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ABSTRACT

Expansion of an unstable CTG repeat in the 3’'UTR
of the DMPK gene causes Myotonic Dystrophy type
1 (DM1). CUG-expanded DMPK transcripts (CUGE®*P)
sequester Muscleblind-like (MBNL) alternative splic-
ing regulators in ribonuclear inclusions (foci), lead-
ing to abnormalities in RNA processing and splicing.
To alleviate the burden of CUG®*P, we tested thera-
peutic approach utilizing antisense oligonucleotides
(AONs)-mediated DMPK splice-switching and degra-
dation of mutated pre-mRNA. Experimental design
involved: (i) skipping of selected constitutive exons
to induce frameshifting and decay of toxic mMRNAs
by an RNA surveillance mechanism, and (ii) exclu-
sion of the alternative exon 15 (e15) carrying CUG®*P
from DMPK mRNA. While first strategy failed to stim-
ulate DMPK mRNA decay, exclusion of e15 enhanced
DMPK nuclear export but triggered accumulation of
potentially harmful spliced out pre-mRNA fragment
containing CUG®*P. Neutralization of this fragment
with antisense gapmers complementary to intronic
sequences preceding el15 failed to diminish DM1-
specific spliceopathy due to AONs’ chemistry-related
toxicity. However, intronic gapmers alone reduced
the level of DMPK mRNA and mitigated DM1-related
cellular phenotypes including spliceopathy and nu-
clear foci. Thus, a combination of the correct chem-
istry and experimental approach should be carefully
considered to design a safe AON-based therapeutic
strategy for DM1.

INTRODUCTION

Myotonic Dystrophy type 1 (DM1) is an RNA-dominant
disease caused by expansion of a CTG repeat in the 3’ un-
translated region (3’UTR) of the DMPK gene (1). CUG-
expanded DMPK mRNAs (CUG®P) form ribonuclear in-
clusions (foci) which interact with poly(CUG) binding pro-
teins such as the alternative splicing regulators from the
Muscleblind-like (MBNL) family (2-5). Nuclear retention
of MBNL in foci perturbs the intricate balance between dis-
tinct splicing regulators, leading to abnormalities in RNA
processing, metabolism and splicing. Hyperphosphoryla-
tion and stabilization of MBNLs antagonist, CUGBP Elav-
like (CELF1) splicing regulator (6), further worsens alter-
native splicing aberrations (spliceopathy) observed in DM 1
(7). DM 1-related spliceopathy displays as a shift from adult-
to-embryonic mRNA isoforms which, upon translation,
generate proteins inept for performing proper functions in
the adult organism, ultimately leading to pathological hall-
marks of DM1 such as myotonia, muscle weakness and
wasting (8).

Among many approaches explored to alleviate CUG®*P-
related toxicity, antisense oligonucleotide (AON)-based
strategies were shown particularly successful in revers-
ing the molecular hallmarks of DM1 (recently reviewed
in (9)). For example, steric blocking AONs including
a morpholino-based anti-CUG oligomer (10) and short
locked-nucleic acid (LNA)-based oligonucleotides comple-
mentary to the repeats (11) were demonstrated to effi-
ciently bind CUG®*? in vivo and preclude MBNLSs seques-
tration without inducing a significant degradation of the
toxic RNA. Conversely, other data supports the feasibil-
ity of post-transcriptional silencing of toxic RNAs with
chemically modified AONSs targeting either CUG®*P directly
(12-16), or DM PK sequences located outside of the repeat
tract (16-19) (recently reviewed in (9,20)). While the most
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commonly exploited mechanism for degradation of toxic
transcripts in DM1 is the recruitment of diverse gapmer-
based AONs compatible with RNase H endonuclease-
dependent RNA cleavage (13,14,16-19), AONs promot-
ing degradation of toxic RNAs via other unidentified yet
mechanisms have been reported (12,15). Recently, an in-
teresting approach involving the recruitment of endoge-
nous RNA surveillance pathway was used in a DMI-
unrelated study that exploited rationally designed AONs
for steric inhibition of distinct exonic splicing enhancer re-
gions (ESE) within a constitutive STAT3 exon (21). Here,
ESE inhibition prompted exon skipping from mRNA and
caused a frameshift error leading to premature termination
codon (PTC) and further elimination of the transcript via
nonsense-mediated mRNA decay (NMD), a cytoplasmic
translation-dependent process preventing mis-spliced mR-
NAs from producing potentially toxic proteins (21,22). This
strategy could be potentially used in DM 1 therapy, however,
reduction of DM PK mRNA may raise concerns as the exact
contribution of DMPK haploinsufficiency to DM1 patho-
physiology has not been established conclusively. Reports
show reduction of baseline DMPK protein levels by half
in DM patients (23), or only a slight decline in DMPK in
severely affected congenital patients (24). Likewise, no ad-
verse effects upon wild-type DM PK allele knock-down was
recently demonstrated in mice (25), despite earlier reports
linking genetic disruption of Dmpk with skeletal myopathy
(26) and cardiac conduction defects (27).

