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Clinical efficacy of antisense oligonucleotides (AONSs) for the treatment of neuromuscular disorders depends on
efficient cellular uptake and proper intracellular routing to the target. Selection of AONs with highest in vitro
efficiencies is usually based on chemical or physical methods for forced cellular delivery. Since these methods
largely bypass existing natural mechanisms for membrane passage and intracellular trafficking, spontaneous uptake
and distribution of AONSs in cells are still poorly understood. Here, we report on the unassisted uptake of naked
AONS, so-called gymnosis, in muscle cells in culture. We found that gymnosis works similarly well for proliferating
myoblasts as for terminally differentiated myotubes. Cell biological analyses combined with microscopy imaging
showed that a phosphorothioate backbone promotes efficient gymnosis, that uptake is clathrin mediated and mainly
results in endosomal-lysosomal accumulation. Nuclear localization occurred at a low level, but the gymnotically
delivered AONs effectively modulated the expression of their nuclear RNA targets. Chloroquine treatment after
gymnotic delivery helped increase nuclear AON levels. In sum, we demonstrate that gymnosis is feasible in
proliferating and non-proliferating muscle cells and we confirm the relevance of AON chemistry for uptake and
intracellular trafficking with this method, which provides a useful means for bio-activity screening of AONSs in vitro.
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Introduction

A NTISENSE OLIGONUCLEOTIDE (AON) therapeutics involve
a broad range of approaches to adjust levels of RNA
targets via effects on posttranscriptional processes [1]. AONs
are in (pre)clinical development for many diseases, includ-
ing cancer, inflammatory conditions, cardiovascular disease,
and neurodegenerative and neuromuscular disorders. The
clinical efficacy of AONs largely depends on biodistribution
to and uptake by target cells and routing to the desired in-
tracellular location (nucleus or cytoplasm). Although this is
true for any disease for which AON therapy is an option, it is
especially relevant for degenerative muscle disorders. In this
class of diseases, muscle tissue throughout the entire body
can be affected, requiring a therapeutic effect in as much as
40% of total body mass. Examples of multisystemic neuro-
muscular disorders for which AON therapy is currently under

development are spinal muscular atrophy [2], Pompe disease
[3], iron-sulfur cluster deficiency myopathy [4], Duchenne
muscular dystrophy (DMD; [5]), and myotonic dystrophy
type 1 (DM1; [6,7]).

Here, we focus on DMD and DM1, both of which are
muscular dystrophies that are characterized by typically early
and highly variable onset, respectively, with progressive general
muscle dysfunction [§]. DMD, the most common lethal chro-
mosome X-linked disease in human beings, is caused by mu-
tations in the dystrophin (DMD) gene, creating a premature stop
codon that abrogates the synthesis of functional dystrophin
protein [9]. As dystrophin is a structural protein that is respon-
sible for connecting the cytoskeleton of muscle fibers to the
extracellular basal lamina, its absence affects membrane sta-
bility of myofibers, eventually leading to cell death and re-
placement by connective tissue [10]. DM1, the most common
muscular dystrophy in adults [11], has a different etiology.
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Expansion of an unstable (CTG)n repeat in the 3" UTR of the
DMPK gene is responsible for a highly variable multisystemic
phenotype [11,12]. When the number of (CTG)n triplets in the
repeat exceeds a certain threshold, expanded DMPK (CUG)n
transcripts are produced that accumulate in the cell nucleus and
aberrantly bind a variety of ribonucleoprotein factors. Seques-
tration of these factors causes RNA processing abnormalities of
other mRNAs and miRNAs, resulting in a broad spectrum of
toxic gain-of-function effects [13].

Therapeutic correction at the RNA level by AON-
mediated exon skipping of mutant dystrophin pre-mRNA is a
promising disease-modifying treatment option for DMD [5].
Similarly, for DM1, proof-of-concept studies have demon-
strated that gene silencing via AON-mediated breakdown and
prevention of nuclear accumulation of expanded DMPK
(CUG)n mRNA may become a useful therapeutic modality in
the future [6,7,14—18]. Notably, although the therapeutic
strategies for DMD and DM1 are mechanistically distinct,
they share an important aspect: Exon skipping of mutant
DMD pre-mRNA as well as breakdown of expanded DMPK
(CUG)n RNA must take place in the nucleus of target cells.

To be able to improve AON delivery to the nucleus in
diseases such as DM1 and DMD, it is important to study cel-
lular uptake and intracellular distribution aspects on treatment,
including the impact that AON chemical modifications have in
these processes. Preclinical selection of AON candidates is
primarily based on comparative analysis of their bioactivity in
cell cultures, typically using transfection or electroporation.
Although these methods are useful to study bioactivity, they
are less reliable predictors of cellular uptake and trafficking
in vivo, since cellular barriers are artificially bypassed.
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The uptake of AONs by cells in vitro without the use of
transfection reagent or other delivery strategies was coined
gymnosis by Stein et al. in 2010 [19]. Actually, 10 years
earlier, Kole and coworkers had already started to investigate
the free uptake of AONs of different chemistries directly
from the culture medium [20,21]. This method was based on
the prolonged incubation of cells with AONs that were dis-
solved in the culture medium, which progressively resulted in
cellular internalization by endocytosis, via mechanisms that
are currently under debate [22,23]. It is generally accepted
that a small fraction of AONs are able to escape from en-
docytic vesicles and reach their RNA target in the nucleus or
cytosol, but this behavior is not well characterized either [24].

