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Insulin-like growth factor-1 (IGF-1) has become an interesting potential therapeutic target for muscle wasting
disorders, since it is known to modulate muscle growth and function. Alternative polyadenylation (APA) IgfI
gives rise to 3'UTR isoforms with different stability and translation efficiency due to their length and context-
dependent miRNA binding sites. Igfl transcripts with a shorter 3'UTRs are thought to be more stable and effi-
cient during protein translation. Therefore, modulating the Igf1 polyadenylation site usage would be a potential
approach to increase IGF-1 protein expression. In this study, we first investigated the Igf1 3'UTR isoforms in
exercised mdx and WT mice by full-length isoform sequencing. We then redirected the APA of Igf1 from the distal
to the proximal/middle polyadenylation sites to enhance the IGF-1 protein expression in mouse C2C12 myo-
blasts. Upon exercise, APA of Igf]1 was redirected towards the proximal polyadenylation site in the WT mice only
(P < 0.05). Transfection of C2C12 cells with this AON resulted in redirection of the APA towards the proximal
site and increased IGF-1 expression/AKT phosphorylation levels. Strong enrichment was found for genes
involved in sarcomere organization, muscle cell development and calcium homeostasis. Our study reports the
effect of downhill running exercise on the Igf1 3'UTRs in mdx and WT mice and provides an in vitro proof of
principle for redirecting the Igf1 poly(A) site usage as a strategy to increase protein expression without modifying
the coding region of the gene, not only for IGF-1 but also for other targets with therapeutic potential in different

conditions.

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked neuromuscular
disorder, affecting 1 in 5000 boys, caused by mutations that disrupt
dystrophin expression [1]. Dystrophin plays a critical role in stabilizing
muscle fibers by linking the actin cytoskeleton to the extracellular ma-
trix. Without dystrophin, muscle fibers become fragile and prone to
contraction-induced damage, triggering cycles of degeneration, regen-
eration, and inflammation [2]. Over time, impaired muscle repair leads
to the replacement of muscle fibers with fibrotic and adipose tissue,
worsening disease progression [3]. While therapies targeting the pri-
mary gene defect exist, challenges such as immune responses, inefficient
delivery, and mutation specificity limit their effectiveness and applica-
bility [4]. Therefore, alternative strategies that enhance muscle quality
and function by addressing secondary pathological mechanisms have
gained increasing interest.

Insulin-like growth factor-1 (IGF-1) is a key regulator of muscle
growth, regeneration, and repair, making it a promising therapeutic

target for DMD [5]. Various strategies have been explored to increase
IGF-1 signaling, including systemic recombinant IGF-1 administration.
However, this approach is limited by the presence of IGF-binding pro-
teins, which restrict the bioavailability of IGF-1 in muscle, and by the
complexity of IGF-1 isoforms and posttranslational modifications [6-8].

Alternative polyadenylation (APA) mediates the dynamic usage of
the 3'UTR and plays a significant role in post-transcriptional regulation
under different pathological and physiological conditions [9]. In IgfI,
there are three polyadenylation sites located in the last exon (Fig. 1). The
usage of the canonical distal polyadenylation site forms a 6.7 kb long
UTR, while 200 nt and 1.2 kb long 3'UTRs are produced when the
proximal and the middle polyadenylation sites are utilized, respectively
[10]. APA contributes to Igfl transcript diversity, influencing mRNA
stability, localization, and translation efficiency. The use of the long
3'UTR in Igf1 is often associated with cell differentiation, but these
transcripts tend to be less stable due to the presence of AU-rich elements,
miRNA suppression, and RNA-binding proteins [10-12]. Shifting poly-
adenylation site usage from the distal to proximal site could enhance
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IGF-1 expression, thereby improving muscle regeneration and function.

In this study, we investigate Igf1 3'UTR patterns in dystrophic and
exercised conditions and evaluate the potential of antisense oligonu-
cleotide (AON)-mediated APA redirection to enhance IGF-1 expression.
We show that mdx mice (a DMD mouse model lacking dystrophin) tend
to express shorter Igf1 3'UTR compared to wildtype (WT) mice in resting
state and that exercise does not change the Igf1 3'UTR pattern in mdx
mice, while creating a significant shift towards the proximal poly-
adenylation site in WT mice. Furthermore, we demonstrate that 2-O-
methyl phosphorothioate AONs effectively modulate APA in C2C12
muscle cells, leading to increased IGF-1 protein levels and enhanced
downstream signaling. Our 3'RNA-seq analysis further reveals differ-
entially expressed genes involved in myogenesis and calcium homeo-
stasis, highlighting APA redirection as a promising therapeutic strategy
for DMD and other muscle-related disorders.

2. Materials and methods
2.1. Downbhill treadmill running of mdx and WT mice

Male mdx (C57BL/ lOScSn-Dmd'"dx/J) and WT (C57BL/10ScSnJ)
mice were bred at the animal facility of the Leiden University Medical
Center. Mice were housed in individually ventilated cages, at 20.5 °C
with 12-hour dark/light cycles. They had ad libitum access to standard
RM3 chow (SDS, Essex, United Kingdom) and water. All experiments
were approved by and performed following the guidelines of the Animal
Experiment Committee of the Leiden University Medical Center
(PE.17.246.039). Care was taken to limit the burden and distress for the
animals as much as possible.

