined datasets. Our comparative analysis
of therapeutic responses revealed that several therapeutic approaches
rescued a significant portion of dysregulated AS events. Our findings
represent a reference for the DM1 research community for under-
standing and comparing therapeutics studied in the HSALR model.

RESULTS
RNA-seq data from the HSALR mouse model

Multiple studies have used muscle tissues harvested from the HSALR

mouse model to generate RNA-seq data and report on transcriptomic
effects.28,31,47,52,59,66,69 In this paper, we set out to understand whether
there are differences in AS across these RNA-seq datasets or tissue types
and how those differences may change with tissue type and/or expres-
sion of CUGexp RNA. To accomplish our goal, we gathered publicly
available RNA-seq data (Table 1) and performed detailed transcrip-
tomic analysis. We gathered paired-end RNA-seq data from the pub-
lished literature28,31,47,52,59,66,69 from the NCBI Sequence Read Archive
(SRA) and the EuropeanMolecular Biology Laboratory-European Bio-
informatics Institute (EMBNL-EBI) European Nucleotide Archive
(ENA), excluding single-end74 and microarray data.75 We identified
seven existing datasets from our search that examined various muscle
groups: gastrocnemius (two studies), quadriceps (three studies), tibialis
anterior (TA; one study), and gastrocnemius and quadriceps (one
study). We were unable to identify a dataset or study that performed
paired-end RNA-seq analysis across all three muscle groups. Given
the lack of datasets across the three muscle groups, we generated an
additional eighth RNA-seq dataset containing wild-type (WT) and
HSALR samples in triplicate from each tissue source (gastrocnemius,
quadriceps, and TA) (Table 1). In total for this study, we utilized eight
datasets, encompassing 11 data samples from across three different tis-
sues (four fromgastrocnemius,five fromquadriceps, and two fromTA).

In addition to the variation in muscle groups, the read length, read
depth, and preparation methods used to generate the eight selected
datasets varied considerably. Of the eight datasets, five were depleted
for rRNA, while three were enriched for poly(A) RNA. Given that
read length and read depth affects the quantity and quality of detected
2 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
AS events, we also examined these factors across the datasets. The
eight datasets had variable read depths (50–110 million) and read
length (75–150 nt), all of which are generally sufficient for AS anal-
ysis.76–78 To account for differences in RNA selection methods,
read length, and sequencing depth, our analysis compared WT and
HSALR or HSALR and treated-HSALR using a minimum exon and
exon junction coverage of 10 reads and two parameters to define dys-
regulated AS, based on previous literature.47 Given the mixed report-
ing across each dataset, we were unable to control for either age or sex
across the RNA-seq datasets (Table S1). One dataset66 did report only
HSALR andHSALR-treated data but not WT. For analysis of this data-
set, we assigned a pseudo-WT sample group from another study47

that matched the RNA enrichment step, sequencing length, and tissue
type. The datasets for our analysis, while variable, provided sufficient
quantity and quality of data to enable our meta-analysis.

ACTA1 transgene expression is variable across HSALR muscle

type and is greatest in gastrocnemius

Expression of CUGexp RNA drives MBNL sequestration, resulting in
AS dysregulation in DM1.6–10 In the HSALR mouse model, the HSA
transgene, which contains an interrupted 220 CTG repeat, drives
the expression of CUGexp RNA. To estimate the expression of
CUGexp RNA across the eight datasets, we generated a custom
genome assembly, in which the coding sequence of human ACTA1
(Gene ID: 58) was inserted into GRCm38/mm39, to which all
RNA-seq datasets were aligned. DESeq2-normalized counts of
ACTA1 from each dataset were normalized to Gtf2bmRNA as previ-
ously described.47 We found that across the eight datasets, represent-
ing 11 samples, HSA transgene expression showed a gradient of
expression across muscle tissue type from greatest in gastrocnemius,
then quadriceps, and lowest expression in TA (Figure 1A). To
compare transgene expression differences across tissue types,
HSALR samples were grouped by tissue type and compared using a
two-way ANOVA (Figure 1B). This grouped analysis confirmed the
individual analysis with a statistically significant difference across
the three tissues (two-way ANOVA comparing tissue groups;
p < 0.0001). To better understand the effects of CUGexp expression
on endogenous expression among WT and HSALR animal models,
we examined the expression of the mouse Acta1, Mbnl1, Mbnl2,
and Dmpk genes (Figure S1). While expression of these mouse genes