To date, the unassisted uptake of AONs has been applied
successfully to studies in proliferating cell types [25]. However,
less is known about the applicability to non-proliferating cells,
such as those that have undergone terminal differentiation. In
addition, limited research has been dedicated to addressing how
different chemical modifications of AONs influence free up-
take and subsequent intracellular trafficking. Phosphorothioate
moieties have been suggested to promote gymnosis, presum-
ably through AON binding to heparin-binding proteins on the
cell surface and with a role in the subsequent formation of
intracellular vesicles [26]. Whether that holds for other types of
AON chemistries and to what extent chemical modifications
allow or influence endosomal escape, particularly in muscle
cells, has remained unclear thus far.

In this study, we used a myogenic cell model derived from
DMI1 mice to test the effects of AON chemistry and sequence
on gymnosis and subsequent nuclear efficacy. Two classes of
AONs were compared: (1) analogs of a CAG7 AON for

TABLE 1. ANTISENSE OLIGONUCLEOTIDES USED IN THIS STUDY

AON Chemistry Sequence (5'>3') Target
CAG7-OMePS (PS58 [15]) 2-OMe PS
CAG7-OMe 2’-OMe PO CAG CAG CAG CAG CAG CAG CAG
CAG7-PS [7] DNA PS
P4-CAG7-OMePS 2-OMe PS  P4-CAG CAG CAG CAG CAG CAG CAG
Cy3-CAG7-OMePS 2’-OMe PS Expanded DMPK
Cy3-CAG7-OMe 2’-OMe PO Cy3-CAG CAG CAG CAG CAG CAG CAG transcripts
Cy3-CAG7-PS DNA PS
FAM-CAG7-OMePS 2-OMe PS  FAM-CAG CAG CAG CAG CAG CAG CAG
CAG7-OMePS-Cy3 2-OMe PS CAG CAG CAG CAG CAG CAG CAG-Cy3
P4-CAG7-OMePS-Cy3 2-OMe PS  P4-CAG CAG CAG CAG CAG CAG CAG-Cy3
DMD23-OMePS 2’-OMe PS
(M23D(+02-18) [28])
DMD23-OMe »-OMe P0 GGC CAA ACC UCG GCU UAC CU
DMD23-PS DNA PS
P4-DMD23-OMePS 2-OMe PS  P4-GGC CAA ACC UCG GCU UAC CU Mouse Dmd pre-mRNA
Cy3-DMD23-OMePS 2’-OMe PS (exon 23)
Cy3-DMD23-OMe 2’-OMe PO Cy3-GGC CAA ACC UCG GCU UAC CU
Cy3-DMD23-PS DNA PS
P4-DMD23-OMePS-Cy3 2-OMe PS  P4-GGC CAA ACC UCG GCU UAC CU-Cy3

2’-OMe, 2’-O-methyl; AON, antisense oligonucleotide; P4=LGAQSNF [29]; PS, phosphorothioate; PO, phosphate.
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degradation of expanded DMPK (CUG)n transcripts for DM 1
[7,15] and (2) variants of DMD23, an AON capable of in-
ducing exon 23 skipping in mouse Dmd transcripts [27]
(Table 1). We followed uptake and intracellular distribution
of these AONs during gymnosis by means of fluorescence
microscopy during myoblast proliferation and differentia-
tion. In parallel, we measured AON activity toward nuclear
DM1 and DMD targets. Facilitated uptake using poly-
ethyleneimine (PEI) was usually included as a positive con-
trol to bypass cellular uptake and trafficking pathways.
Despite the relatively high subcellular AON accumulation,
we found that already low levels of AONSs in the nucleus may
be effective. Thus, gymnosis may be considered a supportive
method for the comparative analysis of therapeutic AON
candidates in (differentiated) muscle cells in vitro, which
takes into account natural uptake and intracellular trafficking.

Materials and Methods
Antisense oligonucleotides

AONSs used in this study are listed in Table 1 and were
synthesized by BioMarin Nederland B.V. The nucleotide se-
quence of CAG7 AONs is 5-CAGCAGCAGCAG CAG
CAGCAG-3" and targets the (CUG)n repeat in expanded
DMPK transcripts (PS58 [15]). The sequence of DMD23 AONs
is 5-GGCCAAACCUCGGCUUACCU-3" and targets an exon
splicing enhancer in exon 23 of mouse Dmd pre-mRNA
(M23D(+02-18) [28]). Three types of chemical modification
were used: 2’-O-methyl phosphorothioate (-OMePS), 2’-O-
methyl phosphate (-OMe), and DNA phosphorothioate (-PS).
Some AONSs were conjugated at their 5" or 3" end with a Cy3
or FAM fluorophore or with P4, a muscle targeting peptide
of sequence LGAQSNF [29]. Cy3-CAG3-ENA is a 5'-
CAGCAGCAG-3" AON with an ethylene-bridged nucleic
acid (ENA) phosphate backbone, 5" conjugated to Cy3.

Cell culture

DMS500 myoblasts were derived from a DM 1 mouse model
as previously described [15]. DM500 myoblasts express
human DMPK (CUG)500 transcripts, the disease-causing
agent in DM1 [30]. DM500 myoblasts with enhanced green
fluorescent protein (EGFP)-stained nuclei were used for most
experiments and obtained after stable transduction with a
pLZRS retroviral vector expressing an EGFP-hMBNL1 fusion
protein (plasmid gift from Dr. D. Brook, Nottingham). Myo-
blasts were cultured on 0.1% (w/v) gelatin-coated dishes in
Dulbecco’s modified Eagle’s medium (DMEM; GibcoBRL,
Gaithersburg, MD) that was supplemented with 20% (v/v)
fetal calf serum (FCS), 50 pg/mL gentamycin, 10 U/mL in-
terferon (IFN)-y (BD Biosciences, San Jose, CA), and 2% (v/
v) chicken embryo extract (Sera Laboratories International,
Bolney, United Kingdom) at 33°C and 5% CO,.