For the downhill treadmill running exercise, 9 weeks old mdx and
WT mice (n = 9) were acclimatized for 2 min on the stationery treadmill
belt at a 20° angle. Thereafter, the belt was turned on for a warm-up
session (8 min at 8 m/min). Then, the mice were exercised at 12 m/
min for 30 min by downhill running, after which they were returned to
their cage. The mdx and WT mice ran separately. All mice (including the
sedentary mice) were intraperitoneally injected with 1 % (w/v) Evan’s
blue dye (EBD) at 1 % volume relative to mouse body weight 30 min
after the exercise. Exercised mdx and WT mice were sacrificed by cer-
vical dislocation 1 day post (n = 3) or 5 days post (n = 3) exercise.
Sedentary (control group, n = 3) mice were sacrificed at the same time
as the 1 day post exercise mice to assess the EBD infusion into skeletal
muscle. These sedentary control mice were housed under standard
conditions with no access to voluntary exercise, ensuring minimal
physical activity throughout the study period. It should be noted that in
one of the mice in the 1 day post exercise group, the level of EBD+ fibers
was very low, while extensive muscle damage, necrosis and fibrosis were
observed at H&E level in this animal, suggesting that a technical prob-
lem could have occurred during the EBD injections. For this reason, the
mouse was excluded from the EBD+ analysis.

2.2. Assessment of the exercise-induced muscle damage

After sacrifice, the quadriceps was isolated and sectioned for
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histological and molecular analyses. Sections of 8 um were cut with a
Leica CM3050 S cryostat (Leica Microsystems B.V. Netherlands) on
Superfrost Plus slides (Menzel-Glazer, Fisher Emergo, Germany). The
slides were stored at —80 °C until further use. After warming the slides at
room temperature for 30 min, the sections were fixed in ice-cold acetone
for 5 min and stained with hematoxylin and eosin and mounted in Pertex
mounting medium (HistoLab, Sweden), according to the conventional
protocols. Pictures were taken at a 4x magnification using a Pannoramic
250 Flash III whole slide scanner and software (3DHISTECH, Budapest,
Hungary). For background correction, Adobe Photoshop version 21.2.11
was used. ImageJ software with the H&E color deconvolution plugin
was used for measuring the percentage of unhealthy tissue (consisting of
fibrotic and necrotic tissue, recently regenerated fibers and inflamma-
tion) in the entire cross section by applying a color deconvolution ma-
trix. These matrices represent the spectral characteristics (color and
intensity) of hematoxylin and eosin stains, separating the image into
different channels. Each stain has a unique color vector, and the plugin
separates them based on their contribution to each pixel’s color. (He-
matoxylin channel predominantly displays the nuclei. Eosin channel
displays the cytoplasm, muscle fibers, and extracellular components. To
assess the extent of EBD infusion into skeletal muscle, sections were
fixed with ice cold acetone and stained with laminin primary antibody
(ab11575, dilution 1:100 Abcam, USA) overnight at 4 °C and with a
goat-anti-rabbit Alexa 594 secondary antibody (A11012, dilution
1:1000, Life Technologies) for 1 h at room temperature. Sections were
mounted with mounting medium containing DAPI (ProLong Antifade
Reagents, Thermo Fischer Scientific). Pictures were taken at a 4x
magnification with the fluorescence microscope (Keyence BZ-X700, San
Francisco, US). The total area of EBD+ muscle fibers was quantified with
ImageJ. Briefly, thresholding was applied to isolate the EBD signal,
generating a binary image with Evans Blue-positive areas in white and
the background in black. The total Evans Blue Dye uptake area was
quantified as a percentage of the total tissue area. Quantification ana-
lyses were performed by two examiners blinded to the experimental
groups and the mean of the assessments was used for calculations.

2.3. Nanopore cDNA library preparation and sequencing

Total RNA was isolated from the previously sectioned quadriceps
samples using TRIsure™ (Bioline, USA) and RNA concentration and
purity were measured on the Nanodrop 2000™ (Thermo Scientific,
USA). Ribosomal RNA was depleted from the isolated RNA using the
Ribo-Zero rRNA Removal Kit (Illumina, CA, USA). Then, RNA was pu-
rified and concentrated on a RNA Clean Concentrator™—5 column
(Zymo Research, Irvine, CA, USA). Double stranded cDNA libraries were
synthesized using 1 ug of the total RNA using the cDNA kit from Oxford
Nanopore Technologies (LSK111, Oxford Nanopore Technologies Ltd,
Oxford, UK) with some modifications. Briefly, after synthesis of the 1
strand cDNA synthesis using an oligodT primer we replaced the PCR step
with a single extension from the Template Switching Oligo to generate
the 2nd strand cDNA. After clean up with Ampure beads the double
stranded cDNA were prepared for sequencing using the Native Barcod-
ing kit V14 (Oxford Nanopore Technologies Ltd, Oxford, UK). Nanopore
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Fig. 1. Igf1 3'UTR isoforms. Alternative polyadenylation of the IGF1 gene and miRNA binding sites [10,13]. The distal PAS gives rise to a ~7 kb long 3'UTR while
middle and proximal PASs introduce ~1.2 kb and 200 bp 3'UTRs respectively. PAS: polyadenylation site.
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libraries were sequenced using a PromethION P24 with R10 flow cells.
The data were generated using MinKNOW 23.04.6 and base calling was
performed with Guppy 6.5.7 using the super basecalling model
(dna_r10.4.1_e8.2_400bps_sup @v4.2.0). Data analysis was performed
following the epi2me-labs/wf-transcriptomes workflow (https://github.
com/epi2me-labs/wf-transcriptomes). Briefly, the input files were
concatenated to be processed by the workflow with fastcat and trimmed
by Pychopper. A reference-guided transcriptome was built for each
sample. Then, the reference genome (GRCm39 - mm39) was indexed
and sequence alignment was performed using minimap2. The output
was converted to BAM files using samtools. For transcript assembly,
StringTie was performed with the aligned segments in the chunked BAM
files and the output was stored as GFF files. To compare query and
reference annotations GffCompare was used. The IGV and UCSC genome
browsers were used to visualize the BAM files. For transcript quantifi-
cation, StringTie (v.2.2.3) was used; the counts were normalized with
Deseq2 and normalized counts were used to calculate the relative
expression between the mdx and WT mice.