Figure 1. Tissue-specific differences in transgene

expression and AS dysregulation in the HSALR

mouse model

(A) ACTA1 transgene expression in gastrocnemius (GA,

blue, squares), quadriceps (Q, green, diamonds), and TA

(orange, circles) tissues from HSALR mice from each

RNA-seq dataset. Data normalized to Gtf2b mRNA.

Bars represent mean ± SD of biological replicates. (B)

ACTA1 transgene expression grouped by tissue type

and statistically compared. *p < 0.05; **p < 0.01;

****p < 0.0001. (C) Absolute inclusion level difference (|D

Inclusion|) of 95 common and dysregulated (FDR %0.05;

|D Inclusion| R 0.1) AS events among all datasets. (D)

Positive correlation of |D Inclusion| to ACTA1 expression

normalized to Gtf2b (Pearson r = 0.7127; p = 0.0138).
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varied considerably across samples, we did not observe a significant
trend among these endogenous genes.

Alternative splicing dysregulation across tissue type and

datasets

Dysregulation of AS is a signature molecular hallmark of DM1 and
results in a “spliceopathy” that has far-reaching consequences. We
next sought to understand the nature and extent of dysregulated AS
events within each dataset. To identify dysregulated AS events,
HSALR mice were compared to WT mice for each respective study
(Table S2). If a dataset published only HSALR RNA-seq and not
WT, then aWT group was assigned, and the comparison was denoted
with one asterisk in Figures 1C, 2A–2F, and 3A–3D. AS events were
considered dysregulated if the false discovery rate (FDR) was %0.05
and the absolute exon inclusion level difference (|D Inclusion|) was
R0.1 (Table S3). As anticipated, among each tissue type, skipped
exon (SE) events were predominantly dysregulated in each dataset,
representing >50% of all events (Figure S2). Retained intron (RI) or
mutually exclusive exons (MXEs) were the second most common,
followed by alternative 50 splice sites (A5SS), and then by alternative
30 splice sites (A3SS) for all datasets.

To better understand how splicing events are shared across different
datasets and tissues, we next investigated the number of individual
shared events. Events were defined by a unique assigned identifier
containing the coordinates of the upstream and downstream start
Molecular The
and stop sites for the regulated exon, the up-
stream exon, and the downstream exon. This
stringent approach was utilized to keep the
context of the regulated exons intact. Using this
unique identifier approach to match events
across datasets, we identified the number of
shared events that were dysregulated between
HSALR and WT mice among two or more data-
sets of a single tissue type (Figure S3). As antici-
pated, the number of shared events depended on
the number of available datasets for each tissue,
with quadriceps (five datasets) having the great-
est number of shared events. Across datasets from all tissue types, we
identified 95 AS events as significantly dysregulated (Figure S4). Of
those 95 shared events, gastrocnemius had the highest level of dysre-
gulation, with a mean |D Inclusion| of 0.41 ± 0.15, followed by quad-
riceps (0.37 ± 0.15), and then TA (0.29 ± 0.12) (Figure 1C). This
observation strongly correlated with ACTA1 expression level differ-
ences previously observed (Pearson correlation r(11) = 0.7127; p
(two-tailed) = 0.0138) (Figure 1D). To highlight the importance of tis-
sue-specific dysregulation and correlation to CUGexp RNA, we
selected 6 AS events (Atp2a1 exon 22, Clasp1 exon 20, Neb exon
149, Clcn1 exon 7a, Nfix exon 7, andMbnl1 exon 5) routinely studied
in the DM field for their clinical significance and proposed as splicing
biomarkers in animal models and patients. Our analysis of these six
AS events (Figures 2A–2F) demonstrates that these events follow
the same pattern of tissue-specific dysregulation (gastrocnemius >
quadriceps > TA). We also asked whether there were differences in
correlation between average positive inclusion-level dysregulation
or average negative inclusion-level dysregulation between WT and
HSALR groups among the common events. We found that average
positive inclusion level dysregulation correlated with muscle type
that trended slightly greater than the average negative inclusion-level
dysregulation (inclusion: Pearson r = 0.7239, p = 0.0118; exclusion:
Pearson r = �0.6919, p = 0.0183) (Figure S5). However, comparing
these correlations using Hittner, May, and Silver’s modification,79

