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Correlating In Vitro Splice Switching Activity With
Systemic In Vivo Delivery Using Novel ZEN-modified
Oligonucleotides

Suzan M Hammond', Graham McClorey', Joel Z Nordin?, Caroline Godfrey', Sofia Stenler?, Kim A Lennox?, Cl Edvard Smith?,
Ashley M Jacobi®, Miguel A Varela', Yi Lee', Mark A Behlke?®, Matthew JA Wood' and Samir EL Andaloussi'?

Splice switching oligonucleotides (SSOs) induce alternative splicing of pre-mRNA and typically employ chemical modifications
to increase nuclease resistance and binding affinity to target pre-mRNA. Here we describe a new SSO non-base modifier
(a naphthyl-azo group, “ZEN™") to direct exon exclusion in mutant dystrophin pre-mRNA to generate functional dystrophin
protein. The ZEN modifier is placed near the ends of a 2’-O-methyl (2'OMe) oligonucleotide, increasing melting temperature
and potency over unmodified 2’OMe oligonucleotides. In cultured H2K cells, a ZEN-modified 2’OMe phosphorothioate (PS)
oligonucleotide delivered by lipid transfection greatly enhanced dystrophin exon skipping over the same 2’0OMePS SSO lacking
ZEN. However, when tested using free gymnotic uptake in vitro and following systemic delivery in vivo in dystrophin deficient
mdx mice, the same ZEN-modified SSO failed to enhance potency. Importantly, we show for the first time that in vivo activity
of anionic SSOs is modelled in vitro only when using gymnotic delivery. ZEN is thus a novel modifier that enhances activity of

SSO0s in vitro but will require improved delivery methods before its in vivo clinical potential can be realized.
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Introduction

It has been estimated that nearly one tenth of all disease-
causing mutations are caused by single-base pair substitu-
tions affecting pre-mRNA splicing.! Many of these mutations
are amenable to splice switching therapy whereby small
nucleic acids are directed toward cis splicing elements
within pre-mRNA. 2% These splice switching oligonucleotides
(SSOs) can act through targeted binding to pre-mRNA to
promote or inhibit recruitment of splicing factors so as to
induce exon inclusion or exclusion, block pseudoexons from
recognition, and influence alternative splicing.24% SSOs can
be directed to target the disease-causing mutations directly,
such as to block cryptic splicing in B-thalassemia, to promote
inclusion of exons or to induce removal of exons containing
premature termination codons. Alternately, SSOs can target
regions around a mutation, such as for Duchenne muscular
dystrophy (DMD), whereby frame-shift deletions in the DMD
gene can be bypassed by removing additional exons to cre-
ate an in-frame deletion that produces a partially functional,
internally truncated dystrophin protein.”® It is the unique
structure and function of dystrophin, with its large series of
structural repeats in the central rod domain that allows this
splice switching strategy to be successful.*%-12

Two SSO chemistries have been utilized for DMD clini-
cal studies; phosphorodiamidate morpholino (PMO) or
2’-O-methyl phosphorothioate RNA (2°OMePS RNA). These
so-called second-generation oligonucleotide (ON) analogs
increase target affinity and confer nuclease resistance. The
first splice switching clinical trials for DMD utilizing a 2’OMePS
SSO, called drisapersen,™ and a PMO SSO, eteplirsen,™

resulted in limited success. While these compounds are well
tolerated, results of a phase 3 clinical trial (DMD114044) for
drisapersen announced recently indicated that the trial had
failed to meet its primary endpoint of demonstrating improve-
ment over placebo (Prosensa update 19 December 2013).
Eteplirsen has achieved better success; patients treated up
to 2 years appear to have stabilized muscle function as seen
by stability in their ability to perform the 6-minute walk test.™
However, for this approach to be successful, there remains
an important need to develop new and modified forms of ONs
that improve clinical efficacy.

To improve splice-switching efficacy, we exploited a novel
non-base modifier which can be introduced to any anionic ON
to enhance its binding affinity by increasing the 7_. The modi-
fier, N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-phenylamine
(dubbed “ZEN™"), has very recently been successfully uti-
lized in anti-microRNA ON (antagomir) designs, significantly
improving the potency of 2’OMe-based antagomirs in vitro."™
Here, upon inclusion of ZEN into conventional 20-mer
2’0OMePS RNA-based SSOs targeting exon 23 in mdx myo-
tubes, the potency of the SSO was dramatically increased
when using cationic lipid-mediated transfection. Inclusion of
ZEN also demonstrated successful splice-switching activity
with shorter 17-mer SSO sequences, which was absent in
SSOs lacking the ZEN modifier. Surprisingly, even though
well tolerated in vivo, ZEN modification conferred no advan-
tage on the activity of SSOs following naked IV administration
in mdx mice. This effect was replicated in gymnotic delivery
experiments, suggesting that this modifier may hinder the
efficiency of uptake of naked SSOs and is therefore more
useful when combined with facilitated delivery.
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Results

Design of ZEN-modified SSOs

2’0OMe RNA is a widely used chemistry since it is a naturally
occurring nucleic acid residue, which has no inherent chemical
toxicity and is not known to trigger innate immune responses.
When hybridized to an RNA target, 220OMe ONs show
increased binding affinity relative to DNA or RNA.'® However,
due to its susceptibility to exonuclease digestion, PS internu-
cleotide linkages are typically incorporated to stabilize against
exonucleases.'” 220OMePS RNAs have been successfully used
for DMD exon skipping therapy both in mdx mice and in DMD
patients.'®'® However, high doses are generally needed both
in vitro and in vivo to obtain significant biological effects?® and
a recent phase 3 clinical trial suggests that improvements in
ON efficacy will be needed to demonstrate benefit to patients.
While 22OMe RNA ONs demonstrate enhanced binding affinity
to RNA targets, some of this increase is lost with the addition
of the PS internucleotide modification.?'?? Thus, we hypoth-
esized that 22OMePS SSOs would exhibit improved activity
if a T_-enhancing modification such as ZEN was introduced,
as previously reported for antagomirs.® Incorporation of ZEN
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into any position within a DNA duplex increases T, although
the greatest effect on T_ was observed when ZEN was placed
at the penultimate ends. In keeping with the incorporation pat-
tern previously established in antagomirs, two ZEN moieties
were inserted between the last and penultimate nucleotides
on each end of the SSO (Figure 1a). Addition of the ZEN
modification in this pattern for a 2’OMePS RNA raises T, by
~4 °C when binding to an RNA target." A full list of sequences
tested in this study is shown in Table 1.