2.4. AON design

Igf1 3'UTR (longest) transcript sequence was obtained from the
Ensembl genome browser. UCSC Genome browser and PolyApred pol-
yadenylation site predictor (http://crdd.osdd.net/raghava/polyapred/)
tools were used to identify the annotated and potential polyadenylation
sites. Upstream elements (AU-rich), poly(A) signal sequences and
downstream elements (GU-rich) were determined on the distal poly-
adenylation site that gives rise to a 7 kb long UTR. One AON was
designed for each region (Fig. 4A). RNA Structure 6.1 software was used
for AON design and evaluation of the physiochemical properties
including dimerization and binding energy. All AONs used in the study
were produced by Furogentec, Belgium with 2'-O-methyl phosphor-
othioate (20mePS) modifications (Table S1).

2.5. Cell culture and AON transfection

Mouse myoblasts (C2C12, ATCC, Manassas, VA, USA) were cultured
in proliferation medium DMEM supplemented with 10 % FBS, 1 %
glucose, 2 % glutamax (Thermo Fisher Scientific, Waltham, MA, USA) at
37 °C. When they became fully confluent, medium was replaced with
differentiation medium containing 2 % FBS after which they were
incubated at 37 °C until the time of transfection. When the myoblast
cells started to form myotubes at day 2-3, they were transfected with
200 nM of each AON including a non-targeting control AON (Table S1),
using lipofectamine 2000 (2 ul/well) (Thermo Fisher Scientific). For the
combinatory use, the total AON concentration was set as 200 nM, with
equal quantities of each of the AONs. Transfection was performed in
serum free conditions and thereafter, the media was replaced by 2 %
serum containing media (Thermo Fisher Scientific, USA) to maintain cell
differentiation. Transfected cells were incubated until harvesting time.
All transfection experiments were performed with three biological
replicates.

2.6. Analysis of alternative polyadenylation redirection on RNA level

Total RNA was isolated at different timepoints after transfection
using TRIsure™ (Bioline, USA) and RNA concentration and purity were
measured on the Nanodrop 2000™ (Thermo Scientific, USA). For qPCR
experiments, isolated RNA was further purified with the NucleoSpin
RNA purification kit (Macharey Nagel, Germany). cDNA synthesis was
performed with random primers using 1 pg of total RNA followed by
gPCR reactions with the primers described in Table S2. qPCR results
were analyzed using the CopyCaller v2.1 (Roche Diagnostics,
Switzerland) by normalizing to the housekeeping genes Gapdh and Actb.
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2.7. Western blot

For protein extraction of the quadriceps samples, cryosections were
collected over the entire tissue during sectioning The slices were treated
with 500 pl RIPA lysis buffer in zirconium beads pre-filled tubes and
homogenized in Magnalyzer (Roche Diagnostics, Switzerland) for 20 s at
speed 7000. Then, the homogenized suspension was transferred to a
clean 1.5 ml Eppendorf tube. For in vitro experiments, at 48 h after the
transfection, C2C12 cells were harvested using 500 pl RIPA lysis buffer
from 6-well plates and incubated for 30 min on ice (tissue and cells).
After a 10 min centrifugation at 10,000 g, protein lysates (supernatant)
were transferred to a new tube for further analysis. In total, 50 ug protein
was mixed with Laemmli buffer and denatured at 95 °C for 5 min fol-
lowed by 1 h running on a 4-20 % TGX precast gel (BIO-RAD, USA) at
150 V. Proteins were transferred to a 0.2 pm nitrocellulose membrane
(BIO-RAD, USA) using the Trans Blot Turbo system. The membrane was
blocked with serum-free blocking buffer (LI-COR, USA) for 1 h and
treated with goat-anti-mouse IGF-1 antibody (1:500, AF791, Novus Bi-
ologicals, USA), phospho-p44/42 (Erkl/2, 1:3000, #9101), p44/42
(Erk1/2, 1:2000, #9102), phospho-Akt (D9E) XP® (1:3000, #4060),
Akt (pan, C67E7, 1:3000, #4691) (Cell Signaling Technology, USA) and
GAPDH (1:2000, MAB374, Merck, USA) overnight at 4 °C. The next day,
the membranes were washed three times for 10 min with Tris Buffered
Saline-Tween (TBS-T) buffer and incubated with the following second-
ary antibodies in TBS-T for 1 h at room temperature; against the source
organisms of the primary antibodies IRDye® 680RD Donkey anti-Goat
(1:10,000), IRDye® 680RD Donkey anti-Rabbit (1:10,000), IRDye®
680RD Goat anti-Mouse (1:10,000). After three washing steps in TBS-T,
the membrane was visualized and quantified with the Image Studio,
Odyssey CLx imaging system (LI-COR Biosciences, Miami USA).

