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Oligonucleotide gene therapy has shown great promise for the
treatment of muscular dystrophies. Nevertheless, the selective
delivery to affected muscles has shown to be challenging
because of their high representation in the body and the high
complexity of their cell membranes. Current trials show loss
of therapeutic molecules to non-target tissues leading to lower
target efficacy. Therefore, strategies that increase uptake effi-
ciency would be particularly compelling. To address this
need, we applied a cell-internalization SELEX (Systematic Evo-
lution of Ligands by Exponential Enrichment) approach and
identified a skeletal muscle-specific RNA aptamer. A01B
RNA aptamer preferentially internalizes in skeletal muscle cells
and exhibits decreased affinity for off-target cells. Moreover,
this in vitro selected aptamer retained its functionality in vivo,
suggesting a potential new approach for targeting skeletal mus-
cles. Ultimately, this will aid in the development of targeted
oligonucleotide therapies against muscular dystrophies.

INTRODUCTION
Muscular dystrophies are a genetically heterogeneous group of more
than 40 muscle disorders that are characterized by muscle weakness
and wasting of the skeletal muscle.1 Although their underlying
cellular pathologies are diverse, almost all types of muscular dystro-
phies have one feature in common: they arise from single-gene mu-
tations.2 Therefore, the most promising approaches for treatment
involve gene therapy either by the modification or replacement of
a faulty gene with another functional healthy copy.2 For Duchenne
muscular dystrophy (DMD), for example, which is the most com-
mon form of muscular dystrophies, the disrupted reading frame
of the dystrophin pre-mRNA can be restored by hybridizing anti-
sense oligonucleotides (AONs) to the sense target sequence.3 Clin-
ical trials for exon 51 skipping have been tested with both the
20-O-methyl phosphorothioate (20-OMe PS) (Drisapersen) and
phosphorodiamidate morpholino (PMO) (Eteplirsen) AON chemis-
try.4–7 The latter has been approved by the US Food and Drug
Administration (FDA) in September 2016 and is currently in
ongoing clinical trials to confirm its efficacy.8 Similarly, chemically
modified AONs complementary to the CUG expanded repeat have
been designed for Myotonic Dystrophy type 1 (DM1) to target the
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nuclear retained transcripts.9–11 The limiting factor of current gene
therapy approaches, common not only in these two muscular dys-
trophies but in all muscular dystrophies, is the low muscle cell selec-
tivity leading to an unpredictable expression among several organs
when administered systemically.12,13 This undesirable bio-
distribution results in loss of a substantial amount of the therapeutic
molecules, ultimately leading to lower target efficacy.14 Further-
more, the use of higher starting doses to compensate for the loss
leads to dose-dependent side effects such as toxicity and activation
of immunological responses.15 Therefore, by coupling the sequences
with a target-specific vehicle, the tissue specificity during systemic
delivery could be significantly improved.

Aptamers are a class of small, synthetic, single-stranded nucleic acids
that fold into unique secondary structures.16 They can be chemically
modified with 20-fluoropyrimidines (20-F) to reduce their nuclease
sensitivity, and unlike peptides and monoclonal antibodies, they are
essentially non-immunogenic even when administered in excess
amounts.17–19 Aptamers are identified via Systematic Evolution of
Ligands by Exponential Enrichment (commonly referred to as
SELEX). This process involves a series of affinity purification and
amplification rounds through which a large pool of random se-
quences is narrowed down to the most promising candidate aptamer
sequences.18,19

Variations of the SELEX methodology such as Cell-SELEX, Cross-
Over SELEX, and Tissue-SELEX have given the capability of binding
numerous targets including organic compounds, nucleotides, pro-
teins, and even whole cells and organisms.19–22 Of particular interest
is the more recent cell-internalization SELEX where aptamers can be
selected to bind, internalize, and potentially deliver agents into cells.
For example, in the work of Chu et al.,23 silencing of gene expression
was achieved by an anti-prostate-specific membrane antigen (PSMA)
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Figure 1. Aptamer Selection Strategy