ZEN increases the potency of conventional 2’0OMePS
RNA-based SSOs

In order to assess the impact of ZEN on SSO-mediated exon
skipping, we used a commonly studied 20-mer sequence
(Ex23D +2—18) as the basis for comparison.? Differentiated
H2K mdx mouse muscle cells were transfected either with the
parent 20-mer 220OMePS RNA sequence (depicted 20Me20)
or an identical SSO having two ZEN modifications (denoted
ZEN20) by cationic lipofection (Figure 1a). As seen in Figure
1b, both SSOs promote dose-dependent skipping of exon
23 in H2K mdx cells, however, addition of the ZEN modifier
greatly increases the potency. At 25 nmol/l concentration, the
relative skipping efficacy observed with ZEN20 surpasses
the levels detected with 20Me20 at fourfold higher concen-
trations (Figure 1b). In order to substantiate these findings
and exclude the possibility that the observed improvement
with ZEN was exclusive for Ex23D(+2—18) ON, we used an
unrelated 18-mer sequence in another splicing reporter cell
system, namely HelLa pLuc705 cells.?* Here, a stably trans-
fected plasmid carrying the luciferase coding sequence is
interrupted by an insertion of intron 2 from human B-globin
pre-mRNA carrying a single point mutation which creates a
5’ splice site and activates a cryptic 3’ splice sites such that
the pre-mRNA of luciferase retains a portion of intron 2 and
will be incorrectly processed. Masking of the aberrant 5’splice

Figure 1 ZEN-modified splice switching oligonucleotides
(SSOs) are more potent in vitro than unmodified 2’0OMePS
following lipofection. (a) Chemical structure of the modifier,
N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-phenylamine ~ “ZEN”.
Sequences of two studied 20-mer 2’OMe sequences (Ex23 +2,-
18) with and without ZEN modification, ZEN20 and 20Me20
respectively, used for exon skipping in mdx cells. ZEN is located
between the final and penultimate end nucleotides. *PS modification
(b) A representative reverse transcription-polymerase chain reaction
(RT-PCR) analysis of differentiated H2K mdx muscle cells lipofected
with indicated SSOs. Derived from the mdx mouse model for
Duchenne muscular dystrophy, these cells contain a stop codon
within exon 23. Both 20Me20 and ZEN20 are able to promote
exon skipping in a dose dependent manner to generate A exon 23
transcripts, with the latter being substantially more potent. Exon
22+23 skipped transcript is regularly observed in mdx cells treated
with high concentrations of a particularly active SSO.* The double
band present at the full-length position is due to a heterologous
product caused by partial annealing of the skipped product with full-
length product. (c) ZEN substantially improves splice switching in
the splicing reporter system pLuc705 Hela cells. 18-mer 2’0OMePS
SSO with and without ZEN modification was transfected at 25, 50,
100, and 200 nmol/l concentrations using LF2000. At all tested
concentrations, ZEN outperforms the parent unmodified SSO.
Luciferase expression was normalized to untreated pLuc705 HelLa
cells and presented as fold-increase in luciferase expression over
untreated cells. Experiments were performed at least three times in
duplicate, with data showing the standard deviation. *P < 0.05, **P <
0.005, ***P < 0.0005 (Student’s t-tests).



Table 1 Nomenclature, size, and sequence of oligonucleotides

Enhanced in vitro Activity of ZEN-modified SSOs
Hammond et al.

Name Size Sequence (5’-3’)

DMD ZEN17 17 mer (-2,-18) mMG/ZEN/mGmC*mC*mA*mA*mA*mC* mC*mU*mC*mG* mG*mC*mUmU/ZEN/mA

DMD 20Me17 17 mer (-2,-18) mG*mG*MmC*mC*MA* MA*mA*mC*mC*mU*mC*mG*mG*mC*mU*mU*mA

DMD ZEN20 20 mer (+2,-18) mMG/ZEN/mGmC*mC*mA*mA* MA* mC*mC*mU*mC*mG*mG*mC*mU*mU*mA*mCmC/ZEN/mU

DMD 20Me20 20 mer (+2,-18) mG*mG*mC*mC*mMA* mA*mA*mC*mC*mU*mC*mG*mG*mC*mU*mU*mA*mC*mC*mU

DMD ZEN25 25 mer (+7,-18) mG/ZEN/mGmC* mC* mA*mA*mA* mC* mC*mU*mC*mG* mG*mC*mU*mU* mA*mC*mC*mU*mG*mA
*mAmMA/ZEN/mU

DMD 20Me25 25 mer (+7,-18) mG*mG* MmC*MC*MA* MA*MA* MC*mC*mU*mC*mG*mG*mC*mU*mU*mA*mC*mC*mU*mG*mA*
mA*mA*mU

DMD invZEN20 20 mer MG/ZEN/mG*mC*mC*mA*mA*mMA*mC*mG*mC* mU*mC*mG* mC*mU*mU*mA*mC*mC/ZEN/mU

DMD inv20Me20 20 mer mG*MG*mMC* MC*MA*MA*MA* MC*mMG*mMC* mU*mC*mG*mC* mU*mU*mA*mC*mC*mU

HelLa705 ZEN16 16 mer mC/ZEN/mUmC*mU*mU*mA*mC*mC*mU*mC*mA*mG*mU*mUmA/ZEN/mC

HelLa705 20Me16 16 mer mC*mU*mC*mU*mU*mA* mC*mC*mU*mC*mA* mG*mU*mU*mA*mC

HelLa705 ZEN18 18 mer mMC/ZEN/mCmU*mC*mU*mU*mA*mC*mC*mU*mC*mA*mG*mU*mU*mAmMC/ZEN/mA