there was no significant difference between the two overlapping cor-
relations (z = 0.5504, p = 0.5820). While we observed individual
rapy: Nucleic Acids Vol. 35 December 2024 3
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Figure 2. Tissue-specific differences in AS for key

events in DM1 and the HSALR mouse model

(A) Atp2a1 exon 22, (B) Clasp1 exon 20, (C) Neb exon

149, (D) Clcn1 exon 7a, (E) Nfix exon 7, andMbnl1 exon 5

(F) mis-splicing events display tissue-specific differences

in PSI. WT samples are colored in gray; untreated HSALR

mice are colored and shaped by tissue type where

gastrocnemius (GA) are blue squares, quadriceps

(Q) are green diamonds, and TA are orange circles.

Black whiskers depict mean ± SD for sample replicates.
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differences between each dataset and across skeletal muscle types, all
datasets demonstrate significant spliceopathy, which further confirms
the utility of this animal model for therapeutic studies and identifies
dysregulation differences by tissue type.

Therapeutic treatment of HSALR mice

The eight datasets in our study represent five publications that cover
seven different therapeutic approaches, including small molecules, a
natural product, and an antisense oligonucleotide (ASO). For each
study, while RNA-seq was utilized to examine AS, the therapeutic
approach, time of treatment, and delivery method varied considerably
(Table 2). Overall, the number of dysregulated events across the
samples ranged from 1,629 (Mishra, gastrocnemius) to 648 events
(Angelbello, TA) (Table 3). Todetermine the therapeutic effect on these
4 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
dysregulated AS events, percent rescue (see
Equation 1) was calculated as previously
described.47 For each dysregulated AS event,
the type of rescue was categorized based on
percent rescue: rescued (10%–100%), over-
rescued (>110%), and mis-rescue (<�10%).
The latter category represents exon inclusion
levels in treated HSALR mice that shift splicing
further fromWT levels as compared to untreated
HSALR.

For the 10 samples representing the seven
different treatments, we calculated the number
of rescued, over-rescued, and mis-rescued events
and percentage of each category relative to total
dysregulated AS events (Table 3). Most treat-
ments rescued >60% of the dysregulated events
identified within each study, except for 6-week
enzymatically modified isoquercitrin (EMIQ)
(49.7%). Furthermore, four of the treatments
rescued >70%, including Pip6a-phosphorodia-
midate morpholino oligonucleotide (Pip6a-
PMO), pafuramidine (PaF) (15 mg/mL), combi-
nation of PaF (10 mg/mL) and erythromycin
(Em) (600mg/mL), and cugamycin.Mis-rescued
event number varied with treatment, ranging
from 3.1% (cugamycin, TA) to 16.6% 6-week
EMIQ. Pip6aPMO, the only treatment for which
datasets from multiple tissues (gastrocnemius and quadriceps) were
available performed similarly across tissues, with a high average rescue
of 75.9% and a low average mis-rescue of 4.25%.

Off-target events are a significant concern for any therapeutic treat-
ment, even for precisely targeted gene therapies. To better understand
potential off-target events from treatment, we categorized an event
as off-target if the event met the following conditions: a |D Inclusion|
R 0.2 between treated and non-treated HSALR mice, the event was
not considered dysregulated between WT and HSALR (FDR >0.05
and |D Inclusion| < 0.1), and the event had a small SDmeasured within
WT and HSALR groups (%0.1). From this analysis, across the 10 sam-
ples from the treatment datasets, <1% of all events following treatment
were classified as off-target (Table 4), and not a single off-target event



Figure 3. Treatment effects of published

therapeutics in the HSALR model

(A) Distribution of percent rescue scores among the

dysregulated AS events common to all datasets. PSI

values for WT, HSALR, and treated-HSALR groups are

shown for the individual events (B) Atp2a1 exon 22, (C)

Clcn1 exon 7a, and (D) Mbnl1 exon 5. Black whiskers

depict mean ± SD for sample replicates.
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was common to all therapeutic approaches. We are cognizant that the
overall variability in splicing when comparingWT,HSALR, and treated
HSALR groups complicates the assessment of off-target changes.