When myogenic differentiation was applied, myoblasts
were seeded on Matrigel® (BD Biosciences, Breda, the
Netherlands) and grown until 100% confluency. Subse-
quently, differentiation medium (DMEM supplemented with
5% (v/v) horse serum and 50 pg/mL gentamycin) was added
and the cells were incubated at 37°C for 7-10 days. In some
cases, after 3 days of differentiation, 4 pg/mL cytosine B-D-
arabinofuranoside (Ara-C) (Sigma, Saint Louis, MO) was
added for 2 days to remove undifferentiated myoblasts.

GONZALEZ-BARRIGA ET AL.

Immortalized human DM1 myoblasts (DM11 cl5, derived
from primary myoblasts obtained from a DM1 patient ex-
pressing a DMPK allele bearing a (CTG)2600 repeat [31])
were grown and differentiated as previously described [32].
C2C12 mouse myoblasts were cultured on 0.1% (w/v)
gelatin-coated dishes in DMEM that was supplemented with
10% (v/v) FCS at 37°C and 7.5% CO,. Differentiation to
myotubes was performed under the same conditions as for
human DM1 myoblasts.

Gymnosis and transfection

For gymnosis, AONs were supplemented directly in the
cell culture medium. A range of concentrations (0.2-5 pM)
and incubation times (4 h to 13 days) was tested, as specified
for each experiment. During proliferation, cells were seeded
at 30%—40% confluency and incubated with AONs in the
growth medium. Every time that the medium was refreshed
(every 2-3 days) or cells were passaged (before reaching
confluency), fresh growth medium containing the same AON
concentration was used. In experiments where myogenic
differentiation was applied, cells were grown until 100%
confluency and incubated with differentiation medium con-
taining AON. Medium was refreshed every 2-3 days, con-
taining the same AON concentration.

Polyethyleneimine (PEI)-mediated transfection of AONs
was done as previously described [15] at a final AON con-
centration of 500 nM. Myoblasts and myotubes were imaged,
and RNA was isolated 48 h after transfection.

Use of endocytosis modulators

To block clathrin-dependent endocytosis, cells were sup-
plied with new medium containing 80 uM dynasore (Sigma-
Aldrich, Saint Louis, MO) at 1h before AON treatment.
Incubation was then continued in the same medium, but
containing the AON, during the entire gymnosis process
(24h). In these experiments, DMEM supplemented with
50 pg/mL gentamycin and 10 U/mL IFN-y, without serum,
was used. Longer incubation periods were not possible due to
significant cell death and toxicity.

To induce the release of endosomal and lysosomal con-
tents, cells were treated with 75 uM chloroquine (CHQ) for
4 h at the end of the gymnosis incubation period. No signs of
toxicity were observed at this CHQ concentration.

Confocal microscopy and immunochemistry

Myoblasts were grown in p-Slide 8-well plates (ibidi®,
Martinsried, Germany) or in GWSt-3522 WillCo-dish® wells
(WillCo Wells B.V., Amsterdam, the Netherlands). After
treatment with Cy3-labeled AONs (Table 1), analysis was
performed by using a Zeiss LSM510-Meta or a Leica SP5
confocal laser scanning microscope. For live cell imaging,
cells were put in a culture chamber that was maintained at a
stable temperature of 37°C with a 5% CO, supply. DM500
myotubes were incubated before analysis with SpM car-
boxyfluorescein succinimidyl ester (CSFE; Invitrogen) for
Smin and with 10 pg/mL Hoechst (Life Technologies) for
30 min to visualize the cytoplasm and nucleus, respectively.
Images to evaluate AON distribution were acquired in live
cells or immediately after fixation, at different time points
after the start of gymnosis. These approaches for image
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acquisition were adopted because pilot experiments revealed
that standard paraformaldehyde protocols did not fix AONs
permanently when the cells were kept in phosphate-buffered
saline (PBS) after fixation, giving experimental variation and
a false impression of their intracellular distribution (Sup-
plementary Fig. S1; Supplementary Data are available online
at www.liebertpub.com/nat). For fixation, the cells were
washed twice with PBS and then incubated for 15 min at
37°C in 0.1 M phosphate buffer (pH 7.5) with 4% (w/v)
paraformaldehyde.
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For visualization purposes, certain images displayed in the
figures were adjusted to the maximum exposure level within
the range of a negative background signal. This results in
overexposed areas but allows visualization of AONs in other
parts of the cell where the concentration is lower, such as the
nucleus. For fluorescence quantification (Figs. 1B and Fig. 6),
confocal settings were calibrated below Cy3-channel satu-
ration by using the well displaying the highest fluorescence
signal (Supplementary Fig. S8). Identical parameters were
maintained to quantify all other wells in the same microscopy