HelLa705 20Me18 18 mer mC*mC*mU*mC*mU*mU*mA*mC* mC*mU*mC*mA* mG* mU*mU*mA*mC*mA

HelLa705 LNA18 18 mer mC*+C*mU*+C*mU*mU*mA*+C*mC*mU*+C*mA* mG*+T*mU*mA*+C*mA

HelLa705 invZEN18 18 mer mC/ZEN/mC*mU*mC*mU*mU*mA*mC*mA*mC*mU*mC *mG*mU*mU*mA*mC/ZEN/mA

HelLa705 invLNA18 18 mer mC*+C*mU*+C*mU*mU*mA*+C*mA*+C* mU*mC*mG*+T* mU*mA*+C*mA

HPRT 3-10-3 LNA Gapmer ZEN 16 mer [ZEN/+A*+G*+G*A*C*T*C*C*A*G*A*T*G*+T*+T*+T/ZEN/

HPRT 3-10-3 LNA Gapmer 16 mer +A*+G*+G*A*C*T*C*C*A*G*A*T* G*+T*+T*+T

Underlined sequences are the inverted nucleotide sequence.
*PS modification; +, LNA nucleotides; m, methylated nucleotide (2’-O-Me).

site with an SSO redirects the splicing machinery and conse-
quently functional luciferase is produced. Lipofection with the
18-mer 2’OMePS RNA promoted a dose-dependent increase
in luciferase expression, with activity increased significantly
upon addition of ZEN; reaching similar luciferase levels using
25 nmol/l ZEN modified SSO as compared to using 100 nmol/l
concentration of the parent SSO (Figure 1c). Previous work
has determined that the ZEN modification does not influence
transfection efficiency.'® Therefore, these results suggest that
the activity of conventionally used 2°OMePS RNA can be
enhanced significantly by incorporating novel non-nucleotide
modifiers that raise the overall 7 of SSOs.

Impact of SSO length on exon skipping activity

We next set out to validate how the length of SSOs impacts
activity. Longer sequences have naturally higher overall T _
and typically induce increased splice switching activity. How-
ever, caution must be taken for high binding affinity ONs as
they can also decrease specificity through binding at mis-
matched sites. When comparing the activity of DMD 20Me25
and 20Me20, with or without ZEN, the 25-mers displayed
higher exon skipping activity at 25 nmol/l concentrations
(Figure 2a). Again, the ZEN versions showed enhanced
potency. Based on this, we tested a new set of shorter
SSOs in order to determine the minimal length required for
efficient exon skipping. In initial lipofection dose—response
experiments, we tested a 17-mer sequence (-2,-18) based
on 2’OMePS RNA with or without the ZEN modification.
Strikingly, we were unable to detect any Ex23 skipping with
the 20Me17 whereas ZEN17 promoted robust skipping at
all tested concentrations (Figure 2b), although was less
potent than ZEN20 and ZEN25 (Figure 2c). These find-
ings were substantiated in independent experiments in the
HelLa pLuc705 model, where a 16-mer ZEN-based sequence
showed similar activity to the previously tested 18-mer

2’OMePS RNA (Figure 1c) and significantly exceeded the
potency of a corresponding 16-mer devoid of ZEN (Figure
2d). Thus, incorporation of ZEN allows for the use of shorter
SSOs that could improve bioavailability in vivo similar to what
has been previously reported for LNA-based antagomirs and
SSOs as well as gapmers based on tricycloDNA.25-27

Specificity and cytotoxicity profile of ZEN-based SSOs

In light of the high potency observed for the ZEN-modified
SS0s, we sought to investigate whether use of a T _-rais-
ing modification impairs the specificity of SSOs or imparts
increased toxicity. To address this, we used the initial 20-mer
sequences (20Me20 and ZEN20) and compared them with
versions having four central bases inverted (inv20Me20 and
invZEN20). In keeping with the previous data, both 20Me20
and ZEN20 dose-dependently induced robust exon skipping
with the latter SSO being more active (Figure 3a, one repre-
sentative experiment of three). As expected, by inverting the
four bases and thereby introducing four mismatches to the
dystrophin pre-mRNA a drop in levels of Ex23 skipping was
observed for both chemistries, although interestingly was
not totally ablated. This is to be expected as the T for the
remaining complementary bases is high enough to remain
active. Even if the invZEN20 retains some activity, the relative
reduction in activity appears similar for both chemistries com-
pared to their parent sequences (Figure 3a). Although other
nucleotide analogs such as LNA dramatically improve SSO
activity, mismatch discrimination of LNA-containing SSOs
is severely compromised as compared to regular 2’°OMePS
RNAs.2820 We directly tested mismatch discrimination of
LNA-containing SSOs to ZEN-modified 18-mer SSOs in the
HelLa pLuc705 model by inverting four internal nucleotides of
the two SSOs (Figure 3b). It is immediately noticeable that
the LNA18 SSO is not as active as ZEN18 producing less
luciferase at all concentrations used. By inverting four central

www.moleculartherapy.org/mtna
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Figure 2 Impact of splice switching oligonucleotides (SSO) length on splice switching activity. (a—c) Representative reverse
transcription-polymerase chain reaction (RT-PCRs) from H2K mdx cells transfected with LF2000. (a) The activity of 25-mer (20Me25
and ZEN25) and 20-mer (20Me20 and ZEN20) sequence lengths were compared with and without ZEN modification. The 25-mer SSOs
improved skipping over the corresponding 20-mer sequences. Furthermore, in both cases, ZEN modified SSOs showed improved activity
over unmodified 2’OMePS SSOs. (b) ZEN modified SSOs improve previously inactive 220OMePS 17-mer (20Me17). 20Me17 (+2,-15) shows
no activity up to 200 nmol/l concentrations. The addition of ZEN modifier rescued the activity to generate significant amounts of A exon 23
skipping. (¢) Side by side dosing comparison of ZEN modified SSOs at 25-mer, 20-mer and 17-mer lengths. The longer the SSOs the better
activity is observed in a dose dependent manner. (d) Luciferase activity increase in pLuc705 HeLa cell line transfected with 16-mer SSOs by
lipofection. The ZEN modified SSO greatly improved the potency over the unmodified 20Me16. Luciferase experiments were performed at
least three times in duplicate, showing the standard deviation. *P < 0.05, **P < 0.005, ***P < 0.0005 (Student’s t-tests).

bases in ZEN18, there was a dramatic reduction in activ-
ity. In contrast, LNA SSOs showed no significant difference
in splice modification at 50 and 25 nmol/l concentrations
between the initial 18-mer sequence and inverted sequence.
Hence, in accordance with the recent report on antagomirs,'®
we conclude that incorporation of ZEN raises potency with-
out significantly compromising specificity.