Given the variability inAS events across tissues and treatments, we next
assessed how the 95 shared dysregulated SE events (Table 5) responded
across each treatment. By focusing on only shared events, we were able
tomore clearly understandhoweach therapeutic approach affected dys-
regulated SE events in a side-by-side comparison. The distribution of
percent rescue scores for the 95 common events were plotted (Fig-
ure 3A), and for the events found to be rescued by each therapeutic,
the scores were binned and summarized (Table 5). We found that the
distribution of shared events rescued by Pip6a-PMO centered around
90% rescue, whereas PaF, Em, combination treatment of Paf and Em,
and cugamycin centered at or <70% rescue. Individual effects by treat-
ment were also reported by percent spliced in (PSI), which is the exon
inclusion level multiplied by 100, in a heatmap format (Figure S6).
Table 2. Therapeutic summary table organized by author, tissue, therapeutic and dosage, approach,

First author Therapeutic and dose Time Delivery

Angelbello cugamycin (10 mg/kg) every other day for 1 week (4 total) IP injection

Klein
peptide-conjugated oligos (Pip6a-PMO)
(12.5 mg/kg)

1 injection every 2 weeks (3 total) IM injection

Jenquin
PaF (10 mg/kg, 15 mg/kg),
Em (600 mg/kg)

daily for 2 weeks (14 total) oral delivery in

Mishra EMIQ (1.5 g/L, 15 g/L) daily for 12 weeks (persistent) oral via drinki

Reddy colch (0.4 mg/kg) daily for 14 days (14 total) IP injection

Colch, colchicine; IM, intramuscular; IP, intraperitoneal; Pip6a-PMO, Pip6A-phosphorodiamidate morpholino oligonu
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From the binned analysis (Table 5), we observed
that Pip6a-PMO treatment in both gastrocne-
mius or quadriceps rescued more events toward
the upper end of rescue (80%–100%) compared
to other treatments, with gastrocnemius having
a more robust rescue effect on dysregulated
events. Analysis of splicing events associated
withDM1, suchasAtp2a1 exon 22,Clcn1 exon7a,
and Mbnl1 exon 5 (Figures 3B–3D) showed the
same trend as the overall analysis.

From the binned analysis, we observed several
phenomena. For EMIQ at 6 weeks, there was
rescue of 52 of 95 events, mostly centered on
the 10%–20% rescue bin; whereas after 12 weeks of EMIQ treatment,
84 of 95 events showed rescue, with 66 AS events surpassing >60%
rescue. This increase in splicing rescue matches the buildup of molec-
ular and phenotypic responses observed by Mishra and colleagues.59

Aligning with this buildup effect for EMIQ that we observed at
6 weeks of treatment, 12 of the 95 events responded negatively
(more dysregulated than untreated HSALR); interestingly, those
events were rescued after 12 weeks of treatment. For example, App
exon 15 at EMIQ 6 weeks had a �15% rescue and at 12 weeks, it
had a 119% rescue (Figure S7C). A similar increased effect on splicing
rescue in the shared events was observed with increasing PaF treat-
ment (10–15 mg/kg) from the Jenquin et al. study.47 Rescue of
Atp2a1 exon 22 (Figure 3B) and Clasp1 exon 20 (Figure S7A), among
other events, demonstrated a dose-related response. Additionally, in
this study, while both Em and PaF had modest effects (�80 events
rescued), the combination treatment of PaF and Em had additive ef-
fects on splicing rescue. Combination treatment increased both the
time, and delivery method