Importantly, DM PK transcripts are subject to extensive
cell-type specific alternative splicing, and imbalance in the
splice isoform profile of DMPK was suggested to play piv-
otal role in the pathogenesis of DM1 (28,29). While splice
modulating strategies, such as AON-forced exon skipping,
have been extensively used as therapeutic approaches to-
wards other neuromuscular diseases like Duchenne mus-
cular dystrophy and spinal muscular atrophy (recently re-
viewed in (30,31)), DMPK splice-switching has not been
tested so far as a viable therapeutic option against DM1.
Interestingly, downstream of the CUG-repeat region in e15
of DMPK, is a rarely used cryptic 3’ splice acceptor site
(3'SA) present only in humans, which defines a new termi-
nal exon termed el16 (32). The use of 3’SA results in the
excision of a large 5 part portion of el5, including the
CUG-repeat region, leading to translation of an alternative
DMPK protein isoform with a unique C-terminal tail (32).
Naturally occurring expression of these e16-splice isoforms
in various skeletal muscles is estimated at 10-15% of to-
tal DMPK mRNA (32). Most importantly, el 6-containing
DMPK mRNAs, in contrast to CUG®P-containing tran-
scripts, are free from nuclear retention defect and may be
present in relatively large amounts in the cytosol of cells
from DM1 patients (32). However, no follow-up studies
have been yet conducted to fully understand the significance
and contribution of this rare alternative splicing event to
DMI1 pathophysiology and test whether and how it could
be used for therapeutic advantage against DM1.

Here, we investigated whether novel approaches uti-
lizing AON-mediated DMPK splice-switching and post-
transcriptional reduction of mutated DMPK pre-mRNA
have the potential of reducing the overall burden of
CUG**P-induced toxicity. For this purpose, we rationally

designed two AON-based splice-switching strategies involv-
ing skipping of selected constitutive DMPK exons in or-
der to induce frameshift error and decay of toxic mRNAs
(strategy 1) and exclusion of the alternative el5 carrying
CUG**P (strategy 2). We hypothesized that the resultant
mutant DM PK reduction (strategy 1) or CUG®*? skipping
(strategy 2) could release MBNLs from toxic sequestration,
induce foci dispersal, rescue the DM PK translational defect
and ameliorate DM 1-related spliceopathy. We tested these
ideas in a well-established and physiologically relevant cell
model consisting of DM 1-patients’ derived fibroblasts har-
boring distinct lengths of CTG-repeat expansions, in which
correction of spliceopathy and foci numbers as well as mu-
tant DM PK expression can be readily measured (11,33).

MATERIALS AND METHODS
ESE analysis and AON design

AON used in this study are listed in Supplementary Ta-
ble S1. Putative ESE motifs within DMPK €5, €9 and el5
were predicted using ESEfinder 3.0 (34,35). AONs target-
ing e5, €9 and el5 were designed based on exonic regions
with highest ESE density and presence of high-score mo-
tifs (Supplementary Figure S1, Supplementary Table S2),
and were synthesized as uniformly modified 2’-O-methyl
oligomers with a fully phosphorothioated backbone (2'-
Ome-PS) (RiboTask ApS, FutureSynthesis Sp. z 0.0.) or
locked nucleic acid oligomers with a fully phosphoroth-
ioated backbone (LNA-PS) (Exiqon/Qiagen), except for
one AON targeting e5 which was synthesized as 2’-Ome
for control experiments (RiboTask ApS). Antisense gap-
mers targeting DMPK intron 14 (Antisense LNA™ Gap-
meRs, Exiqon/Qiagen) were designed using Antisense Gap-
meR Designer tool (Exiqon/Qiagen) and all contain LNA
flanking regions (the position of LNA modifications is
proprietary to Exiqon/Qiagen), central DNA gap and a
fully phosphorothioated backbone. Negative control gap-
mer (Gap ctrl (-)) was a custom predesigned Antisense
LNA™ GapmeR (Exiqon/Qiagen). Positive control gapmer
(Gap ctrl (+) CAG 14) was described previously (14) and
purchased from Exiqon/Qiagen.

Cell culture and transfection of AONs

The following cell lines were obtained from the NIGMS
Human Genetic Cell Repository at the Coriell Institute for
Medical Research: GM07492 - human primary fibroblasts
from unaffected individual (non-DM1; control); GM04033
and GMO03989 - from DMI1 probands expressing mutant
DM PK transcript containing 1,000 and 2,000 CUG repeats,
respectively (DM 1-1000CUG and DM 1-2000CUG, respec-
tively). Cells were grown in a high glucose EMEM (Lonza)
supplemented with 20% fetal bovine serum, 1% antibiotic-
antimycotic (Gibco) and 1% non-essential amino acids so-
lution (Sigma), in a 37°C humidified incubator contain-
ing 5% CO,. Indicated AON amounts were transfected at
~80% cell confluency using Lipofectamine” 2000 Transfec-
tion Reagent (Invitrogen) per manufacturer’s instructions.
For combined treatment with splice-switchers and gapmers,
both types of AONs were delivered subsequently using lipo-
fectamine, with a 12 h lag time in between the two transfec-



tions. All molecular analyses were performed at indicated
time-points post transfection (48-96 h) and mock samples
refer to lipofectamine treated cells.