Before testing in mdx mice, we assessed the toxicity profile
in order to exclude that the raise in observed activity ema-
nates from increased membrane perturbation imparted by
the hydrophobic ZEN moiety. Membrane integrity was ana-
lyzed following treatment with increasing concentrations of
SSO in complex with LF2000 using the Sytox Green assay.
Similar to 20Me20, ZEN20 displayed negligible toxicity in
the concentration range used in previous transfection experi-
ments (data not shown). To determine whether these treat-
ments were associated with any long-term toxicity effects,
cells were assessed using the Wst-1 cell proliferation assay
to measure the activity of mitochondrial dehydrogenase. As
seen in Figure 3c, neither the 20Me20 nor ZEN20 affected
the viability of cells at the highest concentration (200 nmol/l)
used in our experiments. These results were corroborated
using another cell viability assay, Cell Titer—Glow, which mea-
sures the intracellular levels of ATP (data not shown). These
results collectively suggest that inclusion of ZEN has negli-
gible effect on the cell viability in vitro.
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ZEN-based SSOs promote exon skipping following
intramuscular delivery

The promising results in vitro led us to assess the in vivo
potency of ZEN20 and ZEN17. We compared these ZEN-
modified SSOs with 20Me20 and 20Me17 via intramuscular
(IM) injection into the tibialis anterior (TA) of 7—9-week-old
mdx mice. Two weeks after administration of 30 pg SSO,
the TA muscles were harvested and cross sections immu-
nostained for dystrophin positive fibres (Figure 4). Separate
muscle images were aligned together in order to accurately
count all positive fibres, which were spread throughout the
muscle section. ZEN20 treatment generated an average of
71+42 dystrophin-positive fibres whereas 20Me20 gener-
ated 57+19 positive fibres. As expected based on the pre-
vious in vitro results both 17-mers were less active than
the 20-mers. However, the difference in activity was more
marked between ZEN17 and 20Me17, generating 49+18
and 25.6+8 dystrophin positive fibres, respectively. Saline-
treated TA muscles only showed an average of 15 dystro-
phin-positive fibres, which represent revertant fibres that are
commonly observed in the mdx mouse and DMD patients.
The muscles were not pretreated to induce damage nor was
a delivery carrier used. Although not significant and not with
the same magnitude of improvement as in cell culture experi-
ments, exon skipping appeared higher following IM delivery
using ZEN.
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Figure 3 Effect of ZEN modification on specificity and cyto-
toxicity. (a) Reverse transcription-polymerase chain reaction
(RT-PCR) of H2K mdx cells following lipofection of 20-mer splice
switching oligonucleotides (SSOs). SSOs 20Me20 and ZEN20
were compared to similar version with four central bases inverted
(inv20Me20 and invZENZ20) to assess target sequence specificity.
Inverting the four bases to introduce four mismatches to the
dystrophin pre-mRNA resulted in a drop in levels of exon 23 skipping
for both chemistries. The invZEN20 retained some of the activity
though the relative reduction in activity appears similar for both
chemistries compared to their parent sequences. (b) Luciferase
activity in pLuc705 HelLa cell line transfected with 18-mer SSOs by
lipofection. ZEN18 showed significantly improved activity over the
mismatch invZEN18mer containing a four base inversion. In contrast
LNA18 SSO was unable to show significantly improved activity
over mismatched invLNA18, containing a four base inversion, at
50 and 25 nmol/l concentrations. (¢) Wst-1 cell proliferation assay
as a measurement of mitochondrial dehydrogenase activity. Cells
transfected with 200 nmol/l of either 20Me20 or ZEN20 had no effect
on cell viability at 24 hours post-transfection. Triton was used as a
positive control. Experiment was performed twice in quadruplicate. *P
<0.05, **P<0.005, ***P < 0.0005(Student’s t-tests); UT, untreated.
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ZEN-based SSOs are well-tolerated in vivo following
systemic delivery

We next evaluated the potential systemic delivery of 20-mer
SSOs as they appeared most potent in the IM experiments.
Conventional 22OMePS RNA has been used previously in
several systemic mdx mouse studies, primarily by Aartsma-
Rus and colleagues.®203° They have shown that high doses
and multiple injections of such SSOs are required to detect
dystrophin restoration in skeletal muscle. Based on this, and
the fact that ZEN has not previously been tested at high doses
in vivo, we first performed experiments addressing the acute
safety profile of these SSOs. C57BL/6 mice were treated with
a bolus injection of either 100mg/kg of 20Me20, ZEN20 or
saline, or noninjected and examined 24 hours postinjection
for clinical toxicology and immunology markers. As seen in
Figure 5a, none of the treatments altered the levels of trans-
aminases (AST and ALT) or serum creatinine, suggesting
negligible effects on liver or kidney function, respectively.
Furthermore, markers of inflammation (C-reactive protein
and TNFa) were below the detection limit in all groups (data
not shown). We then evaluated chronic toxicity of the 20-mer
SSOs following 10 IV administrations of 100mg/kg given
every second day to mdx mice. Serum extracted upon harvest
was assessed for safety profiles after multiple administra-
tions (Supplementary Figure S3). No significant alteration
of transaminase levels (AST and ALT), alkaline phosphatase
(ALP), or serum creatinine was observed. These results sug-
gest that the tested SSOs are safe to use at the tested dose.