72 hours

FIG. 1. Live imaging of
gymnosis in proliferating
DM500 myoblasts. DMS500
EGFP myoblasts were cul-
tured for 3 days in the presence
of Cy3-CAG7-OMePS (200
nM). (A) Confocal images
showing intracellular locali-
zation of the AON (red).
Nuclei are green due to
the expression of a nuclear
EGFP-fusion marker protein.
Cy3-CAG7-OMePS quickly
accumulated in cytoplasmic
vesicle-like structures. The
AON accumulated in a frac-
tion of the cells in spots in the
nucleus (arrowheads). Scale
bars indicate 20um. (B)
Quantification of red fluores-
cence per cell (n=3; 30 cells
per experiment) using images
under saturation levels. (C)
DM500 myoblasts  were
grown in the presence of a
mixture of Cy3- and FAM-
conjugated CAG7-OMePS
(200nM each). An identical
vesicular, cytoplasmic stain-
ing was observed for both
AONs after 2 days. After
4 days, a clear diffuse staining
in the cytosol and nucleus was
detected in a minority (<5%)
of the cell population (arrow-
heads). Scale bars indicate
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session, including all treatments (n=3). Several images of
each treatment (25-30 cells) were processed by using ImageJ
(Wayne Rasband, National Institute of Health). Masks of
either nuclear or cytoplasmic regions (determined by the
EGFP signal) were used to select cellular areas of interest
from where Cy3 intensities were measured and corrected for
background (Fig. 6).

For Lampl immunochemistry, cells were fixed and
blocked with 4% (v/v) animal serum (corresponding to the
origin of the secondary antibody) and 0.33% (v/v) Triton-X-
100 in PBS for 60 min at room temperature. Rabbit Anti-
Lampl primary antibody (Sigma, Saint Louis, MO) was
diluted in 10 mg/mL bovine serum albumin and 0.33% (v/v)
Triton-X-100 and applied overnight at 4°C. Samples were
blocked with goat serum and incubated with Goat Anti-
Rabbit alexa-647 secondary antibody (Abcam, Cambridge,
United Kingdom) for 1 h at room temperature.

RNA isolation and reverse transcriptase polymerase
chain reaction (RT-PCR) analysis

RNA was isolated from cultured cells by using the Aurum™
Total RNA Mini Kit (Bio-Rad, Hercules, CA), according to
the manufacturer’s protocol. Primer sets for polymerase chain
reaction (PCR) and quantitative PCR (qPCR) were designed
by using Primer-BLAST [33] in the NCBI database and vali-
dated in silico by using OligoAnalyzer 3.1 [34] to prevent the
formation of hairpins and dimers during amplification (Sup-
plementary Table S1). Resulting products were visualized on
agarose gels and sequenced to verify identity.

For reverse transcription, typically 0.5 ug of total RNA
was subjected to cDNA synthesis by using the SuperScript®
first-strand synthesis system with random hexamer primers in
a total volume of 20 pL.

Skipping of exon 23 in Dmd transcripts was analyzed by
using conventional PCR with primers annealing in exon 22
(forward primer) and exon 24 (reverse primer; Supplemen-
tary Table S1). Per reaction, the mix contained 10.4 pL
MilliQ, 4 uL 5x Q5 Reaction Buffer, 0.2 pL. Q5® High Fi-
delity DNA Polymerase (2 U/uL) (BioLabs®, Inc., Ipswich,
MA), 0.4 uLL dNTPs (Invitrogen, Eugene, OR), 2 uL. forward
primer (5 pM), 2 pL reverse primer (5 uM) (Biolegio BV,
Nijmegen, the Netherlands), and 1pL cDNA template.
Thermal cycling conditions consisted of 30s at 98°C fol-
lowed by 34 amplification cycles of 6 s at 98°C, 20 s at 64°C
(annealing), and 10s at 72°C (elongation). The final elon-
gation step was carried out for 2 min. Fragments were ana-
lyzed on 2% agarose gels. Images of ethidium-stained
products were acquired under UV light below pixel satura-
tion. Quantification of signals was done by using Image]
(Wayne Rasband, National Institute of Health), measuring
pixel intensity and correcting for background.

For the detection of degradation of expanded DMPK
transcripts, real-time qPCR was used, following a protocol
previously described [7]. Samples were analyzed by using the
CFX96™ Real-time System (Bio-Rad, Hercules, CA). A
melting curve was obtained for each sample to confirm
single-product amplification. Relative mRNA levels were
calculated by using the AACt method [35]. Gapdh and Actb
expression levels were used together for normalization.

gPCR was also used to measure mRNA levels of differ-
entiation markers Agp1, Myhl, Mylfp and Cav3. In this case,
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samples were analyzed by the ViiA™ 7 Real-Time PCR
System (Life Technologies, Bleiswijk, the Netherlands), by
means of commercial TagMan® assays (Applied Biosystems,
Foster City, CA) (Supplementary Table S1), following the
manufacturer’s instructions. Data were normalized by using
Gapdh and Hprt as reference genes. Levels of the group
showing the highest expression were set to 100% by using the
AACt method.

Statistical analysis

We performed unpaired Student’s z-tests to test whether
DMPK levels after CAG7-OMEePS treatment (either alone or
in the presence of dynasore or chloroquine) differed signifi-
cantly from the levels that remained after treatment with a
control AON. To determine whether the average signals of
Dmd skipped products were significantly different from the
background, we performed a r-test analysis against a zero
theoretical mean. The effect of Ara-C treatment in the ex-
pression of differentiation markers was analyzed by unpaired
t-tests in each gene group. To compare the effect of AONs of
different chemistries on DMPK transcript levels, we used a
one-way ANOVA followed by a Bonferroni’s Multiple-
Comparison Test. To test whether Cy3-CAG7-OMePS
accumulation in time was significantly different from Cy3-
CAG3-ENA behavior, we used a two-way ANOVA. In all
these cases, values were considered significantly different
when: *p <0.05, **p<0.01, or ***p <0.001.