2.8. Mlumina library preparation and 3RNA sequencing

For RNA-seq experiments, isolated RNA from C2C12 cells with four
replicates (four wells) was further purified using the NucleoSpin RNA
purification kit (Macharey-Nagel, Germany). RNA integrity was checked
using the Bioanalyzer2100 (Agilent, CA, USA) according to the manu-
facturer’s specifications. The 3' library preparation was done using oli-
godT primers, which was followed by NovaSeq6000 Illumina
sequencing (GenomeScan, Leiden). The RNA-seq analysis was done with
the nf-core rnaseq pipeline (v.3.11.1). Briefly, the adapter sequences,
bases with low-quality scores, poly(A) tails, primers and other unwanted
sequences were trimmed using the CatAdapt tool (v.4.0). After trim-
ming, FastQC (v.0.12.0) was used to remove low quality bases (Pred
score < 33). The trimmed reads were aligned using the STAR alignment
tool (v.2.7.3) against the mouse reference genome (GRCm38/mm10).

2.9. Differential expression and pathway analyses

The aligned results were converted to Binary Alignments Map (BAM)
files. Then, the feature Counts tool (v2.0.2) was used to quantify each
gene feature from each BAM file, producing a final gene count matrix per
sample. This data matrix was used as input for quality control analysis in
the iDEP.91 environment and also for differential gene expression sta-
tistical analysis with Deseq2 (v.1.40.2) to plot differentially expressed
genes in volcano plots. In samtools (1.3.1), sorting and indexing were
performed to prepare the BAM files for visualization on the UCSC
genome bowser. The number of reads that map within a gene was
determined for each sample for differential gene expression analysis.
The analysis was performed on 10,541 genes for which the average CPM
was above 5. We used an R package that contains the R-Shiny applica-
tion (LUMC/dgeAnalysis v1.5.2) (https://github.com/LUMC/dg
eAnalysis). with a Docker (v.23.0.1) image to perform differential
gene expression analysis. Once the application initialized in a web
browser, the meta data file and the count table that contains the sample
information and raw gene counts, respectively were uploaded and the
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analyses were performed using Deseq2, Limma/Voom (v.3.20) and
EdgeR (v.3.20) with the following cutoff values for a P-value = 0.05,
log2CPM = 1. To identify biological pathways associated with the
differentially expressed genes (DEGs), pathway enrichment analysis was
performed. The input gene list was mapped to standard identifiers
(Entrez) and analyzed against reference pathway databases, including
Reactome, and Gene Ontology (GO) Biological Processes, Molecular
Function and Cell Component analyses. Enriched pathways were visu-
alized, and biological relevance was interpreted based on literature and
functional annotations.

2.10. Statistical analysis

Data analysis was performed with GraphPad Prism9.3.1 software
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(GraphPad, San Diego, CA, USA) and expressed as means + SEM. “n”
refers to biological replicates as indicated and biological replicates
consist of technical triplicates in qPCR experiments. Significance levels
were set at * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.

The amounts of EBD-+ fibers and percentage of unhealthy tissue in
exercised/sedentary mdx and WT mice were assessed by one-way
analysis of variance (ANOVA) followed by Bartlett’s correction and
Tukey’s multiple comparison. The relative expressions of Igfl and its
3'UTR in the exercised/sedentary mdx and WT mice were assessed with a
two-way ANOVA followed by Sidak’s multiple comparison (Igf1) and
Tukey’s multiple comparison (3'UTRs). Relative distal polyadenylation
site usage and abundancy of Igf1 3'UTRs after AON transfection, were
assessed by one-way ANOVA followed by Bartlett’s correction and
Tukey’s multiple comparison.
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Fig. 2. Histological analysis of the quadriceps muscles after downhill treadmill running in mdx and WT mice. EBD, (pink), laminin (green) and H&E staining
results of the mdx (A) and wild type (WT) (B) quadriceps. Representative images are shown as paired for each group. C. Bar graph showing the EBD+ fiber levels in
sedentary, 1dp and 5dp groups of the mdx mice. No EBD+ fibers were detected in wild type muscles. D. Quantification of areas of unhealthy tissue (fibrosis, necrosis,
inflammation) in sedentary, 1dp and 5dp groups of the mdx and WT mice. No pathology was observed in the WT mice. n = 3 per group, one-way ANOVA (followed by
Sidak’s multiple comparison) comparing EBD+ fibers or unhealthy tissue ( %) among different groups. All data are plotted as means + SEM. Sed: sedentary, 1dp: 1

day post exercise, 5dp: 5 days post exercise.
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3. Results

3.1. Downhill running exercise redirects Igf1 3 UTRs towards the
proximal polyadenylation site in wildtype mice only

We utilized a single 30 min downhill treadmill exercise, which is
known to induce muscle damage and associated molecular and cellular
changes in mdx mice [14], to assess whether Igfl 3'UTRs are differen-
tially utilized in response to exercise and muscle dystrophy. Thirty mi-
nutes after the exercise, mice were injected with EBD to quantify
damaged muscle fibers in the quadriceps given that it is one of the most
severely affected muscles in downhill exercises [14]. The exercised mice
(both mdx and WT) were either sacrificed at 1 or 5 days post exercise and
compared to sedentary mice (Fig. 2A and B).