Systemic delivery of SSOs in mdx mice reveals important
discrepancies in activity

Encouraged by the IM administration results and the sys-
temic safety profile, we initiated a systemic delivery study
using naked IV administration. Every second day from 4 to 7
weeks of age, mdx mice were treated with 100 mg/kg ZEN20
or 20Me20 via tail vein systemic administrations for a total of
10 administrations. Saline administered mdx and C57BL/10
wild-type animals were used as controls. One week follow-
ing the final administration, diaphragm, quadriceps, TA,
and heart were harvested and dystrophin protein and RNA
expression levels assessed. Overall, the levels of dystrophin
protein restoration were low in both treatment groups. The
greatest level of exon skipping and protein production was
observed in the quadriceps (Figure 5b,c) although a faint
band for Ex23-skipped mRNA and dystrophin protein was
noted in diaphragm and TA muscles (Supplementary Figure
S1). No dystrophin protein expression was observed in heart
with either of the chemistries (data not shown). Unexpect-
edly, and in contrast to the IM and in vitro lipofection results,
20Me20 generated a statistically significant increase in dys-
trophin protein within quadriceps muscle with an average of
3.75% dystrophin protein compared to only 1.12% generated
by ZEN20 (P < 0.01). The difference in these results is not
due to stability of ZEN modified 22OMe ONs. 2’OMe ONs
with and without ZEN modification remain largely intact for
96 hours in 10% fetal bovine serum with the loss of only the
end 3’ nucleotide after a few hours. In liver extract, represent-
ing intracellular degradation, the ONs are even more stable.'

www.moleculartherapy.org/mtna
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Figure 4 Intramuscular (IM) administration of 2’0MePS and ZEN-modified 2’0OMePS. Thirty micrograms of 20Me20, 20Me 17, ZEN20,
and ZEN17 SSOs were administered into the tibialis anterior (TA) muscle of mdx mouse. Muscles were harvested 2 weeks after administration
and sections immunostained for dystrophin to allow quantification of dystrophin-positive fibres. Positive fibre counts were averaged for three
animals per treatment group. Dystrophin-positive fibres were as follows: 20Me20 57 +19, ZEN20 71 +42, 20Me17 25.6+8, and ZEN17 49+ 18
positive fibres. Saline treated TA muscles showed 15 dystrophin-positive fibres.

The lower in vivo efficacy could be due to the larger molecu-
lar weight of ZEN20 (7708 g/mol) over 20Me20 (6887.5g/
mol), as suggested in previous reports where short 2’-modi-
fied chimeric gapmer antisense oligonucleotides (ASOs)
showed improved uptake following naked IV administration in
mice.?' These mice were further assessed through open field
behavioural monitoring in the week following final administra-
tion.%23% Mdx mice treated with ZEN20 and 20Me20 showed
slight improvement in overall activity compared to saline
treated mdx mice (Supplementary Figure S2). Further-
more, there was no change to creatine kinase, reflecting the
limited tissue restoration of dystrophin protein (Supplemen-
tary Figure S3d).

We sought to determine if indeed the differences in molec-
ular weights of ZEN20 and 20Me20 accounted for the in vivo
results. The previously tested ZEN17 has a lower molecular
weight, 6733 g/mol, than the 20Me20 and yet was active both
in vitro and via IM injection route (Figures 2 and 4). There-
fore, we replicated the dosing scheme for the previous study,
injecting mdx mice with 100mg/kg ZEN17 over the course
of 3 weeks but harvesting 2 weeks after final administration.
Again, dystrophin protein was only notable in quadriceps,
albeit at a lower level than 20Me20 and Zen20 with an aver-
age of 0.28% expression (Figure 5d).

Naked uptake of SSOs correlates with in vivo activity
Based on the in vivo results, we hypothesized that while the
ZEN modification can enhance pre-mRNA binding once the
SSO has reached the nucleus, it does not improve and indeed
may hinder the uptake to this cellular compartment without
the aid of a transfection reagent. To test this hypothesis, we
assessed the biological activity of SSOs in vitro upon trans-
fection in the absence of delivery agent, so-called “gymnotic”
delivery. It has been previously reported that “naked” gapmer
ONs at high concentrations can be taken up freely by cells
and induce biological responses over time.3*% This gymnotic
uptake is proposed to be dependent on both the molecular
weight and the chemical nature of ONs and as such this
mode of in vitro delivery could more accurately model in vivo
conditions for tissue uptake.

Molecular Therapy—Nucleic Acids

In order to delineate the underlying mechanism for the
observed discrepancies between in vitro and in vivo activ-
ity for the tested SSOs, we performed naked uptake
experiments in vitro. In contrast to conventional gymnosis
experiments in which ONs are added to cells in a reverse
transfection manner (i.e., plating- the cells together with
the SSOs) or to cells grown at low confluency, we seeded
the cells prior to adding the SSOs in order to more closely
resemble in vivo conditions. In initial experiments, mdx H2K
myoblasts were seeded at 80% confluency and allowed to
differentiate for two days to reach full confluence. SSOs were
subsequently added to cells and left for 48 or 96 hours using
either 2 or 4 pmol/l ZEN20 or 20Me20. According to reverse
transcription- polymerase chain reaction (RT-PCR) analysis,
both SSOs promote low levels of exon skipping at 48 hours
at both concentrations (Figure 6a, left panel). By 96 hours,
the levels of Ex23-skipped transcript are even greater relative
to the full-length band (Figure 6a, right panel). In general,
the relative efficiency of 20Me20 and ZEN20 in vivo coin-
cides with the gymnotic results. A significant correlation of
the in vivo response and in vitro gymnotic delivery was found
using 2 pmol/l at 96 hours (Pearson, P = 0.022). In contrast
to the previous lipofection results, ZEN20 did not promote
higher levels of exon skipping compared to 20Me20. In fact,
the activity of the ZEN20 ON appeared to be slightly lower.
These results were corroborated in follow up experiments in
myoblasts seeded at lower confluency where both chemis-
tries performed equally well inducing nearly complete exon
skipping in these dividing cells (Figure 6b). This pattern of
activity was also replicated in fully differentiated mdx H2K
myotube cultures (i.e., nondividing cells) where both ZEN20
and 20Me20 SSOs displayed similarly low levels of splice
switching at 4 days postadministration (data not shown).
Thus, it appears that in contrast to cationic transfection,
use of the ZEN modifier does not enhance SSO activity in
gymnosis experiments. To exclude the possibility that these
observations only hold true for the mdx myoblast cells, we
conducted the same comparative experiment in the previ-
ously described HelLa pLuc 705 cells. As seen in Figure 6c¢,
after 3 days treatment with 8 pmol/l of HeLa705 ZEN18,
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Figure 5 In vivo administration of ZEN20 and 20Me20 splice switching oligonucleotides (SSOs). (a) Safety profile in C57BL/6 mice (n
= 4) following bolus intravenous (IV) administration of 100 mg/kg SSOs, saline or untreated (sham). 24 hours postadministration, serum was
harvested and analyzed for transaminases (aspartate aminotransferase and alanine transaminase) and creatinine. The ZEN modification had

no negative effect on the safety profile for liver and kidney function.