Results
Gymnosis in proliferating myoblasts

Experiments in this study were performed in the immortal
DMS500 cell model [15], derived from a transgenic mouse
model for DM1 [30]. DM500 myoblasts show nuclear ac-
cumulation of transcripts from a human DMPK transgene
bearing an expanded (CTG)500 repeat. The cells show nor-
mal growth and myogenic differentiation capacity. Previous
studies revealed that AON transfection characteristics did not
overtly differ between DM500 and normal primary mouse or
human myoblasts [7,15]. Here, we mainly used a population
of DM500 myoblasts that stably expressed low levels of
EGFP-MBNLI, a green fusion protein with predominant
nuclear location [36], for easy microscopy visualization of
localization of fluorescent AONs in the nucleus.

To study gymnosis and intracellular AON distribution, we
followed the behavior of Cy3-conjugated CAG7-OMePS, a
21 nt repeat AON containing a fully modified 2’-O-methyl
phosphorothioate backbone (Table 1) [15]. In proliferating
myoblasts, CAG7-OMePS-positive vesicular structures in
the cytoplasm were present in essentially all cells after 4 h of
incubation with 200 nM naked oligo in the medium (Fig. 1A).
The vesicular accumulation appeared more prominent after
24 h, and quantification of staining revealed that it became
even more intense over the subsequent 2 days (Fig. 1B). In-
terestingly, we also noticed local accumulation of AON
signal in spots in the nucleus in many, but not all, cells at
>24h of gymnosis. In addition, a diffuse nuclear staining was
observed in ~1% of cells at 72h and ~2% after 6 days
(Fig. 1C). The fraction of Cy3-positive nuclei did not further
increase after longer incubation (up to 13 days) or on use of a
higher AON concentration (5 tM; data not shown).
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Gymnotic uptake and distribution characteristics were
entirely different from those seen with polyethyleneimine-
(PEI)-mediated transfection, a commonly used procedure to
deliver AONSs in cultured cells [37]. The PEI transfection of
DMS500 myoblasts resulted in a predominant nuclear staining
of Cy3-CAG7-OMePS in around 50% of all cells (Supple-
mentary Fig. S2).
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The typical uptake and distribution behavior of naked
AONSs was not influenced by the type of fluorophore conjugated
to the AON (Fig. 1C). Neither did the conjugation position of
the fluorophore, to the 5" or the 3" end of the AON, have any
obvious effect on AON localization (Supplementary Fig. S3).

To examine the potential effects on gymnosis by the nu-
cleotide composition of the AON, we also followed the fate

Merged

FIG. 2. Intracellular trafficking of
AONs during gymnosis. (A) Con-
focal images of DM500 EGFP cells
after 24 h of growth in the presence
of Cy3-CAG7-OMePS or Cy3-
DMD23-OMePS. Lamp-1, a lyso-
somal marker protein, was visualized
by immunochemistry and co-
localized with some of the AON-
positive vesicles. Scale bars indicate
25 um. (B) Uptake of Cy3-DMD23-
OMePS and Cy3-CAG7-OMePS
(500nM) in the presence of chloro-
quine or dynasore after 24h of
gymnosis. Merged images are a
composite of Cy3 and EGFP chan-
nels. Scale bars indicate 25 pm. (C)
Quantification of expanded DMPK
RNA expression after 24h of
gymnosis incubation with Cy3-
CAG7-OMePS in combination with
chloroquine or dynasore. DMPK
mRNA levels after Cy3-CAGT7-
OMEePS and control AON treatments
were compared by unpaired #-tests.
CAG7-OMePS activity in the pres-
ence of chloroquine compared with
vehicle was analyzed by one-way
ANOVA followed by a Bonferroni’s
Multiple-Comparison Test (*p < 0.05,
**p<0.01).
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CFSE (cytosol)

FIG. 3. Gymnosis during
myogenic differentiation.
DM500 myoblasts were grown
to confluency and transferred
to differentiation medium in
the presence of Cy3-CAGT7-
OMePS or Cy3-DMD23-
OMePS (500nM). These
culture conditions were con-
tinued for 7 days. After this
period, a vesicular cytoplas-
mic localization was observed
in fully differentiated myo-
tubes (live imaging). Clear
nuclear signal (arrowhead)
could be observed in some
myotubes. Compare this faint
diffusive staining with the total
absence of staining in nuclei in
other myotubes. For visuali-
zation purposes, images dis-
played were adjusted to the
maximum exposure level
within the range of the nega-
tive background signal. Scale
bars indicate 20 pm.

Cy3-CAGT7-OMePS

Cy3-DMD23-OMePS

of Cy3-DMD23-OMePS, an AON that induces exon 23
skipping during splicing of mouse Dmd pre-mRNA [27].
When used under the same experimental conditions, a similar
localization was observed with this AON (Fig. 2A), including
the predominantly vesicular and low intranuclear accumu-
lation pattern that was found for Cy3-CAG7-OMePS (Sup-
plementary Fig. S4). Notably, these distribution patterns
were also observed after gymnosis in mouse C2C12 myo-
blasts and human myoblasts derived from a patient with DM1
(Supplementary Fig. S5).

Interfering with intracellular trafficking using
endocytosis modulators

A significant fraction of the vesicles that incorporated
Cy3-DMD23-OMePS or Cy3-CAG7-OMePS stained for the
late endosomal/lysosomal marker Lampl (Fig. 2A). This
suggested that at least a proportion of the vesicles that con-
tained gymnosis-delivered OMePS AONs followed the
endocytic route up to lysosomes, confirming earlier obser-
vations [22]. To study this pathway more specifically for
myoblasts, we examined whether endocytic modulators such
as chloroquine and dynasore would affect intracellular dis-
tribution of DM1 and DMD AONSs. Chloroquine is a lyso-
somotropic agent that leads to endosomal disruption in vitro
[38], and it can release AONs from endocytic vesicles [39].
Dynasore inhibits dynamin, a protein that is essential for
clathrin-dependent endocytosis [40].