Approach

cleaves CUGexp RNA

anneals CUGexp RNA

corn oil
PaF binds CUGexp RNA; Em upregulates
MBNL expression

ng water reduce CUGexp RNA expression

destabilize microtubule formation
reducing CUGexp RNA expression

cleotide
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Table 3. Rescue, mis-rescue, and over-rescue total treatment effect by

therapeutic

Therapeutic Reference
Total
events Rescue (%)

Over-
rescue (%)

Mis-
rescue (%)

Gastrocnemius

Pip6a-PMO
Klein
PRJNA531100

1,394 1,042 (74.7) 171 (12.3) 54 (3.8)

EMIQ 6 weeks Mishra
PRJNA891268

1,629
810 (49.7) 133 (8.2) 270 (16.6)

EMIQ 12 weeks 1,064 (65.3) 125 (7.7) 130 (8.0)

Quadriceps

Pip6a-PMO
Klein
PRJNA531100

1,358 1,047 (77.1) 144 (10.6) 64 (4.7)

PaF 10 mg/kg

Jenquin
PRJNA555349

1,124

762 (67.8) 46 (4.1) 128 (11.4)

PaF 15 mg/kg 829 (73.8) 68 (6.0) 88 (7.8)

Em 600 mg/kg 780 (69.4) 35 (3.1) 117 (10.4)

PaF and EM
combinationa

824 (73.3) 71 (6.3) 73 (6.5)

Colchicine
Reddy
PRJNA486539

1,096 675 (61.6) 41 (3.7) 78 (7.1)

TA

Cugamycin
Angelbello
PRJNA525438

648 502 (77.5) 71 (11.0) 20 (3.1)

aPaF 10 mg/kg + Em 600 mg/kg.

Table 4. Off-target effects of each therapeutic

Therapeutic Total unchanged events Off-target

Gastrocnemius

Pip6a-PMO 39,238 274

EMIQ 6 weeks
27,313

115

EMIQ 12 weeks 132

Quadriceps

Pip6a-PMO 38,050 220

PaF 10 mg/kg

30,839

240

PaF 15 mg/kg 289

Em 600 mg/kg 283

Combination (PaF 10 mg/kg +
Em 600 mg/kg)

289

Colchicine 31,101 235

TA

Cugamycin 26,389 335

Unchanged events are those that are not dysregulated between WT and HSALR mice
(FDR >0.05, |D Inclusion| < 0.1). Off-target events are those that are not dysregulated
between WT and HSALR mice and that deviated %0.1, and |D Inclusion| of HSALR
and HSALR treated R0.2.
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total number of rescued shared events and the distribution of extent
of rescue, with most shared AS events showing rescue between 50%
and 80%. It is interesting to note that cugamycin positively affected
all 95 shared dysregulated events, like Pip6a-PMO treatments, but
the overall degree of rescue was not as robust, with most events
rescuing between 50% and 70% compared to >80% for Pip6A-
PMO. Of all the treatments, colchicine rescued the fewest number
of shared events (48 of 95), but of those events rescued, most were
>50% rescue. These data indicate a diverse response at the level of
splicing rescue to various therapeutic approaches, with all treatments
providing robust rescue of shared AS events and minimal off-target
effects.

Recently, Tanner and colleagues published a panel of 36 splicing
events for targeted RNA-seq in DM1 mouse models, 35 of which
are dysregulated in mouse models of DM1.28 We examined our eight
datasets for these events and identified 34 of the 36 splicing events
(Figure S8). We should note that when comparing methods, we
used the same alignment software, HISAT2, but with different version
numbers (Hicks version 2.2.1; Tanner version 2.1.0). The reference
genomes also differed (Tanner GRCm38/mm10; Hicks GRCm39/
mm39). Tanner et al. used an isoform-specific counting approach
to calculate PSI. We used rMATS-turbo-calculated inclusion levels.
Despite these pipeline differences, compared to our criteria for dysre-
gulation (FDR%0.05 and |D Inclusion|R 0.1), most events matched
their designation as dysregulated events, with TA having fewer events
dysregulated (Figure S9). We checked how these events responded to
treatment effect (Figure S10) and observed a comparable range of ef-
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
fects compared to the 95 commonly dysregulated SE events identified
in this study (Figure 3A). All events from the targeted RNA-seq panel
exhibited a treatment response. The responses to therapeutic treat-
ment were similar between the Tanner et al. panel of 35 events and
our shared 95 events, supporting the utilization of shared splicing
events as a splicing biomarker in DM1.