For the mdx mice, a large number of EBD+ fibers was observed 1 day
post exercise, while the signal was much reduced in the 5 days post mice
as reported previously (Fig. 2A-C) [15] . However, we also observed a
large number of EBD+ fibers in sedentary mdx mice (Fig. 2A-C). In the
H&E analysis, no significant difference was observed between the
exercised and sedentary mdx mice with regards to visual appearance of
fibrosis and necrosis, while high variation was observed between the 5
days post exercise mice (Fig. 2D). No pathology was observed in the WT
quadriceps muscles (Fig. 2B-D).

To study how exercise influenced Igf1 3'UTR site choice, we isolated
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RNA from quadriceps muscles and analyzed transcripts with Nanopore
cDNA-seq.

After sequencing and transcript quantification, we first analyzed the
overall Igf1 expression in mdx and WT mice upon exercise and found that
Igf1 expression was higher in the mdx mice compared to WT mice before
and after the exercise (Fig. 3A). However, downhill running did not
significantly increase Igfl expression in any of the strains. Although
higher Igf1 expression levels were observed in exercised WT mice, this
was not significant due to the variation between mice (Fig. 3A), pointing
out the need of more biological replicates to draw a conclusion. Then,
we investigated the distribution of Igfl 3'UTR isoforms in mdx and WT
mice using the isoform specific transcript counts. In the mdx mice, the
exercise did not affect the Igf1 3'UTR pattern, which was already shifted
to the proximal polyadenylation site before the exercise (Fig. 3B). On the
other hand, in the WT mice, there was a clear shift from the distal pol-
yadenylation site to the proximal polyadenylation site, while the middle
polyadenylation site remained almost unchanged at both 1 day and 5
days post exercise mice (Fig. 3B).

Further, we studied the effect of the exercise on IGF-1 protein levels
in the quadriceps muscles of the mdx and WT mice by performing a
Western blot analysis. First, we found that the baseline IGF-1 level (in
sedentary mice) was higher in the mdx mice compared to the WT IGF-1
levels (Fig. 3C and D). At 1 day post exercise groups, IGF-1 levels were
found to be significantly decreased in the mdx mice, while this was
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Fig. 3. Investigation of Igf1 3'UTR pattern in dystrophic and exercised conditions. A. Bar graph comparing the Igf1 gene expression levels of the mdx and the
WT mice in sedentary and exercised conditions based on the normalized transcript counts. B. Bar graph showing the ratios of Igfl 3'UTRs relative to total Igf1 levels,
in sedentary/exercised mdx and WT mice. C-D. Blots and bar graphs showing the IGF-1 (~17 kDa) protein levels in exercised mdx and WT quadriceps (GAPDH as
loading control). n = 3 replicates, * P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001, two-way ANOVA comparing relative expression levels of Igf1/IGF-1
(Sidak’s multiple comparison) and the ratios of Igf1 3'UTRs (Tukey’s multiple comparison) in sedentary/exercised mdx and WT mice. All data are plotted as means +
SEM. PAS: polyadenylation site, 1dp: 1 day post exercise, 5dp: 5 days post exercise.
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dramatically increased in the WT mice. Interestingly, at 5 days post
exercise, IGF-1 levels were elevated in the mdx mice, whereas a sharp
reduction was observed in the WT mice. Taken together, the downhill
treadmill running protocol had a different impact on IGF-1 levels in the
mdx and WT mice.

3.2. Distal polyadenylation site targeting AONs redirect Igf1 APA

Based on our exercise study, we speculated that shifting Igf1 3'UTR
usage towards the proximal or middle polyadenylation site would result
in increased IGF-1 protein expression [10]. To induce this shift, we
designed three different AONs targeting the cis-regulatory elements
involved in polyadenylation and cleavage: AU-rich upstream elements
that typically enhance poly(A) site recognition, the poly(A) signal
sequence, which is essential for polyadenylation complex recruitment
and GU-rich downstream elements that interacts with CPSF and CstF
complexes to stabilize cleavage at the poly(A) site. The names of the
AONSs were given based on these elements (AU-rich upstream elements
(USE), poly(A) signal (SIG), GU-rich downstream elements (DSE))
(Fig. 4A). As AON transfection can influence cell differentiation, we used
a control AON as a reference. Transfection of C2C12 myoblasts was
performed at day 2 in differentiation media (just before differentiation)
and the cells were harvested after 24 h and 48 h for RNA and protein
isolations, respectively. The qPCR analysis showed a reduced level of the
distal 3'UTR in cells treated with the distal polyadenylation site target-
ing AONs compared to the control AON treated cells (Fig. 4B). Impor-
tantly, total Igfl transcript levels remained the same during the AON

Neuromuscular Disorders 51 (2025) 105394

treatment (Fig. 4C). At 36 h, the redirection was less visible in all con-
ditions, while the cells started to differentiate (Supplemental Figure S1).
AON SIG was selected as the lead AON for further experiments.