Dynasore was added 1 h before starting the incubation with
AONSs and kept in culture during the rest of the gymnosis
period to block clathrin-dependent endocytosis during the
entire process. Dynasore treatment completely blocked AON
uptake and distribution, supporting the hypothesis that
2’-OMe PS AONs are internalized by clathrin-mediated en-
docytosis (Fig. 2B; reviewed in Ref. [22]). In contrast,
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Cy3 (AON) Hoechst (nucleus) Merged

chloroquine treatment resulted in a strong increase in nuclear
accumulation in many cells. Chloroquine was present during
the final 4h of gymnosis, to allow AONs to reach all en-
dosomal compartments first. The combination of these ob-
servations suggests that on gymnotic uptake of AONS,
endosomal escape is required for subsequent transfer to the
cell nucleus.

Gymnosis in differentiated myotubes

Gymnosis in non-proliferating cells is reported to be
challenging [25]. We, therefore, studied independently un-
assisted AON uptake during the differentiation of myoblasts
to myotubes in vitro. We added Cy3-CAG7-OMePS and
Cy3-DMD23-OMePS to differentiating myoblast cultures for
as many as 7 days. As in myoblasts, AONs accumulated in
myotubes in cytoplasmic vesicles and multiple myonuclei
were AON positive (Fig. 3). We questioned whether this
resulted from intrinsic uptake mechanisms in these differ-
entiated cells or whether they were donated by AON-loaded
myoblasts during fusion. To evaluate this point, we per-
formed gymnosis experiments with cell cultures that had first
undergone differentiation for 3 days and were then treated
with cytosine [B-p-arabinofuranoside (Ara-C) for 2 days
(Fig. 4A). Ara-C, a nucleoside analog that interferes with
DNA replication, causes apoptosis of proliferating cells [41]
and has been used to remove myoblasts during differentiation
to achieve a pure myotube culture [42]. Non-fused myoblasts
were largely removed from the adhered myotube layer after
Ara-C treatment, and this correlated with a significant change
in the gene expression of several markers reported to be
up- or downregulated during myogenesis [43,44] (Supple-
mentary Fig. S6). Gymnosis initiated after Ara-C treatment
resulted in intracellular AON distribution patterns in myo-
tubes that were indistinguishable from those observed before
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or in myoblasts (Fig. 3; data not shown). These experiments,
thus, indicate that differentiated myotubes, such as prolifer-
ating myoblasts, are able to internalize 2’-OMe PS AONs by
endocytosis.

AONSs gymnotically delivered during proliferation
and differentiation are active in the nucleus

To analyze whether gymnotically delivered AONs in
myoblasts were released from endosomes to become active

toward nuclear targets, we first examined the ability of
CAGT7-OMePS to silence DMPK (CUG)500 transcripts. The
silencing of expanded DMPK mRNA in myoblasts could be
measured and was further increased in the presence of chlo-
roquine, whereas breakdown was prohibited in the presence of
dynasore (Fig. 2C). In line with earlier observations [7,15], we
did not see an effect of the Cy3 modification on nuclear ac-
tivity, be it conjugated to the 5" or 3’ end (Supplementary
Fig. S3B). Not surprisingly, the bioactive effect of Cy3-
CAG7-OMePS on DMPK mRNA levels in differentiating
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myotubes was also sensitive to chloroquine treatment and
very comparable between cultures that received Ara-C treat-
ment and those that did not (Fig. 4B).

We next examined the ability of gymnotically delivered
DMD23-OMePS to skip exon 23 during Dmd pre-mRNA
splicing. Since DMD expression, as opposed to that of DMPK,
is rather low in myoblasts but strongly induced during myo-
genic differentiation (data not shown; [45]), we only inves-
tigated DMD23 effects in differentiated myotubes. We found
that the skipping effect of this AON was the same in Ara-C-
treated and -untreated myotube cultures (Fig. 4C). Chlor-
oquine treatment enhanced the activity of DMD23-OMePS to
levels that were comparable to those achieved by PEI-
mediated transfection. This suggests that intracellular traf-
ficking of AONSs in differentiated myotubes is a process that is
amenable for modulation, and thus for the improvement of its
translational value. Finally, we examined exon 23 skipping
levels in myotubes after dedicated gymnosis protocols during
either proliferation or differentiation or during both periods
(Fig. 5A). DMD23-OMePS-mediated exon skipping was
AON concentration dependent and most effective when ap-
plied during the entire period of proliferation and differenti-
ation (Fig. 5B).

We confirmed that gymnotically delivered AONs were
also active in nuclei of cells other than the DM500 model.
DMD23-OMePS efficiently mediated Dmd exon 23 skipping
in differentiated C2C12 myotubes after 9 days of gymnosis
(Supplementary Fig. S5). Likewise, CAG7-OMePS reduced
DMPK RNA expression in human DM1 myotubes (note that
these cells contain a 1:1 mix of expanded and normal-sized
DMPK transcripts, the latter of which are not sensitive to
CAG7-OMePS treatment [7,15]).