Schematic representation of the evolution of internalizing

RNA aptamers for skeletal muscle via 15 cell-internaliza-

tion SELEX rounds. See also Figure S1. (Figure created

by author from data in Figure 1 in RAPID-SELEX for

RNA Aptamers, by Sveto et al., 2013, PLOS One.92 ª
2013 Szeto et al. Creative Commons Attribution License

applies.)
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RNA aptamer conjugated with a small interfering RNA (siRNA).
Similarly to Cell-SELEX, specific cell-surface molecules or even un-
known membrane receptors may be directly targeted within their
native environment, allowing a straightforward enrichment of cell-
specific aptamers.24

Our long-term goal is to identify aptamers that will selectively and
efficiently internalize in several diseased muscles, and thus aid the de-
livery of therapeutic oligonucleotides in skeletal muscle. The ability of
aptamers to bind to a specific target with extreme affinity and speci-
ficity makes them ideal candidates for targeted therapies.25,26 Conse-
quently, the aim of this study was the identification of the first RNA
aptamer (A01B) that enters efficiently into skeletal muscle cells. Using
cell-internalization SELEX, we identified one such aptamer that spe-
cifically binds to skeletal muscle cells and retains skeletal muscle
internalization efficiency in vivo following local delivery. Therefore,
this aptamer may prove a useful tool for improving the muscle
specificity and internalization efficiency for a wide spectrum of
therapeutic sequences. Ultimately, this will open a new era of
200 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
safe and targeted aptamer-mediated therapies,
which could benefit the broader group of
muscular dystrophies.

RESULTS
In Vitro Selection of Skeletal Muscle Cell-

Internalizing RNA Aptamers

An initial single-stranded DNA library was
designed with a 40-nt-long random region be-
tween two fixed primer binding sites. The corre-
sponding RNA transcripts were generated by
in vitro transcription following incorporation
of a T7 promoter sequence upstream of the
sequence of interest (Figure S1). To improve sta-
bility and nuclease resistance of the transcripts,
we also incorporated 20-F pyrimidines during
in vitro transcription. A cell-internalization
SELEX protocol was next employed to identify
20-F-modified RNA aptamers that selectively
bind and internalize into skeletal muscle cells
(Figure 1). For each selection round, the pool
of random RNA sequences was selected against
(positive selection) the target cell line, prolifer-
ating C2C12 muscle cells. A total of 15 such
rounds was required to enrich the population
with specific RNA sequences. For rounds 1–4, the selection condi-
tions remained unchanged, whereas from round 6 onward the
selective pressure was progressively increased by shortening the inter-
nalization time with the target and increasing the number and volume
of washes (Table 1). At each round of selection, internalizing RNA
aptamers were re-amplified to produce the enriched population for
the next selection round. New 20-F-modified RNA transcripts were
generated as done previously (Figure S1).

Assessment of Aptamer Enrichment during In Vitro Selection

During the selection, additional experiments were performed to
assess the level of enrichment and whether more stringent conditions
were required to further increase enrichment. To achieve this, we
studied an early, intermediate, and late round of selection (rounds
2, 10, and 15, respectively) throughout the experimental work flow.
First, the complexity of the RNA pools at the selected rounds was as-
sessed using a DNA melt curve analysis (Figures 2A and 2B).27As
the double-stranded PCR products were heated incrementally,
they dissociated at different temperatures depending on the pool



Table 1. Selection Conditions

Rounds RNA (pmol)

Blocking Internalization Cold Washes

tRNA (mg/mL) Time (min) Cell Line Time (min) PBS (mL) Salt Wash (mL)