Next, we studied the possible effect of the APA redirection on protein
level. In AON SIG treated cells, IGF-1 levels were found to be increased
compared to the control AON treated cells. In addition to this, AKT
phosphorylation, one of the main targets in IGF-1 signaling, was also
elevated (Fig. 4D-F), while total AKT levels remained unchanged
(Fig. 4E and F).

3.3. Igfl APA redirection altered expression of genes related to
myogenesis and calcium homeostasis

Given that Igf1 distal polyadenylation site targeting might affect IGF-
1 signaling and cell differentiation, we decided to further analyze the
related transcriptome and quantify the Igf1 3'UTR in AON SIG treated
cells by performing 3' RNA sequencing. For this, C2C12 cells were
transfected with AON SIG or a control AON at day 2 of differentiation as
before and we isolated RNA 36 h post transfection as we observed that
the effect of polyadenylation site redirection started to decrease between
24 and 36 h.

Once the raw data was obtained, cleaning and quality control ana-
lyses were performed, and the reads were aligned to the mouse reference
genome (GRCm39/mm39). Here, 86 % of transcripts were found to be
uniquely mapped. For each condition, four replicates were used, and
they clustered together per condition (Fig. 5A). After filtering, differ-
entially expressed gene analysis was performed by DESeq2, limma-voom
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use with equal quantities of each of the AONs.



A. Yavas et al.

Neuromuscular Disorders 51 (2025) 105394

o

RV IR
PSS\ AR
S L& PP P
AON CON1 4
AON CON2 3
[a)
AON CON3 ==
g
AON CON4| =
7 24
AON SIG1 a
g
AON SIG2 %
AON SIG3 <
AON SIG4 04
-5.0
C regulati
0
plasn;amen{brarsg )
N

repair
regulation of insulin-like
growth factor receptor

signaling pathway
regulation of my
differant

R
B

N D B

regulatigh \oRtwitch._
skeletal mussle.

contractior 3

Mmuscle gontraction

\\
R

neghtivé rathauo)/o(

) myscle ron(}ae“,lm

p <

./

skeletal muscle
contraction

release gf sequdstered
sol

reticulum
e \
regulgtion of release of
\ g
sarcoplasmic réticulum  sequgstered calciyn iop
calcium ion lr'dns;gu(l into cytosolby
*»\ sargcoplasmic reticulum
N\
N\

sodium ion export
across plasma
membrane

reg!

t

fritochopfirial calcium
ion fomeostasis

skeletal muscle

\
/ \
regudlatior of striated

myotube differentiation
\

response to

-25 0.0

R 2.5
Average Log2FC

ion of §aredmere

rganization
\

\

regulathgd-afnitfic-oxid
— sypthase activity

e regulatigrf jof ‘skeletal
mysde tissie

devgiopment

positive regulauo\n ot
strigted muscle g8l
diffefentiation

N

\~
\ !/ .
positive/regulgtion of
miscle tissue

sitive regulation of »development

poirited-end actin
filament capping

\

ulation of sodium ion,
transmembrane
ransporter activity

skeletal myofibril
assembly

skeletal muscle thin
filament assembly

calcium ion import into positive regulation of stimulus
sarcoplasmic reticulum adapiation mitochondrial calcium involved in
ion concentration 3 striated muscle
regulation of
cell
muscle
5 development
adaptation

Fig. 5. Differential gene expression analysis. A. Heatmap showing the gene expression data for AON SIG treated and control AON treated cells (four replicates).
Hierarchical clustering of samples represents the distances across samples. B. Volcano plot showing the difference in gene expression levels between AON SIG treated

and control AON treated cells. The log2FC is plotted on the x-axis, while the —log10 o

f the adjusted P-value is plotted on the y-axis. Green dots are upregulated genes,

blue dots are downregulated genes while red dots are non-DEGs (adjusted P < 0.05). C. Gene-concept network analysis showing the connection between the enriched

terms. The node size correlates to the term enrichment significance.

and edgeR and all three tools reported around ~300 downregulated and
~150 upregulated genes in AON SIG treated cells compared to the
control AON treated cells (Fig. 5B). The gene network analysis revealed
which genes are involved in the most significant terms as well as their
connection with the associated genes and terms (Fig. 5C). GO annota-
tions of the DE genes showed a strong enrichment for genes involved in
sarcomere organization, calcium homeostasis, regulation of skeletal
muscle contraction and muscle cell development (Fig. 6A). GO cellular
component analysis showed the macromolecular complexes and sub-
cellular structures related to muscle structure and development
(Fig. 6B). Molecular function analysis mapped the majority of the genes
to cytoskeletal protein binding and ion binding (Fig. 6C). Most of the
genes represented in these GO terms were found to be downregulated.
Examples of downregulated genes in AON SIG treated cells were Tcap,
Myhl, Myh3, Myh4, Myh7, Casql, Trim72, Cd36, Myom3, Myll, Myl4,
Car3, Mb and Mef2c, which are all known to be involved in myogenic

differentiation. Upregulated genes in response to the redirection of the
APA included Stmnl, Cdknl and Igfbp5.