(b) Every second day from 4 to 7 weeks of age, mdx mice (n = 6) were

systemically treated with 100 mg/kg ZEN20, ZEN17, or 20Me20 for a total of 10 administrations. RT-PCR of RNA isolated from quadriceps
harvested either 1 week (ZEN20 and 20Me20) or 2 weeks postfinal administration (ZEN17). Saline-treated mdx and C57BL/10 mice were
used as negative and positive controls, respectively. (c) Western blot of protein isolated from quadriceps treated with ZEN20 or 20Me?20.
Twenty, 10, and 5% total protein loaded for C57BL/10 wild-type animals was used for relative quantification. Quantified dystrophin protein
expression is shown above each sample lane as percentage of wild-type levels. 20Me20 muscle generated an average of 3.75% dystrophin
protein as compared to wild-type mice while ZEN20 generated 1.12%, P < 0.01(Student’s t-test). (d) Western blot of quadriceps following

treatment with ZEN17, generating 0.28% dystrophin protein.

levels of luciferase induction were similar to the nonmodified
HelLa705 20Me18. These results contrast with the lipofection
data where significantly higher activity was observed with the
18-mer ZEN-modified SSO (Figure 1c).

The observation that in vitro gymnotic delivery is a better
predictor of success in vivo than lipofection been previously
described using LNA based gapmer ONs.* To compare this
data with our own observations of ZEN-based ONs we per-
formed independent experiments using gapmer RNase H

active antisense ONs targeting hypoxanthine phosphorybo-
syltransferase (HPRT) mRNA. HPRT1 was used as a target
gene due the long half-life of the protein, allowing silencing
experiments to be performed without altering the viability of
cells. Hela cells reverse transfected with 3-10-3 LNA gapmer
ON = ZEN using Lipofectamine RNAiMax, displayed a dose-
dependent reduction in HPRT transcript levels measured by
RT-gPCR. Strikingly, the ZEN-modified gapmer was dramati-
cally more effective at low concentration (3 nmol/l) than the

www.moleculartherapy.org/mtna
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Figure 6 Naked “gymnotic” transfection in vitro correlates with in vivo activity. (a) Differentiated H2K mdx cells were treated with 2 or
4 pmol/l ZEN20 and 20Me20 SSOs and harvested 48 (left panel) or 96 hours (right panel) post-treatment. Reverse transcription-polymerase
chain reaction (RT-PCR) analysis shows that both SSOs are capable of promoting low levels of exon skipping at 48 hours and higher levels
by 96. UT, untreated. (b) Gymnotic uptake is greater in dividing cells. Treatment of H2K mdx myoblasts seeded at lower confluency with
SSOs display much higher activity than in myotubes, although similar between 20Me20 and ZEN20 at both 2 and 4 pymol/l concentrations.
(c) Luciferase measurements following gymnotic treatment of pLuc705 HeLa cells with 8 umol/l of 18-mer and 16-mer 2’OMePS RNA + ZEN.
Three days post-treatment, luciferase activity was analyzed. ***P < 0.0005 (Student’s t-tests).

parent gapmer without ZEN (Supplementary Figure S4a).
In keeping with the SSO results, the improved activity of
transfected ZEN modified gapmers was lost under gymnotic
delivery conditions (Supplementary Figure S4b).

Discussion

A significant number of diseases are caused by base-pair
substitutions or deletions that result in altered splicing pat-
terns." Many of these are treatable through SSOs, which can
directly target the splicing error or manipulate endogenous
splicing to by-pass the disease-causing mutation.®” Currently,
the potential for SSOs as therapeutic agents is still under
investigation and SSOs have demonstrated only a modest
benefit in clinical trials to date.’™'* We have investigated a
new non-base modifier, ZEN, for SSOs as a new tool for in
vitro and potentially in vivo application.

ZEN can be incorporated into both 220OMe and LNA ON
chemistries to increase target-binding affinity and thereby
improve potency over unmodified ONs. Upon cationic lipid
transfection in vitro, the enhanced binding affinity of the ZEN
modification demonstrated significantly enhanced activity
over parent nonmodified SSO in two separate models of
splice switching. The increased potency of ZEN modifica-
tion has been determined to be a result of higher T _, not
improved interaction with the lipid carrier.'> Furthermore, it
allowed the use of shorter SSOs while maintaining potent
activity that was lost with nonmodified equivalent SSOs
(Figure 2c¢,d). ZEN 2’OMePS SSOs were even more potent
than LNA-based SSOs while significantly maintaining better
sequence specificity (Figure 3b). As such, this makes the
ZEN maodification a valuable tool for improving the in vitro
application of anionic ONs.

Given the demonstrated improvement of potency by the
ZEN modification in vitro, we surmised that this could improve
current 220OMePS SSOs being used in clinical trials for DMD.
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IM administration of ZEN modified SSOs were modestly
more potent than 2’0OMePS SSO (Figure 4). Disappointingly,
this phenomenon was not reproduced in vivo when naked
IV administration was employed, with the ZEN SSO display-
ing no advantage to the parent 220OMePS SSO, although it
should be noted that dystrophin restoration was low for both
chemistries (Figure 5). ZEN modification does not hinder
serum stability greatly over 220OMePS SSOs. Clearance or
plasma albumin binding differences were not tested, how-
ever, the neutral nature of the ZEN modification does not
predict either of these cases. To further understand this
result, we assessed gymnotic uptake of these SSOs in vitro
and observed that the ZEN modification did not confer any
advantage, and indeed may have been detrimental to activity
compared to the parent SSO. This observation resembles the
pattern of activity observed in vivo, and led us to conclude
that gymnotic transfection is a more robust indicator of SSO
activity in vivo when naked IV administration is employed.