RT-PCR splicing assays and PCR gene expression analyses

RNA was isolated at indicated time-points following AON
treatment using TRI reagent (Sigma-Aldrich) per the man-
ufacturer’s recommended protocol. cDNA was synthesized
using GoScript™ Reverse Transcriptase (Promega) with
Random Primers (Promega) per manufacturer’s protocol.
Exon skipping and alternative splicing assays were analyzed
by standard RT-PCR reactions using GoTaq Flexi DNA
Polymerase kit (Promega). The PCR products were sepa-
rated in a 0.5-2% agarose gel (depending on the amplicon
size) stained with 0.5 pwg/ml ethidium bromide. PCR im-
ages were captured using G:Box EF2 (Syngene) and ana-
lyzed using GeneTools image analysis software (Syngene).
Efficiency of AON-mediated exon skipping (Aexon) and
the strength of splicing changes in the alternative exons of
DM biomarker transcripts (PSI), respectively, were calcu-
lated according to the formula: Aexon or PSI = (6*100)/(a
+ b), where Aexon is the % exon skipping, PSI the % alter-
native exon inclusion (which in the case of analyzed exons
represents adult-to-embryonic splicing shift characteristic
for DM1), a is the intensity of the PCR product with exon
inclusion and b is the intensity of the PCR product with
exon exclusion. Results of splicing assays were plotted on
bar graphs. For standard RT-PCR gene expression analyses
results were related to GA PD H expression. Real-time quan-
titative PCR analyses (qPCR) were performed in a 7900
HT Fast Real-Time PCR System (Applied Biosystems) us-
ing Power SYBR Green PCR Master Mix (Applied Biosys-
tems) according to the manufactures’ instructions. Quanti-
tative PCR reactions were performed using at least three in-
dependent cDNAs per sample type, each in three technical
replicates. Raw Ct data were analyzed in Microsoft Excel us-
ing 2722C method. Results represent a relative expression
of the analyzed target gene compared to an indicated ref-
erence gene, and normalized to averaged control/calibrator
samples. All PCR primers are listed in Supplementary Table
S3.

Immunoblotting

Protein isolation and western blotting were performed as
described previously (36), using the following primary an-
tibodies: polyclonal rabbit anti-human DMPK antibody
recognizing an epitope within the N-terminal region be-
tween aall-39 (LS-C167452, LifeSpan BioSciences, Inc.),
rabbit anti-human MBNLI (a kind gift from C. Thorn-
ton; University of Rochester Medical Center), mouse anti-
CUGBPI, clone 3B1 (Merck-Millipore) and mouse anti-
human GAPDH antibody (sc-47724; Santa Cruz). DMPK
antibody was validated using a DMPK blocking peptide
(LS-E4669, LifeSpan BioSciences, Inc.).

Luciferase constructs and luciferase assay

Luciferase vectors pmirGLO-DT960 and pmirGLO-
DMPKSs were constructed by subcloning a Nhel digested
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fragment of DT960 (37) or DMPKs (38) plasmids (a gift
from Thomas Cooper) spanning human DMPK exons 11—
15 with either 960 interrupted CTG repeats or no repeats
at all, respectively, into an MCS within the 3’UTR of firefly
luciferase in a pmirGLO vector backbone. Positive clones
and correct insert orientation were verified by restriction
digestion and sequencing. For luciferase assay, simian Cos7
cells were plated at a high confluency in 96-well plates
and transfected with 25-50 ng luciferase plasmids using
X-tremeGENE" HP DNA Transfection Reagent (Roche)
per manufacturer’s instructions. Indicated amounts of
splice-switching AONs or gapmers were transfected 12 h
later using Lipofectamine” 2000 Transfection Reagent
(Invitrogen) per manufacturer’s instructions. Luciferase
assay was performed 48 h post last transfection using
Dual-Glo® Luciferase Assay System (Promega) per man-
ufacturer’s protocol. Mock refers to transfection reagent
treated samples.

Fluorescent in situ hybridization

The RNA fluorescent in situ hybridization (FISH) was per-
formed using DNA/LNA probe (CAG)6-CA, labeled at
the 5-end with Cy-3 as previously described (11). Micro-
scopic slides were mounted using VECTASHIELD An-
tifade Mounting Medium with DAPI (Vector laboratories)
and sealed with a clear nail polish. The quantitation of
RNA foci was performed using standard fluorescence mi-
croscope and 60x oil immersion objective, by visual inspec-
tion of fluorescent spots present in cell nuclei. Foci were
counted in at least 200 nuclei per experimental sample and
each experiment was repeated at least twice to verify repro-
ducibility of the results. Mock (lipofectamine-treated) sam-
ples were used for reference.

Statistical analyses

Group data are expressed as mean =+ standard deviation
(error bars). Statistical significance was determined by a
two-tailed Student’s z-test (Microsoft Excel) by compar-
ing average results from two to three independent exper-
iments to results obtained for mock or ctrl-AON (scram-
bled sequence) treated samples (*P < 0.05; **P < 0.01 and
kP < 0.001). All experiments involved two to three in-
dependent biological replicates per sample type and were
repeated at least twice to verify reproducibility of the
results.

RESULTS
Experimental strategies and designing of AONs

In splice-switching strategy 1 (Figure 1A), we intended
to shift the open reading frame (ORF) of DMPK tran-
scripts by AON-induced skipping of internal constitu-
tive exons, and subsequently induce a PTC in DMPK
mRNA, thus increasing the likelihood of transcript decay
via RNA surveillance mechanism NMD. For this purpose,
we designed steric-blocking splice-switching antisense RNA
oligomers fully modified with 2’-O-methyl (2’-Ome) sugar
moieties and phosphorothioate (PS) linkages (2'-Ome-PS)
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Figure 1. Experimental strategies for AON-mediated DM PK splice-switching. (A, B) Schematic outline of human DMPK pre-mRNA (not to scale) and
two distinct AON-based strategies for testing therapeutic potential of DM PK splice-switching. (C, D) Representative RT-PCR analyses of AON-induced
e5 (C) and el5 (D) skipping in control fibroblasts (non-DM1) transfected with indicated amounts of 2’-Ome-PS AONs targeting respective exons. Two
lanes (C) or three lanes (D) represent distinct samples, while %Ae5 and %Ael5 indicate percentages of e5 or el5 spliced out, respectively. Schematics of
distinct PCR amplicons and primer locations are indicated. Gel images shown in C and D were cropped to show only selected samples. In D, note the
appearance of several el6-containing (Ael5/ACUG) splice isoforms differing in the alternative inclusion of el3 and el14. Chromatograms presented in
panel D show sequencing results across indicated splice-junctions (vertical red dashed line) of three distinct el 6-containing DM PK splice products.