DISCUSSION
DM1 is a complex muscular dystrophy affecting various tissue sys-
tems and resulting in symptoms that range from myotonia to cogni-
tive impairment. This highly diverse set of symptoms stem from the
expression of toxic CUGexp and a resulting RNA gain-of-function
mechanism that leads to the dysregulation of AS and downstream pa-
thology. Here, we performed a meta-analysis of RNA-seq data from
the HSALR mouse model, investigating AS dysregulation and thera-
peutic responses across different studies and between different skel-
etal muscle types. Our analysis demonstrated that CUGexp transgene
expression correlated with the level of splicing dysregulation across
gastrocnemius (highest), quadriceps (medium), and TA (lowest).
We identified many AS events that were dysregulated across the data-
sets, as well as events that responded to treatment effect by each
respective therapeutic. Off-target splicing analysis identified no com-
mon off-target effect across the therapeutic treatments. We also iden-
tified a set of 95 shared events consistently dysregulated across all
HSALR datasets and muscle groups and used those events as a basis
for side-by-side comparison across therapeutics. Comparison of
splicing rescue for these events across the seven therapeutics showed
unique distribution patterns that highlighted the overall effect of each
therapeutic. Additionally, we identified individual splicing events that
were easier to rescue, like Atp2a1 exon 22, Clcn1 exon 7a, andMbnl1



Table 5. Therapeutic effect on commonly dysregulated AS events

Therapeutic Total >10% >20% >30% >40% >50% >60% >70% >80% >90% >100%

Gastrocnemius

Pip6a-PMO 95 – 2 2 – 4 5 9 18 35 20

EMIQ 6 weeks 52 24 14 7 4 1 1 1 – – –

EMIQ 12 weeks 84 1 4 2 5 6 12 15 15 16 8

Quadriceps

Pip6a-PMO 95 2 2 – 1 2 4 16 23 27 18

PaF 10 mg/kg 84 10 15 27 12 10 6 3 1 – –

PaF 15 mg/kg 90 2 3 5 10 18 29 8 11 4 –

Em 600 mg/kg 80 13 21 17 14 13 1 1 – – –

Combination (PaF 10 mg/kg + Em 600 mg/kg) 90 1 3 8 9 14 19 20 6 3 7

Colchicine 64 8 6 4 1 3 5 9 6 6 16

TA

Cugamycin 95 1 1 5 9 22 13 14 12 12 6
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exon 5, and splicing events that were difficult to rescue, like App exon
15 and Ttn exon 348 (Figure S7). Some dysregulated splicing events
were found to be over-rescued after therapeutic treatment, meaning
an event surpassed WT levels by >9 PSI and responded strongly to
treatment. This is a good indication of the effect of a therapeutic
and provides a metric that may indicate a particular molecular mech-
anism. Readers should also note that the WT baseline used in these
studies are FVB/NJ multipurpose inbred mice. The distribution of
PSI for this population can vary across colonies and time, which we
observed in these data. Sampling more WT-classified mouse strains
would result in a greater distribution of PSI levels for each individual
event. Therefore, rescue and under-rescue classifications would shift
based on the WT mouse strain compared to and we do not take
this into account in these comparisons. This analysis contributes to
our understanding of the HSALR model and the growing number of
therapeutic approaches in development for DM1.