Effects of AON chemistry on gymnosis delivery
and nuclear activity

In the course of pilot studies, wherein gymnosis was tested
for a range of chemically modified CAG AONs, we observed
different trafficking results. For example, Cy3-CAG3-ENA
gave an almost undetectable endosomal accumulation [7]
(Supplementary Fig. S7). This finding was consistent with
previous observations in other cells [26], where AON uptake
behavior was strongly influenced by chemical modification.
As this aspect is relevant for future therapeutic applica-
tions, we tested effects of a selected set of oligo chemis-
tries on gymnosis in our DM1 myogenic cell model. Four
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modifications for both AON sequences, CAG7 and DMD23,
were analyzed: 2’-O-methyl phosphorothioate (OMePS),
2’-0-methyl phosphate (OMe), DNA phosphorothioate (PS),
and OMePS, including a 5" conjugation with a muscle-homing
peptide (P4), which has been shown to enhance activity of
DMD23-OMePS and CAG7-OMePS in vivo ([29]; Mulders
et al., unpublished). Note that AON DMD23-PS was included
to complete the set, but is, in fact, not useful for therapeutic
purposes, since this AON may induce RNAse-H-dependent
breakdown of Dmd pre-mRNAs instead of exon skipping.
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By using immunofluorescent image acquisition, we were
able to quantify Cy3-signals separately for the nucleus and
cytoplasm in myoblasts (Fig. 6A; note that this protocol could
not be applied to myotube cultures). The activity of DM1 and
DMD AONs was measured in parallel in 7-day-old myotubes
(Fig. 6B). Forty-eight hours of gymnosis led to a predominant
cytoplasmic location for all AONs, irrespective of the che-
mical modification and sequence (Fig. 6C). However, a sig-
nificantly lower uptake was observed for AONs with a
phosphate instead of a phosphorothioate backbone, which
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gymnosis and subsequent quantification of AON uptake and nuclear activity. (C) Stacked bar charts illustrating mean
fluorescence intensity in the cytoplasm (white) and nucleus (black) of DM500 myoblasts after 2 days of gymnosis (500 nM)
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corresponded to a lack of activity toward their nuclear target Discussion

(Fig. 6D). Conjugation of peptide P4 to OMePS AONSs had an
inconclusive effect on gymnosis, as it increased the uptake of
CAG7-OMePS, but it had essentially no effect on the uptake
and cytosolic accumulation of DMD23-OMePS. Assisted
delivery of the AONs by PEI transfection led mainly to
nuclear localization (Fig. 6E), but with a lower efficiency
for AONs with only OMe or PS backbones. The tendency of
nuclear accumulation is obviously promoted by the well-
known facilitating effect of PEI on endosomal escape
[46,47].

Nuclear activity clearly correlated with gymnotic uptake
efficiency, as assessed by cytoplasmic accumulation. The
CAG7-OMePS AONs had the most, CAG7-OMe had the
least, and CAG7-PS had intermediate silencing potential
(Fig. 6D). Interestingly, PEI-assisted transfection yielded
similar efficiency differences between the OMePS, OMe, and
PS AONSs and the effects on breakdown and exon skipping
(with the exception of RNase H recruiting AON DMD23-PS)
were moderately improved by PEI transfection (Fig. 6F). Our
findings, therefore, challenge the suggested idea that a strong
AON accumulation in the nucleus is required for a robust
effect on nuclear targets [48,49].

A number of studies have been reported in the past few
years on effective treatment strategies using naked AONs in
patients and mouse models for DMD and DM1 [6,50,51].
Since the AONs used were rather large, hydrophilic mole-
cules that could not easily diffuse through muscle cell
membranes [52], alternative cell internalization mechanisms
must have been responsible for the observed biological effect
in muscles. One distinct feature with regard to the cellular
uptake of AONSs in vivo that is specific for DMD is that due to
the dystrophin deficiency some muscle fibers are more per-
meable to large compounds because of membrane alterations
[53], whereas other fibers retain good membrane integrity
[54], thereby directing treatment to the most affected ones
[55]. In contrast, in muscles from DM1 patients and mouse
models, all myofiber membranes appear impermeable to
large molecules [56].

Supportive insight regarding normal AON delivery and
intracellular trafficking mechanisms may be provided by cell
culture studies, since it was shown that cells are able to in-
ternalize AONSs freely from the culture medium, a process
now known as gymnosis [19-21,25]. Clearly, our in vitro
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culture conditions were different from the conditions in vivo,
for example, with respect to protein concentration (ie, 5%—
20% serum in culture medium versus 100% serum in the
circulation). One should, therefore, be cautious to extrapolate
results obtained in cell culture directly to animal or human
studies. For detailed information on the complexity of AON
delivery in vivo, we refer the reader to a recent review on this
topic [57].

We confirm here that gymnosis is a general characteristic
of the DM500 myogenic cell culture model and was also
operational in mouse C2C12 and human DM1 patient myo-
blasts. After several hours of incubation in the presence of
AONs, vesicular localization patterns were observed in pro-
liferating myoblasts and in differentiated myotubes. Our
findings, thus, demonstrate that myotubes retain AON uptake
potential after differentiation and strengthen the hypothesis
that similar uptake mechanisms may be at play in muscles
in vivo (knowing that differentiated myotubes in vitro exhibit
several characteristics of mature muscle myofibers in vivo,
such as excitation contraction coupling and expression of
muscle differentiation biomarkers [58,59]).

Lehto et al. reported a difference in the uptake of a peptide-
coupled morpholino (Pip6a-PMO) between myoblasts and
myotubes [60]. We have not focused on the mechanistic
differences of AON uptake between undifferentiated and
differentiated cells. Besides, a meaningful comparison with
our study is complicated, since morpholinos are uncharged
(in contrast to our 2’-OMe AONSs). More importantly, a
positively charged peptide such as Pip6a may have dominant
differential effects on endosomal escape and intracellular
trafficking in myoblasts and myotubes.