that target putative ESEs within specific internal constitu-
tive DM PK exons (Supplementary Figure S1, Supplemen-
tary Tables S1 and S2). Target exons e5 (AONs 1-5), encod-
ing part of the kinase domain of the protein, and €9 (AON-
6), encoding part of the a-helical coiled-coil domain of the
protein, were chosen based on a prediction that exclusion
of either one of them from mature DMPK mRNA would
shift the ORF and generate a PTC in €7 or el0, respec-
tively, in agreement with the 55-nt NMD rule (39) and hy-
pothetically leading to degradation of e¢5- and e¢9-deficient
and frameshifted mRNAs.

In splice-switching strategy 2 (Figure 1B), we targeted
AONS to putative ESEs within DM PK’s last coding alter-
native €15 (AONs 8-10) harboring 3’UTR with the CUG-
repeat expansion region (Supplementary Figure S1, Supple-
mentary Table S1-2). Based on previous reports (32), we
predicted that AON-mediated inhibition of el5 inclusion
could redirect the splicing from exons preceding el5 to a
cryptic alternative 3'SA located downstream of the CUG-
repeat region. This would result in DM PK mRNAs lacking
the entire 5’ part of el 5 including a 3’'UTR fragment harbor-
ing pathogenic CUG expansion (referred to as el5/CUG),
but containing novel terminal el6 devoid of the repeat re-
gion (referred to as Ael5/ACUG). We hypothesized that

these two approaches could reduce DMPK mRNA (strat-
egy 1), mitigate its nuclear retention and translational defect
due to CUG®*P (strategy 2), and reduce nuclear foci leading
to MBNLs release and spliceopathy correction (both strate-

gies).

Splice-switching AONs effectively induce DMPK exon skip-
ping

We first tested the ability of distinct AONs to induce con-
stitutive exon skipping in primary fibroblasts derived from
control (unaffected; non-DM1) as well as DM 1-affected
patients harboring distinct lengths of CTG-repeat expan-
sion (Figure 1C). RT-PCR analyses with primers flanking
targeted exons revealed efficient skipping of e5 and €9 in
both control and DM cells dosed with increasing AON
amounts, while no skipping was induced by control AONs
with scrambled sequences (Figure 1C, Supplementary Fig-
ure S2A-E, S3A). AONs targeting e5 within the middle re-
gion (AON-4) and at the 3’ exon/intron boundary (AON-5)
induced the most efficient e5 exclusion (Supplementary Fig-
ure S2A). For €9, only one AON targeting ESE region prox-
imal to 3’ exon/intron boundary was tested (Supplemen-
tary Figure S2D and E). The rate of e5 and e9 skipping was



higher in unaffected vs DM1 cells and ranged from ~30%
upon 25 nM AONSs to ~40% (in the case of €9) or ~60%
(in the case of €5) upon 125 nM AONSs (Figure 1C, Supple-
mentary Figure S2B-E). Importantly, neither further incre-
ment of AONs dose up to 250 nM (upon solo treatment) nor
combined treatment with both e5- and e9-directed AONs
enhanced the exon skipping rates (Supplementary Figure
S2B-D, F). Lower exon skipping upon high AON amounts
resulted most likely from increased cell mortality, as judged
by microscopic evaluation of cells. Importantly, locked nu-
cleic acid oligomers with a fully phosphorothioated back-
bone (LNA-PS), which were equivalents of the most effi-
cient 2’-Ome-PS AONs (LNA-PS: +AON-4 and +AON-6
vs 2/-Ome-PS: AON-4 and AON-6, as listed in Supplemen-
tary Table S1), did not compromise cell viability as judged
by microscopic observations. In agreement, cell death and
cytotoxicity were elevated in control fibroblasts treated with
2’-Ome-PS but not equivalent 2’-Ome or LNA-PS AONs
targeting the same core sequence within e5 (Supplementary
Figure S3C). However, LNA-PS equivalents induced much
weaker constitutive exon skipping compared to 2’-Ome-PS
AONSs (Supplementary Figure S3A). Noteworthy, major-
ity of oligomers tested in our study have high GC content
(Supplementary Table S1) and may be prone to self-pairing,
especially when modified with high-affinity modifications
such as LNA, which could in part explain the poorer ac-
tivity of LNA-modified AONs in our exon skipping experi-
ments. Therefore, AONs with the 2’-Ome-PS chemical mod-
ification were used in subsequent experiments at doses in-
ducing efficient skipping, but no detrimental effects on cell
viability (50-75 nM).