Our analysis of therapeutic responses in HSALR mice recapitulated
promising outcomes for several therapeutics, including Pip6a-PMO,
EMIQ, combination treatment of PaF and Em, and cugamycin, which
improved the mis-splicing of a significant number of shared AS
events. Notably, Pip6a-PMO, 12-week EMIQ, and cugamycin showed
nomis-rescue for the 95 shared dysregulated AS events.We also iden-
tified AS events common to all datasets that were more easily rescued
and less easily rescued. Each therapeutic and the dosage for the
studies had a range of effects on AS events, which provides insights
into the responsiveness to treatment of an individual AS event. For
example, while Pip6a-PMO largely rescued AS events to within
90% rescue, Arfip1 exon 4 rescued to 26% in gastrocnemius and to
16% in quadriceps. Interestingly, 12-week EMIQ, combination treat-
ment, and cugamycin had robust effects on this event, rescuing to
86%, 76%, and 92%, respectively. While individual splicing events
can be closely connected with symptoms in DM1 patients, such as
CLCN1 andmyotonia, there are many dysregulated events not specif-
ically tied to symptoms. As such, it is difficult to predict or assess the
efficacy of a therapeutic treatment based upon a single mis-splicing
event, such as Arfip exon 4. Rather, our analysis and others (Tanner
and colleagues28) speaks to the power of assessing a panel of mis-
splicing events along with off-target events to determine therapeutic
efficacy.

In conclusion, our study offers insights into AS dysregulation and
therapeutic responses in the DM1 HSALR mouse model. Through
our investigation, we reported tissue-specific differences in transgene
expression and identified a subset of shared dysregulated AS events
present across three skeletal muscle tissues. These findings have
implications for the DM1 research community and can inform the ef-
forts of academic and industry research groups in therapeutic devel-
opment. By collating these datasets, investigating AS dysregulation,
and highlighting effective therapeutic strategies, our study contributes
to the collective understanding of DM1 pathology and brings us
closer to the development of targeted treatments for this debilitating
disease.

MATERIALS AND METHODS
Mouse husbandry

Animal care procedures for the following mice were performed in
accordance with the University of Florida Animal Care and Use
Committee. Six mice, three FVB/NJ (WT) and three HSALR were
used for the analysis. WT mice were 15 weeks and 6 days old and
HSALR mice were 16 weeks old on the day of sacrifice. Details on over-
sight for animals associated with other data can be found in their
respective publications.

RNA extraction from muscle tissue

Mouse tissues from TA, quadriceps, and gastrocnemius were handled
identically. Tissues were lysed and homogenized with 800 mL TRIzol
reagent (Thermo Fisher Scientific, 15596018) in 2-mL tubes pre-filled
with 1.5-mm high impact zirconium beads (Benchmark Scientific,
D1032-15). Tubes were agitated at 5,000 � g for 1 min using a
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Bead Ruptor 12 (OMNI International, 19-050A). Then, they were
placed on ice for 1 min, for a total of five repetitions for complete tis-
sue lysis. RNA was then extracted following the Directzol RNAMini-
prep Plus kit (Zymo Research, R2070). RNA concentration was
measured using a Nanodrop One spectrophotometer (Thermo Fisher
Scientific, ND-ONE-W).

Library preparation

RNA integrity was assessed by measuring the RNA integrity number
using capillary electrophoresis (Agilent, M5310AA) paired with the
RNA kit (Agilent, DNF-471-0500). A total of 500 ng RNA was used
as input for library preparation. rRNA was depleted from samples
(NEB, E7405), and libraries were prepared for paired-end Illumina
sequencing (NEB, E7760L) with the following adjustments to the
manufacturer’s protocol: 1:40 adaptor dilution, universal and index-
ing primers at 1 mM final concentration, and 10 cycles for PCR
enrichment of adaptor ligated DNA. Library quality was assessed
via capillary gel electrophoresis (Agilent, M5310AA) paired with
the High Sensitivity Next Generation Sequencing Fragment Kit (Agi-
lent, DNF-474-0500). Library concentrations were determined via
qPCR (Bio-Rad, 1855484) using a Library Quant Kit for Illumina
(NEB, E7630L) following the manufacturer’s protocol.

RNA-seq

Sequencing libraries were pooled to 2 nM and diluted to a final
loading concentration of 650 pM with a PhiX (Illumina, FC-110-
3002) spike in of 5%. Sequencing was performed on the Illumina
NextSeq 2000 platform (Illumina, 20038897) using the onboard dena-
ture and dilute protocol, paired with P3 reagents for 200 cycles (Illu-
mina, 20040560). Sequencing output was demultiplexed and con-
verted to FASTQ format via Basespace BCL Convert (version 2.3.0).