3.4. Internal poly(A) and poly(T) tract introduce a systematic bias on
quantification and coverage

Using the 3'UTR data, we also tried to quantify the 3' ends of Igf1, but
this resulted in a less prominent shift compared to what was previously
found by gPCR analysis (Fig. 7A and B). For a more detailed investiga-
tion, we generated the BAM files using samtools and visualized them in
the IGV genome browser. Besides the peaks aligning with the annotated
polyadenylation sites, there were three other strong peaks between the
middle and the distal polyadenylation site (Fig. 7C). Once the sequences
of these regions were obtained, we recognized the presence of the in-
ternal adenine (A) and thymine (T) runs that can be targeted by oligo
(dT) primers during the first strand and/or second strand cDNA
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synthesis. The read cluster with blue color represents the reads gener-
ated from the negative strand containing a T-stretch on the mRNA. This
T-stretch is then converted to A-stretch during the first strand cDNA
synthesis and targeted by oligo(dT) primers. The abundance of these
transcripts is over-estimated in the presence of oligodT priming, at the
expense of the other transcripts [16].

This bias and the internal A-stretches not only affect quantification,
but also the read length for Nanopore cDNA-seq full-length

transcriptome sequencing. While the internal A-runs result in 3'-trun-
cation of the cDNA, the internal T-runs on transcripts transcribed from
the opposite strand, during 2nd strand cDNA synthesis, lead to 5'-trun-
cation of the cDNA.

Because the cDNA was synthesized using random hexamer primers in
the qPCR analysis of the distal polyadenylation site along with the total
Igf1 transcript levels (in the AON study), this quantification was not
influenced by the presence of internal A and T-runs as we observed
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during the analyses of the Nanopore cDNA-seq and 3"-seq data.
4. Discussion

IGF-I is an important growth factor for proliferation and differenti-
ation of skeletal muscle cells and therefore IGF-1 treatment has been
considered as a therapy for DMD [17]. In mdx mice, strategies to
enhance IGF-1 signaling—via local or systemic administration and
muscle-specific expression—have improved muscle regeneration and
strength, and reduced apoptosis [18-20]. However, route of adminis-
tration, timing of injection, dose/duration of the treatment, onset of
disease pathology and the animal model used may affect the actions of
IGF-1 in skeletal muscle. While local IGF-1 overexpression increases
muscle mass in mdx mice, systemic recombinant IGF-1 does not, likely
due to its sequestration by IGF-binding proteins (IGFBPs). PEGylated
IGF-1 has shown benefits in young mdx mice but limited effects in older
or severely affected dystrophic models, highlighting the need for alter-
native strategies [21,22]In this study, we investigated the 3'UTR iso-
forms of the Igfl gene in exercised mdx and WT mice and developed an

AON-mediated approach to increase IGF-1 protein levels in C2C12 cells
by redirecting the Igf1 APA towards the upstream polyadenylation sites
to generate more stable Igf1 transcripts. Related transcriptome changes
following the AON treatment were unraveled by 3'RNA sequencing.

To investigate the effect of downhill running exercise on Igfl
expression and the distribution of the 3'UTRs in mdx and WT mice, we
performed a full-length transcript sequencing, and our first observation
was that in the sedentary mdx mice overall Igf1 mRNA expression and
relative usage of the proximal polyadenylation site was found to be
significantly higher compared to the sedentary WT. This might be
attributed to the ongoing regeneration in mdx mouse muscle [23,24]. On
the other hand, no significant change was observed in mdx and WT mice
upon exercise in overall Igfl gene expression despite the relative in-
crease in exercised WT mice with very high variation between mice.
After the exercise, Igf1 3'UTR was shifted towards the proximal poly-
adenylation site in WT mice, whereas it did not significantly change in
the mdx mice. One could speculate that mdx mice already have relatively
more proximal polyadenylation site usage and that the downhill exercise
was not enough to make additional changes on 3'UTRs usage, but it is
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also possible that other factors related to the ongoing muscle pathology
in mdx mice played a role. Analysis of IGF-1 protein levels in the exer-
cised mdx and WT mice showed that IGF-1 levels are significantly higher
in the mdx mice compared to the WT mice in the sedentary condition.
Because the total Igf1 levels are higher in the mdx mice compared to the
WT, to what extent the higher proximal polyadenylation site usage in
the mdx mice contributed to the higher IGF-1 protein levels remains
unclear. Despite the stable Igf1 mRNA levels in the 1 days post exercise
mdx mice, we observed a reduction on IGF-1 protein levels in that group.
Given the unchanged pattern of the Igf1 3'UTRs in these mice, this could
be due to the other regulatory factors that could bind the 3'UTR, such as
downregulatory miRNAs and RNA binding proteins. In the WT mice, the
downhill exercise caused a very sharp increase in IGF-1 levels at day 1.
Since the Igf1 mRNA levels were not significantly affected by the exer-
cise, we speculate that the higher proximal polyadenylation site usage
observed in the 1 day and 5 days post exercise WT mice could be one of
the reasons for this increase. On the other hand, very low levels of IGF-1
were observed in the 5 days post exercise WT mice despite a persistent
higher proximal polyadenylation site usage on transcript level. It should
also be considered that the quadriceps IGF-1 levels might have been
affected by the liver-derived IGF-1 levels in an endocrine manner.
Therefore, it remains challenging to draw a conclusion about the rela-
tion between the redirected APA and the IGF-1 protein levels in the
exercised mdx and WT mice.