We next tested the ability of splice-switching AONs to
exclude CUG-expansions from mature DMPK mRNA by
skipping of the alternative el5 (strategy 2, Figure 1B). Two
out of five tested 2’-Ome-PS AONs, namely AON-8 and
AON-10 targeting the 5'-most one-third and 3’-most one-
third of el5, respectively, were able to induce a significant
splice-shift in fibroblast (Figure 1D, Supplementary Figures
S1, S2G, Supplementary Table S1). Using PCR primers lo-
cated within el 1 and crypticel6, we detected several DM PK
splice isoforms devoid of the entire 5’ part of el5 includ-
ing the CUG-repeat tract, but containing novel terminal €16
(Ael5/ACUQG) (Figure 1D). These isoforms included pre-
viously described e14-¢16 splice isoform (32) as well as two
isoforms in which either el3 or €12 were directly joined to
el6. The identity of these three distinct splice isoforms was
confirmed by sequencing of the PCR products across the
splice junctions (Figure 1D). The overall efficiency of AON-
induced el5 vs el6 splice-switching was similar (~80%) in
control and DM 1-affected cells (Figure 1D, Supplementary
Figure S2G), however, like with e5 and €9, LNA-PS AONs
prompted weaker splice-switch compared to their 2'-Ome-
PS equivalents (Supplementary Figure S3B).

AON-mediated skipping of constitutive exons fails to reduce
DMPK mRNA levels

Having confirmed AONSs efficiency, we next examined how
strategy 1 affected the overall expression of DMPK mRNA
and protein. Quantitation of total DMPK mRNA in con-
trol and DM fibroblast demonstrated lack of significant
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Figure 2. AON-mediated skipping of constitutive exons fails to reduce
DMPK RNA. (A) Quantitation of total DMPK mRNA by qPCR (real-
time PCR) expression analyses of the 3UTR fragment demonstrates lack
of significant DM PK transcript reduction upon e5 skipping in control and
DM -affected fibroblasts. DM PK expression is shown relative to GAPDH,
increasing doses of AON targeting e¢5 (AON-4), control scrambled se-
quence AON (scr-1) are indicated. (B) Representative results of western
blot analyses showing DMPK protein level in control fibroblasts dosed
with 75 nM of indicated AONs. Three lanes indicate individual samples.
Quantitation is shown to the right. Whole-membrane scan of DMPK west-
ern blot is shown in Supplementary Figure S4C.

transcript decay, despite very efficient e5 and €9 skipping
(Figure 1C, Supplementary Figure S2C, Figure 2A and
Supplementary Figure S4A, B). As expected, treatment
with e5 or €9 directed AONs reduced expression of DMPK
splice isoforms containing e5 or €9, respectively (Supple-
mentary Figure S4A), however, total DMPK mRNA level
remained unaffected regardless of the analyzed RT-PCR
amplicon (3’'UTR vs internal mRNA fragment spanning
€9-¢10 or e5—¢e7) (Supplementary Figure S4A). Although,
a trend in the overall DMPK protein level reduction was
observed upon treatment with AONSs targeting e5 and e9,
it was not statistically significant (Figure 2B) and no trun-
cated protein isoforms were detected (Mw of truncated pro-
teins: ~24-25 kDa w/o e5, ~43-45 kDa w/o ¢9) (whole-gel
scan in Supplementary Figure S4C). Summarizing, despite
efficient skipping of constitutive DM PK exons, experimen-
tal strategy 1 failed to induce DMPK mRNA decay as ini-
tially predicted.

Skipping of the alternative el5 results in accumulation of ex-
cised pre-mRNA fragment containing CUG-expansions

We next examined how el5 exclusion (strategy 2) affected
the levels of total DM PK mRNA as well as spliced-out pre-
mRNA fragment consisting of intron 14 (i14) and the en-
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tire 5’ part of el5 including CUG-repeat region (referred
to as 114/e15/CUG; Figure 1B). While the overall level
of DMPK transcript was unaltered by AON-8-mediated
el5/CUG skipping in DM1 fibroblasts, control experi-
ments with gapmer AONs complementary to i14 (Gap 114-
1 and Gap 114-2) reduced DM PK transcript by half, even
upon prior el5 splice-switching (Figure 3A, Supplementary
Figure S5B and C). Intriguingly, RNA reduction was not
accompanied by DMPK protein downregulation even af-
ter long incubation with gapmers up to 84 h (Figure 3B)
and 96 h (Supplementary Figure SSD), which might suggest
high protein stability. Because potential therapeutic effect
of AONSs could be masked by excised pre-mRNA fragment
containing CUG expansion (depending on the half-life af-
ter splicing), we examined its level upon AON-8-mediated
el5 splice-switching. Interestingly, significant accumulation
of 114/e15/CUG was evident in DM1 fibroblasts treated
with AON-8, but not after dosing the cells with scram-
bled control AON (Figure 3C). Importantly, intronic gap-
mers efficiently neutralized this effect as114/e15/CUG pre-
mRNA accumulation in AON-8 treated cells was almost
completely abrogated by sequential treatment with either
of the 114 gapmers (Figure 3C; compare green vs checked
bars). Our results also indicated that in DM1 cells intronic
gapmers can effectively degrade pree-mRNA DMPK tran-
scripts as well as the spliced-out fragment containing ex-
panded CUG-repeats (Figure 3A and C, compare red vs vi-
olet and green vs checked bars).