RNA-seq data analysis

RNA-seq FASTQ files were collected from the NCBI SRA or the
EMBNL-EBIENA) databases using SRA Toolkit (version 3.0.5) or
FTP Client, respectively. FASTQ file quality and total number of
reads were assessed using FASTQC (version 0.11.9) and datasets
with an average read depth >35 million paired-end reads were
accepted for this study. Sequencing reads were trimmed, and low-
quality reads were filtered using FASTP (version 0.23.4)80 under
default settings. FASTQ files were aligned to the GRCm39/mm39
reference genome, which was modified to include the human
ACTA1 coding sequence, using HISAT2 (version 2.2.1).81 The re-
sulting SAM file output was reformatted to BAM format using
SAMtools (version 1.17).82

Gene expression analysis

To measure differential gene expression, RNA-seq alignments
were assembled into potential transcripts using StringTie (version
2.2.0),81 and read count information was extracted using prepDE.py3.
Each dataset was analyzed independently with R (version 4.3.1) using
DESeq2 (version 1.40.1).83 DESeq2-normalized counts were used to
measure gene expression from each dataset. To compare across data-
sets, gene expression values were normalized to Gtf2b.
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Each dataset was analyzed independently using rMATS-turbo (version
4.2.0),84 with BAM files as input and with the optional flags “–allow-
clipping” and “–variable-read-length.” If authors did not publish a
WT group of mice in their study, then a pseudo-WT was assigned
from a different publication. To match AS events across datasets, a
unique IDwas generated for each event using all positional coordinates
provided in the rMATS JCEC output files for all JCEC files (SE, A5SS,
A3SS, MXE, RI). The unique ID contained the Ensembl ID and gene
symbol preceding the event coordinates, followed by the event type
(e.g., ENSMUSG00000027763_Mbnl1_chr3_+_60436176_60437225_
60380462_60380594_60503014_60503185_SE). This approach main-
tained the regulated exon(s) of interest and the context in which the
exons are regulated. AS events were considered to be dysregulated ac-
cording to the FDR (%0.05) and absolute value of the inclusion level
difference (|D Inclusion|R 0.1) when comparingHSALR mice toWT
mice. When combining comparisons within datasets (i.e., WT vs.
HSALR and HSALR vs. HSALR treated), tables were matched by the
unique IDs. This method was also applied when joining AS data
across datasets. To determine the effect of a therapeutic treatment
on a given dysregulated AS event, Equation 1 was used to find
%Rescue. HSALR

PSI indicates the PSI of untreated HSALR mice,
DrugPSI indicates the PSI of treatedHSA

LR mice, andWTPSI indicates
the PSI of WT mice. The %Rescue allows the interpretation of
treatment, where a return to WT inclusion levels in treated
HSALR mice results in a value of 100% and the treatment effect is
categorized as “rescue.” An effect resulting in >110% Rescue is
categorized as “over-rescue” and <�10% Rescue is categorized as
“mis-rescue.”

% Rescue =

�
HSALR

PSI � DrugPSI
HSALR

PSI � WTPSI

�
� 100 (Equation 1)

Statistical analysis

AS statistical tests comparing WT and HSALR or HSALR and treated
HSALR were performed concurrently with rMATS-turbo with default
settings. Two-way ANOVA statistical tests were performed in
GraphPad Prism, testing the null hypothesis of no difference among
the groupmeans. Hypergeometric testing for Venn diagrams was per-
formed within Flaski,85 assessing the significance of observing the
number of common AS events among tissue types from the sample
population of total events.

DATA AND CODE AVAILABILITY
RNA-seq data from each study is publicly available on the NCBI SRA and the EMBNL-
EBI ENA. A complete list of studies used is available in the supplemental information.
RNA-seq libraries prepared for this study are available on SRA under PRJNA1103789.
The codes for data processing can be found on GitHub (https://github.com/
SawyerHicks/HSA-LR-Alternative-Splicing-Analysis).
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