Discrepancy between in vitro and in vivo potency has been
previously described by Stein et al.®® In this work, gymnotic
delivery of LNA-based gapmers to cultured cells showed
comparable potency as systemic in vivo administration to the
liver.® Similar results were described by Koller et al3* who
also observed a good correlation between gymnotic uptake
in hepatocytes in vitro and systemic hepatic delivery in mice
of a given anionic ON sequence. However, charge neutral
PMO appears to act very differently. Gymnosis transfection
in cultured cells requires nearly 10x higher concentration in
vitro to match 2’OMePS activity yet its in vivo activity is much
improved in the mdx mouse model.?®* Thus, it appears that
observations made correlating in vitro and in vivo potency of
anionic ONs for targeting the liver also holds true for skeletal
muscle, a difficult tissue to target.

Here, we have explored the benefits of the non-base modi-
fier ZEN as a tool to improve SSO activity in two models of
splice switching. This modification appears nontoxic, and can
increase binding affinity of an SSO to its target to increase



potency. The improved activity was realized when a cationic
transfection agent was employed in vitro but not observed
under naked delivery conditions, either in vitro or in vivo. Low
levels of in vivo activity following naked delivery only corre-
lated with in vitro activity under gymnotic conditions, sug-
gesting this is a better predictor of naked in vivo activity. We
therefore consider that while ZEN-modification is an effective
tool for in vitro work with a cationic transfection agent, translat-
ing this improved efficacy to an in vivo model will also require
an effective delivery agent. Identifying a systemic delivery
agent for use in vivo is outside the scope of this work, how-
ever many groups are working toward this goal.“*2 Toward
this end, John Tyson (University of British Columbia) reports
successfully using ZEN-SSOs to alter mRNA splice patterns
in targeted transcripts in rat brain using direct CNS injection
with facilitated lipid nanoparticle delivery (J Tyson, personal
communication, to M.A.B.). Should a successful delivery
agent be realized we would anticipate that ZEN-modified
ONs will become a useful tool for in vivo applications.

Materials and methods

Oligonucleotide synthesis. All ONs employed in this study
were synthesized using standard phosphoramidite chemistry
and used in sodium salt form (Integrated DNA Technologies,
Coralville, IA). The predicted masses for the ONs were veri-
fied by electrospray-ionization mass spectrometry and were
within + 0.02%. The ON concentrations were determined
from UV absorbance at 260nm and estimated extinction
coefficients. Each ZEN modification increased the ON extinc-
tion coefficient by 13,340 I/(mol.cm).

Cell culture and SSO treatment of cells. Mouse H2K mdx
muscle cells*® were grown on gelatinized plates at 33 °C,
10% CO, in Dulbecco’s modified Eagle’s medium with glu-
tamax supplemented with 20% fetal bovine serum, 0.5%
Chick Embryo extract, 200 U/ml penicillin, and 200 pg/ml of
streptomycin (Invitrogen, Renfrewshire, Scotland). H2K mdx
myotubes were generated in matrigel-coated 24-well plates
by seeding 30,000 cells/well, leaving them for 2 days to reach
90% confluency before changing to starvation media (Dulbec-
co’s modified Eagle’s medium supplemented with 5% horse
serum) and transferring them to 37 °C, 5% CO, incubator for
another 4 days. Cells were transfected using Lipofectamine
2000 (LF2000) (Invitrogen) according to manufacturer’s pro-
tocol. Briefly, 2.2 pl of LF2000 was used per microgram of
SSO. Complexes were formed in 50 pl opti-MEM (Invitrogen)
and added to cells grown in 450 pl full growth media. Cells
were processed 48 hours later in all transfection experiments.
For gymnosis experiments, myoblasts or myotubes were
treated using 2 or 4 ymol/l SSO in 500 pl opti-MEM and ana-
lyzed for exon skipping 48 or 96 hours later.

HelLa pLuc705 cells were grown at 37 °C, 10% CO, in
Dulbecco’s modified Eagle’s medium with glutamax supple-
mented with 200 U/ml penicillin and 200 pg/ml of streptomycin
(Invitrogen). For transfection experiments, 50,000 cells/well
were seeded in 24-well plates and transfected the day after
using LF2000 as described above. Cells were lysed using
0.1% Triton X-100 and measured for luciferase expression
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using Promega Luciferase assay kit (Promega, Southampton,
UK) according to manufacturer’s instructions on a GloMax
(Promega). Gymnosis treatments were conducted as above
using 8 pymol/l SSO and assessing luciferase expression 96
hours post-treatment.

Cell viability assay. Cell viability was assessed by the Wst-1
proliferation assay according to manufacturer’s protocol
(Roche Diagnostics Scandinavia AB, Stockholm, Sweden).
Briefly, cells were grown and treated as described above
but in 96-well format (i.e., 8,000 cells seeded and treated in
100 pl volume). Two days after transfection with 200 nmol/I
SSOs complexed with LF2000, Wst-1 was added to each
well. Wst-1 measures the activity of mitochondrial dehydro-
genases to convert tetrazolium salts to formazan and cell
proliferation is directly correlated to the amount of formazan
product that is formed. Absorbance was measured on Spec-
traMax Absorbance Microplate reader (Molecular Devices,
Sunnyvale, CA).

Animals. Experiments were carried out in the Biomedi-
cal Sciences Unit, University of Oxford according to pro-
cedures authorized by the UK Home Office. Experiments
were performed in mdx mice (C57BL/10ScSn-Dmd™®/J) and
C57BL/10 and C57BL/6 wild-type controls.*

IM and systemic intravenous injections. IM injections were
carried out on 7-9-week-old mdx mice under general anaes-
thesia. Thirty micrograms of ON in 30 pl volume of 0.9%
saline were injected into each TA. Intravenous (IV) adminis-
tration was administered via tail vein in restrained mdx and
C57BL/10 wild-type female mice from 4 to 7 weeks of age.
ONs were prepared in 0.9% saline solution at a final dose
of 100mg/kg. Animals were sacrificed by rising CO, inhala-
tion and tissues were harvested 1 (20-mer IV injections) or
2 weeks (20-mer and 17-mer IM and 17-mer |V injections)
postadministration. Skeletal muscle and heart were snap-
frozen in isopentane, cooled in dry ice, and stored at —-80 °C.