Skipping of e¢15/CUG improves nuclear export of DMPK
transcripts

Because CUG-expansions are known to compromise nu-
clear export of mutant DM PK mRNAs, we next tested how
el5/CUG skipping affected nuclear retention of DMPK
transcripts. For this purpose, we designed two luciferase re-
porters harboring in their 3UTR a genomic DMPK frag-
ment spanning el 1-e15 and the entire 3’UTR sequence with
either expanded (mutant) or no CTG repeats (control) (Fig-
ure 3D). Luciferase assay in Cos7 cells transiently trans-
fected with these reporters confirmed that the presence of
CUG®? in the 3'UTR of firefly luciferase reduced nucleo-
cytoplasmic transport of the mutant transcript, as expected,
and thereby suppressed luciferase translation compared to
control reporters with no repeats, as shown in control ex-
periments (mock- and scrambled AON-treated cells) (Fig-
ure 3D). Exclusion of el5 from mature luciferase transcript
via AON-8 and AON-10 significantly improved luciferase
production and unexpectedly, this was evident in both mu-
tant and control reporters (Figure 3D). This result suggests
that the sole presence of CUG-repeat flanking region has
an inhibitory role in DMPK nuclear export and transla-
tion, whereas CUG-repeated sequence might have an ad-
ditive effect (Figure 3D; compare green and red bars in
AON-treated samples vs mock samples). Importantly, gap-
mers alone almost entirely switched off luciferase transla-
tion, confirming high efficiency of intron-directed gapmers
in reducing DMPK regardless of the presence of CUG-
expansion (Figure 3D). Taken together, these data strongly
support therapeutic potential of AON-mediated el5/CUG

exclusion in mitigating DM 1-related DMPK mRNA nu-
clear retention and translational defect.

DMI1 spliceopathy can be reversed by gapmer-mediated
degradation of DMPK pre-mRNA, but not by AON-induced
DMPK splice-switching

To further explore therapeutic potential of splice-switching
AON:Ss targeting el5, we examined how AON-8, either alone
or combined with 114 gapmers, affects the alternative splic-
ing of known DM 1 biomarker transcripts in DM 1-patients’
derived fibroblasts. These biomarkers included MBNLI1-
regulated alternative exons of MBNLI — el (36,40) and
e5 (40-46), MBNL2 — ¢7 and NCOR2 (nuclear recep-
tor co-repressor 2) — e47a (47). Expectedly, 114 gapmer-
mediated DM PK pre-mRNA reduction mitigated DM1 re-
lated spliceopathy of all four tested biomarkers in DM 1-
1000CUG fibroblasts (Figure 4A-B). This therapeutic effect
was modest yet evident in the case of MBNLI e5, MBNL2
e7 and NCOR?2 e45a, but very significant in the case of
MBNLI el, whose exon inclusion shifted back to the levels
observed in control fibroblasts (Figure 4A-B). Unexpect-
edly, however, dosing DM fibroblasts with el5-directed
AON-8 as well as control scrambled sequence-AON scr-1
consistently aggravated the already pre-existing spliceopa-
thy in all of the tested transcripts (Figure 4B, compare red
versus green and gray bars), while exposure of cells to AON-
8 prior to il4 gapmers transfection completely prevented
the therapeutic effect of gapmers (Figure 4, checked bars).
Interestingly, DM 1-spliceopathy was consistently enhanced
in DM fibroblasts dosed with AONSs targeting e5/e¢9 and
additional control AON scr-2 (Supplementary Figure S6).
Moreover, DM 1-like splicing aberrations were evident in
control cells regardless of the AON-targeted sequence, and
failed to diminish over time up to 72 h post AON treatment
(Supplementary Figures S6 and S7). These data suggested
that aggravation of DMI-like alternative splicing defects
was unlikely caused by DM PK pre-mRNA splicing manip-
ulation or by oligomer sequence alone, but rather due to
AON chemistry-dependent toxicity. In support of this hy-
pothesis, no alternative splicing abnormalities were detected
in analyzed exons upon e5 or el5 skipping induced with
LNA-PS-modified AONs targeting the same core sequence
as their 2’-Ome-PS equivalents (Supplementary Figure S7,
Supplementary Table S1).

To explore the basis for the aberrant splicing observed
upon 2’-Ome-PS AONSs, we analyzed the expression of two
antagonistic splicing regulators implicated in DM1 patho-
genesis, namely MBNLI1 and CELF1 (Figure 5). Intrigu-
ingly, the level of both proteins was significantly upregu-
lated in control fibroblasts dosed with AON targeting e5
(Figure 5A). Although the ~40% CELF1 protein increase
was paralleled by ~40% elevated mRNA content (Figure
SA, C), the MBNLI mRNA level was unaltered (data not
shown). We observed, however, a ~40% higher inclusion
of el into MBNLI mRNA, which could alone explain the
observed ~40% rise in MBNLI protein (Figure 5C). This
is in agreement with our recent observations demonstrat-
ing autoregulation of MBNLI expression via el repression
(36,40). Similar results were observed in a DM1 cell model
(Figure 5B, Figure 4B). However, while CELF1 protein
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reached even higher levels than in non-DM1 cells, MBNL1
content was only slightly elevated (Figure 5B). The latter
could be explained by higher basal levels of el in non-
treated DM cells (Figure 4B, compare white vs red bars in
MBNLI el splicing quantification) and the resulting lower
impact of AON addition on MBNLI splicing (compare el
splicing in Figure 4B, red vs green bar, and Figure 5C) and
protein level (Figure 5B). Taken together, we conclude that
DM 1-like splicing aberrations upon 2’-Ome-PS AONs are
likely triggered by toxicity related to their chemical modifi-
cation, and not by their specific sequence, and these events
correlate with altered expression and/or activity of two an-

tagonistic splicing regulators implicated in DM 1, MBNL1
and CELF1.