The first step in unassisted AON uptake must occur at the
cell membrane and involves AON binding and initial en-
gulfment by endocytosis [61]. We found that gymnosis was
blocked by dynamin inhibition, which suggests that the en-
docytic mechanism by which AONs enter cells is clathrin
mediated [22]. Although it is not known how naked AONs
are initially recognized and endocytosed in myogenic cells, a
phosphorothioate (PS)-modified backbone is apparently im-
portant, as AONs in our study carrying a phosphate backbone
(and either 2’-OMe or ENA ribose modification) were inac-
tive. This idea is supported by a study showing enhanced
cellular binding of AONs with PS modification compared
with an unmodified phosphate backbone [62]. The impor-
tance of PS backbone is further consistent with earlier reports
on successful gymnosis of a variety of AON chemistries, all
carrying this modification [19,26,63,64]. The endocytic
process might be triggered by the surrounding proteins that
bind to PS AONs in a non-specific manner [65], rather than
by the oligonucleotide itself.

In the presence of polycationic transfection reagents, such
as PEI, the internalization process is mediated by the rec-
ognition of positively charged PEI-AON complexes by pro-
teoglycan membrane receptors [66]. Initial steps in
unassisted AON endocytosis may be triggered by polyanion-
interacting proteins that specifically bind phosphorothioate
moieties in AONs [65]. Some of the candidates involved may
have been identified in a recent screen for proteins that bind
phosphorothioate linkages with a high affinity [67]. The
normal uptake efficiency of phosphorothioate AONs may be
enhanced in vivo by conjugating peptide ligands, as was
observed for P4-CAG7-OMePS [17,29,68].

155

A second important step required to achieve AON activity
inside the cell is escape from the endosomal compartment
and subsequent trafficking to the target location, that is, in our
study the cell nucleus, where expanded DMPK RNAs and
Dmd pre-mRNAs reside. It has been postulated that AONs
may follow two distinct endocytic routes [63]: a non-
productive route to lysosomal accumulation and degradation,
and a productive route resulting in nuclear trafficking and
effective RNA regulation. Some of the CAG7-OMePS or
DMD23-OMePS AON-positive vesicles, indeed, co-
localized with the lysosomal marker Lamp1, suggesting that
the non-productive pathway was followed by a fraction of the
internalized AONs. The non-co-localizing CAG7-OMePS/
DMD23-OMePS AON fraction may be associated with the
postulated productive route and may be present in early en-
dosomes from which they escaped.

The exact mechanism by which AONs escape from en-
dosomes is not known, but it may occur in the course of
intracellular trafficking by membrane bilayer instability
during vesicle fusion and budding [24]. We found that en-
docytic release, promoted by chloroquine treatment, indeed
enhanced the activity of CAG7-OMePS and DMD23-
OMePS toward their corresponding targets. Chloroquine
treatment correlated with a switch from a vesicular staining
pattern to a predominant nuclear signal, suggesting that soon
after endosomal escape free AONs will quickly diffuse
through nuclear pores into the nucleus [69,70]. A diffuse
nuclear staining, including spots, has been previously re-
ported after microinjection of AONs carrying a phosphor-
othioate backbone in the cytosol [69-71].

Despite the weak nuclear and strong cytoplasmic (ve-
sicular) AON staining after gymnosis, a significant activity
by both AON sequences was detected toward RNA targets
that are clearly located in the nucleus [72,73]. In control
experiments, we found that AON activity was higher when
PEI-mediated transfection was applied, but the magnitude
did not correlate with the higher nuclear AON concentra-
tion (estimated at 5-25 times higher, judging from fluo-
rescence quantification; as a result of endosomal release
induced by a proton-sponge effect of PEI [46,47]). So, how
then can the apparent discrepancy between nuclear AON
concentration (fluorescence intensity) and nuclear activity
(RNA degradation or exon skipping) after gymnosis be
explained?

We propose a few possible explanations, which are not
mutually exclusive: (1) PEI molecules may remain associ-
ated and form stable complexes with AONs in the nucleus
[74], thus decreasing free AON concentration and impeding
proper binding to the mRNA target. (2) AON concentration
in the nucleus during gymnosis may not surpass the limit of
detection of our microscope in the majority of cells, but the
minimal AON concentration required for a biological effect
in this compartment may be much lower than generally be-
lieved and is already achieved under these conditions.
Nevertheless, it is important to point out that several other
factors may influence bioactive efficacy, such as levels of
target RNA, AON efficiency, speed of the process, and
whether one AON can modulate multiple transcripts. For
instance, CAG7-OMePS AON activities after gymnosis and
transfection were more similar than those of DMD23-
OMePS, suggesting that the DM1 AON requires a lower
concentration in the nucleus. (3) Related to the previous
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point, cell imaging has shown that gymnosis is an intrinsic
cellular process that is active in all cells, whereas PEI-
mediated transfection involves only part of the cell popula-
tion (depending on transfection efficiency: around 50% in our
experiments). Therefore, the proposed minimal AON con-
centration in the nucleus for biological effect may be present
in a larger portion of the cell population during gymnosis
compared with transfection.

In sum, we demonstrate that gymnosis is feasible in pro-
liferating and non-proliferating muscle cells and we confirm
the relevance of AON chemistry for uptake and intracellular
trafficking with this method. Our data suggest that even low
levels of AONSs in the nucleus may be already sufficient for
bioactivity and, thus, that gymnosis may be a useful method
for a comparative analysis of therapeutic AON candidates in
muscle cells in vitro.
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