While our initial rationale for employing nanopore long-read
sequencing was to explore potential connectivity between the Igfl
alternative polyadenylation and alternative splicing events in response
to downhill treadmill exercise, technical limitations, particularly inter-
nal A/T-rich stretches, impaired full-length cDNA synthesis and
restricted our ability to fully assess transcript connectivity. As a result,
the long-read data did not provide substantially more insight beyond
what was achievable with 3'-seq for polyadenylation site quantification.
To minimize the internal oligodT priming issue that led to truncated
reads in our nanopore cDNA-seq analysis, future studies could incor-
porate biotinylated capture beads targeting a common exon present in
all Igf1 isoforms (exon 3 or 4 in this case).

AONs can modulate polyadenylation by targeting polyadenylation
signals or other cis-regulatory elements for the purposes of gene
knockdown [25,26] or redirection of APA to favor the utilization of a
preferred transcript [27]. In this study, we redirected Igf1 APA to the
upstream polyadenylation sites by an AON-mediated approach and this
resulted in increased IGF-1 protein expression and the downstream
signaling in C2C12 cells. To our knowledge, this is the first demon-
stration of the use of AONs to increase IGF-1 levels without modifying
the coding region. However, it should be noted that the phenotypic
difference caused by the differentiation might have contributed to the
elevated IGF-1 levels as well. It was observed that overall Igf1 transcript
levels were not changed after the AON treatment while IGF-1 protein
levels found to be increased compared to the control. We speculate that
the dynamics of gene transcription and translation causes the differences
between panel D and E. The protein effect will happen later than the
transcript effect, so it is possible that the transcript levels have already
gone back to normal while the protein effect and signaling effects linger.
Furthermore, translation efficiency and miRNA-mediated translation
repression might have contributed the differences observed on RNA and
protein levels. The AON-SIG treatment reduces the usage of the distal
polyadenylation site, resulting in shorter transcripts. The mRNA-protein
discrepancy observed in the study could have been caused by the
changes in mRNA isoform composition that might enhance translation,
rather than total mRNA abundance. Given that the cis-regulatory ele-
ments on the distal polyadenylation site may be dispensable, we also
used all AONs in combination, but this led to a lower reduction on the
distal polyadenylation site usage compared to the AON USE and AON
SIG. It seems that targeting the upstream elements and the poly-
adenylation signal provides a more prominent redirection. Presumably,
a more efficient redirection could be achieved by higher concentrations
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in combinatory use when we consider the relatively lower Tm and
binding energy due to the AU-rich regions around the distal poly-
adenylation site.

The Igf1 APA shift in C2C12 cells resulted in a change in transcripts
involved in muscle-associated pathways, most importantly in sarcomere
organization, muscle cell development, muscle contraction and calcium
homeostasis. A number of genes related to myoblast differentiation was
found to be downregulated. Among the genes in the IGF-1 axis, only
Igfbp5 was differentially upregulated. IGFBP5 is the most abundant IGF
binding protein in skeletal muscle and it can modulate IGF-1 activity via
several mechanisms, for example by competing with IGF-1R to inhibit
IGF-1 actions, or in an opposite function, it can sequester IGF-1 around
the receptor in skeletal muscle, thereby enhancing signaling [28].
Therefore, IGFBP5 upregulation could be due to a feedback mechanism
in response to elevated IGF-1 expression Moreover, Tcap, a key player in
sarcomere stability, and several myosin heavy chain genes (Myh1, Myh3,
Myh4, Myh7) were differentially expressed, reflecting IGF-1's role in
muscle fiber adaptation and repair. Additionally, Casql and Trim72,
both involved in calcium homeostasis and muscle repair, showed altered
expression. This suggests IGF-1's critical role in maintaining calcium
balance and membrane integrity, as noted by others [29]. We also
observed changes in Cd36, a fatty acid transporter, pointing to IGF-1's
involvement in muscle metabolism. Mef2c, Igfbp5, and genes related to
muscle stem cell regulation (Stmn1, Cdknl, Myl1) further suggest IGF-1's
role in muscle differentiation, regeneration, and cell cycle progression.

IGF-1 isoform expression varies not only between tissues but also
across species, which may impact the translational potential of AON-
mediated approaches targeting the 3'UTR [30]. Differences in IGF-1
regulation, APA patterns, and RNA-binding protein interactions across
species could influence the effectiveness of such strategies. For example,
human and rodent IGF-1 isoforms exhibit distinct expression profiles
and regulatory elements, meaning findings in model organisms may not
fully translate to human applications. This species specificity should be
carefully considered when designing therapeutic interventions to ensure
their applicability across different biological systems.

While our current study is limited to in vitro experiments, these
systems provide a proof of principle to modulate Igf1 alternative poly-
adenylation. Importantly, the use of AONs to modulate polyadenylation
has been validated in vivo in other context [25], supporting the potential
translatability of this strategy. Future studies will be needed to explore
the physiological relevance and therapeutic feasibility of targeting Igf1
polyadenylation in vivo.

In conclusion, we investigated the patterns of Igf1 3'UTRs in the
exercised mdx and WT mice and developed an AON-mediated approach
to increase IGF-1 protein expression by redirecting the APA towards the
upstream polyadenylation sites. Given that most mammalian genes have
multiple polyadenylation sites, it is likely that many other targets with
therapeutic potential could be studied with this strategy. Moreover, APA
plays a role in other pathologies, particularly in various muscle disor-
ders, where dysregulation of polyadenylation can impact gene expres-
sion and disease progression [31]. Understanding APA’s broader
implications may provide new avenues for therapeutic intervention in
muscle-related and other diseases.
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