Reduction of DMPK pre-mRNA diminishes CUG*? foci
number

Finally, we tested whether DMPK splicing manipulation
and pre-mRNA reduction affect CUG®*? foci formation.
FISH analysis comparing nuclear foci in DM1 fibroblasts
transfected with distinct splice-switching AONSs revealed no
differences in cumulative foci numbers or foci distribution
upon skipping of constitutive e5 or €9 (Figure 6A). This
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result was not unexpected considering lack of significant
DMPK mRNA reduction upon e5 or ¢9 exclusion. Sim-
ilarly, skipping of ¢15/CUG failed to reduce nuclear foci
numbers most likely due to accumulation of the excised pre-
mRNA fragment containing expanded repeats (Figure 6B,
black dotted line). However, additional treatment with in-
tronic gapmer significantly reduced foci numbers compared
to AON-only treated cells (Figure 6B, black line). This is
most likely due to gapmer-mediated reduction of overall
DMPK pre-mRNA, as demonstrated in Figure 3A and Sup-
plementary Figure S6. The most significant reduction in to-
tal foci numbers was evident upon solo gapmer treatment
(Figure 6B, violet line), however, analyses of foci number
distribution in distinct nuclei indicated that both gapmer
alone as well as AON/gapmer-treated cells contained less
nuclei with 3-5 foci, and more nuclei with single focus or

no foci at all, compared to mock, scramble or AON-only
treated cells (data not shown), further corroborating thera-
peutic potential of gapmers directed at intronic DMPK se-
quences.

DISCUSSION

In this work, we investigated whether antisense oligomer-
mediated DM PK pre-mRNA splice-switching can amelio-
rate the CUG®P-related molecular phenotypes of DM, in-
cluding nuclear foci formation, spliceopathy and DMPK
translational defect. Using well characterized and physio-
logically relevant cell model consisting of DM1-patients’
derived fibroblasts, we tested two novel experimental strate-
gies exploiting AON splice-switchers to induce either
DMPK mRNA frame-shifting followed by decay (strategy
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1), or CUG-repeat region skipping (strategy 2). Impor-
tantly, DM PK splicing approach has not been tested be-
fore in therapeutic context despite extensive literature data
on DM PK splice isoforms and their suggested role in DM
pathogenesis.

Both splice-switching strategies, although fairly efficient
in control as well as in DM 1-fibroblasts, were unsuccess-
ful in considerably improving molecular hallmarks of DM1.
While constitutive exon skipping failed to stimulate DMPK
mRNA decay at all, exclusion of the alternative el5 car-
rying CUG®P was able to rescue only the nuclear export
and translation of DM PK in an artificial luciferase reporter
system, but triggered persistent accumulation of potentially
harmful spliced out pre-mRNA fragment containing i14,
el5 and CUG expansion region. This pre-mRNA fragment
could be ‘neutralized’ by i14-directed gapmers and most im-
portantly, intronic gapmers alone were able to reverse major
molecular hallmarks of DM like ribonuclear foci accumu-
lation, spliceopathy and DM PK translational defect. No-
tably, while majority of AON-based approaches for DM1
reported to-date targeted antisense oligomers either to the
repeated CUG-sequence or to exonic and 3'UTR sequences,

none tested the potential of intron-targeted AONs for
DMPK transcript reduction. Noteworthy, antisense gap-
mers have been previously tested in animal models of DM 1
where they have shown beneficial effects in DM PK mRNA
reduction, muscle histology and reversal of aberrant splic-
ing without detectable toxicity (17-19).

We observed that gapmer AONs were generally more ef-
fective compared to splice-switchers. This difference might
be determined by AONs” mode of action (RNase HI re-
cruitment vs steric blocking of splice machinery and com-
peting with splicing factors like SRSF proteins, respec-
tively) but also their chemistries (2'-OmePS versus LNA-
PS/DNA-PS), length, cellular uptake efficiency as well as
intracellular routing (nucleus or cytoplasm). Also, while
design of splice-switchers is constrained by ESE motif lo-
cation within targeted exons, numerous designs are pos-
sible for gapmers depending on optimal sequence or sec-
ondary structure to ensure target accessibility and high po-
tency. Our data also revealed that the exclusion of alterna-
tive el5 was more potent compared to constitutive e5 and
€9 and in general, exon skipping was more effective in con-
trol than DM 1-affected fibroblasts. These differences might
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stem from distinct location of targeted exons within the pre-
mRNA (internal constitutive exons vs 3’ proximal alterna-
tive exon) and their accessibility to AONs, as well as distinct
subcellular localizations and accessibility of non-expanded
vs mutated DM PK transcripts (i.e. RNA foci), respectively.
Nonetheless, despite fairly efficient splice-switching in DM 1
fibroblasts, no effect on DMPK mRNA reduction and no
truncated DMPK proteins were observed with strategy 1.
In agreement with the 55-nt rule of the NMD (22,48), skip-
ping of €5 and €9 in our approach was predicted to in-
duce PTCs more than 100 nt upstream of the 3’-most exon-
exon junction (within e¢7 and el0, respectively) therefore it
could hypothetically induce NMD of misprocessed DMPK
mRNAs. Currently, we cannot explain why these mispro-
cessed mRNAs failed to be degraded. One possibility is
that crucial factors of the NMD RNA surveillance path-
way are inefficiently expressed in our experimental cells, or
that upstream ORFs present within SUTR of DM PK tran-
script could possibly initiate translation from a different
site and avoid NMD pathway. Alternatively, translation re-
initiation from an in-frame downstream AUG codon might
have bypassed NMD and accounted for the lack of DMPK
reduction. The latter scenario, which frequently generates
N-terminally truncated proteins, has been reported as a
likely cause for bypassing NMD of other transcripts with
nonsense mutations, for example HBB mRNA (human 3-
globin) or DM D (Duchenne Muscular Dystrophy) (49,50).
DMPK antibody used in this study recognizes N-terminal
part of the protein, therefore we are unable to conclude at
the moment, whether such N-terminally truncated protein
fragments were generated by AON-induced e5 and e9 skip-
ping.