RNA extraction and RT-PCR. Total RNA was extracted from
cells as well as control and treated mouse tissues using
TRIzol reagent (Invitrogen, Carlsbad, CA) following manufac-
turer’s instructions. Four hundred nanograms of RNA tem-
plate was used in a 50 pl reverse transcription reaction using
One Step RT-PCR kit (Qiagen, Hilden, Germany) and gene-
specific primers (Ex 20—26, Fwd: 5'-CAG AAT TCT GCC AAT
TGCTGA G-3, Rev: 5-TTCTTC AGC TTG TGT CAT CC-3').
Cycle conditions: 50 °C for 30 minutes, followed by 30 cycles
of 30 seconds at 94 °C, 1 minute at 58 °C, and 2 minutes at
72 °C. Two microliters of cDNA was further amplified in a 50
pl nested PCR (QIAGEN PCR kit) using the following cycle
conditions: 94 °C for 30 seconds, 58 °C for 1 minute, and 72
°C for 1 minute for 24 cycles (Ex 20-26: Fwd: CCC AGT CTA
CCA CCC TAT CAG AGC, Rev: CCT GCC TTT AAG GCT
TCC TT). PCR products were examined by electrophoresis
on a 2% agarose gel.

Protein extraction and western blot. Control and treated mus-
cle samples were homogenized in lysis buffer comprising 75
mmol/l Tris—HCI (pH 6.5) and 10% sodium dodecyl sulphate

www.moleculartherapy.org/mtna
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complemented with 5% 2-mercaptoethanol. Samples were
heated at 100 °C for 3 minutes before centrifugation and
supernatant was saved. Protein levels were measured by
Bradford assay (Sigma, St Louis, MO) and quantified using
BSA standards. Ten to 15 pg of protein of saline and SSO
treated mdx sample, and 20, 10, and 5% of these concentra-
tions of C57BL10 protein (positive control) were loaded onto
3-8% Tris-Acetate gels. Proteins were blotted onto polyvi-
nylidene fluoride membrane and probed for dystrophin using
DYS1 (Novocastra, Buffalo Grove, IL) and loading control,
o-actinin (Sigma), antibodies. Primary antibody was detected
by binding of IRDye 800CW goat-anti mouse IgG (LI-COR).
Western blots were imaged (LICOR Biosciences, Lincoln,
NE) and analyzed using the Odyssey imaging system.

Immunohistochemistry and histology. Transverse sections
of tissue samples were cut at 8 pm thickness for visualiza-
tion of dystrophin expression. Sections were costained with
rabbit-anti-dystrophin (Abcam, Cambridge, MA) and rat anti-
laminin (Sigma), and detected by goat-anti-rabbit immuno-
globulin G Alexa 594 and goat-anti-rat immunoglobulin G 488
secondary antibodies respectively (Invitrogen). Images were
captured using a Leica DM IRB microscope and Axiovision
software (Carl Zeiss, Cambridge, UK).

Clinical biochemistry. Acute safety profile was analyzed in
C57BL/6 wild-type mice given a bolus injection of 100mg/kg
ONs in 0.9% saline solution. Serum was taken from the mice
by cardiac puncture. Analysis of serum alanine transaminase
(ALT), aspartate transaminase (AST), C-reactive protein
(CRP), and creatinine levels was carried out by the clini-
cal laboratory at Karolinska University Hospital Huddinge,
Stockholm Sweden by standard methods. The TNF-a levels
were measured by enzyme-linked immunosorbent assay. A
precoated enzyme-linked immunosorbent assay-kit designed
for mouse TNF-o. was purchased from BioLegends (San
Diego, CA) and the samples were analyzed according to the
manufacturer’s instructions. Safety profile following multiple
high-dose administration was determined through serum
samples taken from the jugular vein of mdx mice immedi-
ately following sacrifice by CO, inhalation. Each animal had
received ten administrations of 100 mg/kg ZEN20 or 20Me20
in 0.9% saline solution. Analysis of toxicity biomarkers was
performed by clinical pathology laboratory, Mary Lyon Cen-
tre, MRC, Harwell, UK.

Open field animal activity monitoring. Behavioural and
locomotor measurements were recorded using the Linton
AM1053 X, Y, Z IR Activity Monitors. Mice were acclimatized
1 hour daily for 3 consecutive days beginning the day after
the final systemic IV administrations. Data collection was
performed in the same cages used for acclimatization over
a 90-minute period for 5 consecutive days. The first 30 min-
utes of data for each day was discarded at the end of each
trial. Twenty-two different activity parameters were measured:
activity (total, slow, and fast), static counts (total, slow, and
fast), mobile counts (total, slow, and fast), rearing counts
(total, slow, and fast), centre rearing counts (total, slow, and
fast), active time, static time, mobile time, rearing time, front
to back counts, inactive time, and distance travelled.
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Statistical analysis. Principal component analysis from
a correlation matrix was calculated on the 22 activity
parameters corresponding to the open field study using
the software SPSS (SPSS, Chicago, IL). The components
explaining the highest percentage of the variance were
displayed on two-dimensional plots. Student’s ttest and
Pearson correlations were performed in R (http://www.
r-project.org/).

Supplementary material

Figure S1. Dystrophin expression in TA and diaphragm fol-
lowing in vivo administration of ZEN20 and 20Me20 SSOs.
Figure S2. Changes to behaviour and activity following
treatment with ZEN20 and 20Me20.

Figure S3. Serum safety profile of mdx mice treated with
ZEN20, 20MePS20 or saline.

Figure S4. Effect of the ZEN-modifier on RNase H active
antisense ASO knockdown varies between lipofection and
gymnotic delivery.
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