Our results demonstrated that AON-induced skipping
of DMPK’s el5 triggers accumulation of potentially

harmful spliced-out i14/¢15/CUG pre-mRNA fragment
which could be prevented by additional treatment with
il4 directed gapmers. The exact determinants of the
114/e15/CUG stability in this context are currently un-
known and remain to be further investigated. Notably, full
functionality in vivo of the cryptic 3’SA and its ability to
generate naturally occurring e16 DM PK splice isoforms de-
void of CUG-expansion places DM1 mutation formally
within the last intron of the gene (32). This closely resembles
the situation observed in myotonic dystrophy type 2 (DM2)
where massive intronic CCTG expansion within the first in-
tron of CNBP (CCHC-type zinc finger nucleic acid binding
protein) triggers similar yet milder disease course. Interest-
ingly, significant retention of CNBP intron 1 has been re-
ported in DM2 tissues and cells (51). In light of this finding,
it would be interesting to test whether gapmers directed at
intron 1 of CNBP could also neutralize the RNA contain-
ing retained intron and hence alleviate the molecular phe-
notype of DM2. However, similarly as in the case of DM PK
reduction, decrease of CNBP transcripts may raise concerns
due to controversial influence of the repeat expansions on
RNA and protein expression (52-55). In our experiments, a
significant reduction of DM PK transcripts in DM1 fibrob-
lasts transfected with 114 gapmers was evident, yet molecu-
lar hallmarks of DM1 like spliceopathy and foci accumula-
tion were effectively alleviated with no apparent detrimental
effects on cells’ viability. Importantly, we observed no re-
duction of DMPK protein level even after long incubation
with gapmers up to 96h, which might suggest high stability
of the protein in this context. In addition, our experiments
with luciferase reporters modeling CUG®*P-induced DM PK
translational defect demonstrated that AON-mediated ex-
clusion of e15/CUG is a viable option for boosting nucle-
ocytoplasmic transport and DMPK biosynthesis. The im-



provement was evident not only in the case of el5 splice-
switching in mutant luciferase reporter carrying long re-
peats, but unexpectedly, also in the case of control reporter
harboring no repeats. These results imply that the sole pres-
ence of CUG-neighboring/flanking sequences might have
inhibitory role in DM PK mRNA nuclear export and trans-
lation and suggest their functional role in DM PK transcript
metabolism and cellular trafficking, whereas CUG-repeated
sequence might have an additive effect in this context. Inter-
estingly, sequences within the 3’UTR of DMPK, including
the CUG-repeated sequence, have been recently reported
as binding sites for several distinct microRNAs (miRNAs)
that may contribute to regulation of DM PK expression (56).

Intriguingly, we observed that 2’-Ome-PS AONs, but
not their equivalents with otherwise modified backbone
chemistry or gapmer-AONs alone, aggravated already pre-
existing spliceopathy in DM 1 cells and stimulated DM 1-like
splicing shifts in DM 1-unaffected cells. These unexpected
changes, likely due to AON chemistry-dependent toxicity,
were accompanied by increase in MBNL1 and CELF1 pro-
teins, two antagonistic alternative splicing regulators impli-
cated in DM1. While CELF1 upregulation was paralleled
by mRNA increase, the increase in MBNLI1 protein level
may be explained by significantly increased DM 1-like inclu-
sion of el in MBNLI mRNA, which we detected in control
non-DM1 fibroblasts dosed with 2’-Ome-PS AONs. Our re-
cent data demonstrated that MBNLI is capable of switch-
ing off its own expression by binding to el and prompting
its exclusion from its own pre-mRNA, and that functional
depletion of MBNL1 such as in DM, due to sequestration
by CUG®*P, hinders MBNLI1 splicing activity resulting in
el inclusion and increased production of a fully functional
MBNLI (36,40). Our current work indicates that delivery
of 2'-Ome-PS AONs, regardless of their sequence, hinders
functionality of MBNLI1 and this releases the block of el
skipping from MBNLI mRNA to increase the protein con-
tent and prevent further aggravation of the phenotype by
AONSs toxicity. How exactly 2’-Ome-PS chemistry affects
MBNLI is unclear at the moment, however, experimental
data from other groups indicates that upon exposure to a
variety of environmental stress conditions, both MBNLI1
and CELF1 can actively shuttle between the nucleus and cy-
toplasmic stress granules (57,58). Whether increased stress
response is the case upon 2’-Ome-PS exposure, and how it
might potentially affect MBNLI1 and CELF1 splicing activ-
ities, however, awaits further investigation.

In conclusion, although neither of our novel DMPK
splice-switching strategies was as successful as initially pre-
dicted, our data showed that molecular hallmarks of DM 1
can be reversed by pre-mRNA reduction of DMPK. This
has important implications for designing and testing novel
therapeutic strategies using intron-directed gapmers not
only in DM1, but also in DM2 associated with intronic re-
peat expansions. Targeting introns can be an ‘early preven-
tion step’ i.e. down-modulating mutated pre-mRNA likely
before it accumulates in ribonuclear foci and hinders splic-
ing regulators. As a closing remark, it is important to point
that a combination of both, the correct experimental ap-
proach and non-toxic AON chemistry, should be carefully
considered to design safe therapeutics.
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