1 1,500 100 15 C2C12 120 3 � 3 1 � 3

2 1,500 100 15 C2C12 120 3 � 3 1 � 3

3 1,500 100 15 C2C12 120 3 � 3 1 � 3

4 1,500 100 15 C2C12 120 3 � 3 1 � 3

5 1,500 100 15 C2C12 120 3 � 3 1 � 3

6 1,500 100 15 C2C12 120 3 � 5 1 � 5

7 1,500 100 15 C2C12 90 3 � 5 1 � 5

8 1,500 100 15 C2C12 90 3 � 5 1 � 5

9 1,500 100 15 C2C12 90 3 � 5 1 � 5

10 1,500 100 15 C2C12 60 3 � 5 1 � 5

11 1,500 100 15 C2C12 60 3 � 10 1 � 10

12 1,500 100 15 C2C12 60 3 � 10 1 � 10

13 1,500 100 15 C2C12 30 5 � 10 1 � 10

14 1,500 100 15 C2C12 30 5 � 10 1 � 10

15 1,500 100 15 C2C12 15 5 � 10 1 � 10
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complexity. A significant drop in the library complexity was observed
between rounds 2 and 10, as evidenced by the shift of the round 10
DNA melt curve toward higher temperatures (79.2�C). Interestingly,
the DNAmelt assay performed for round 15 showed minimal change
in the library complexity as compared with round 10, indicating that
no more rounds of selection were required. Another indication of the
aforementioned result was the change in the curve’s shape from short
and wide at round 2 to high and narrow at rounds 10 and 15 (Fig-
ure 2A). Likewise, this was further confirmed by the shape of the
dissociation curve, as shown in Figure 2B. More specifically, for round
2, a slight decrease followed by an increase in the slope between 65�C
and 75�C was observed. This graphical shape is characteristic of a
population of variable structural complexity that dissociates gradu-
ally. Although structural complexity was similar for rounds 10 and
15, an additional increase in the fluorescent signal was observed
from the former to the latter, suggesting enrichment of specific ap-
tamer sequences or structures in round 15 (Figure 2B). This enrich-
ment in the pool population was next verified by measuring the levels
of cell internalizing aptamers at the selected rounds. Internalization
was evident from round 2 and continued to increase at a steady
rate, with the RNA pool at round 15 being the most efficient (Fig-
ure 2C). These data are in agreement with the data from the DNA
melt curve analysis and suggest that enrichment of specific aptamer
sequences has indeed occurred in the pool population (Figure 2B).
The enrichment process was also monitored by confocal microscopy
using fluorescein-labeled aptamer pools. It was observed that when
comparing the aptamer pool from round 2 with round 15, fluorescein
levels in C2C12 cells increased significantly (Figure S2). In order to
next assess the cellular localization of the aptamer pool at the final
round (round 15), higher magnification confocal images were ob-
tained. As illustrated in Figure 2D, the aptamer pool localizes into
the cytoplasm of proliferating C2C12 cells. Taken together, all these
data suggest that aptamer convergence has occurred and the selection
should be terminated at round 15.

Identification of Skeletal Muscle Cell-Specific RNA Aptamers

RNA pools from the previously selected rounds were converted to
cDNA, cloned, sequenced, and aligned to each other using different
software packages in order to identify the dominating aptamer se-
quences (Figure 3A). First, the raw sequencing data were aligned
to an input reference sequence which utilizes the known primer
binding sites (Figure S1A). Once the correct sequences were identi-
fied and isolated from those that were either incomplete or incor-
rect, the individual clones were clustered into groups based on the
alignment of their sequences. A total of seven unique aptamer se-
quences were identified throughout the selection (Figure 3B). Inter-
estingly, after eight rounds of selection (from round 2 to round 10)
the pool population evolved from being random to having prefer-
ence (60% of the population) for a particular sequence (A01B) in
round 10. In round 15, there was continuation of this sequence
(48.72% of the total population) and increase of another sequence,
A01D, that was also first identified in round 10 (Figure 3A). This
drop in the frequency of the A01B sequence was due to the very
short incubation time (15 min) that was used at round 15. By
comparing this with the 60-min incubation time at round 10, we
concluded that the drop is insignificant because a relatively high
number of this particular sequence was able to internalize in such
a short amount of time. Furthermore, the percentage of random se-
quences remained unchanged from round 10 (26.6%) to round 15
(24.35%), indicating that evolution of sequences is no longer occur-
ring. Additionally, using an RNA folding algorithm, we predicted
the secondary structures of the most potent aptamer sequence
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 201
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Figure 2. Assessment of the Selection Progression

(A) DNA melt assay profiles assessing the complexity of the RNA pools plotted as first negative derivative (�dF/dT) against temperature. From left to right: rounds 2, 10,

and 15. (B) DNA melt assay profiles assessing the progress of the selection plotted as raw fluorescence against the temperature. (C) Quantification of aptamer enrichment

during selection in the denoted rounds. Relative enrichment is shown as the fold-difference of aptamer pools over untransfected cells (mean ± SD). (D) Representative

confocal microscopy images showing the internalization of the fluorescein-labeled RNA pool (green) at the final round (scale bar, 45.92 mm). Nuclei were stained blue.

Magnified view is of area indicated by asterisks (*). See also Figure S2.
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Figure 3. Convergence of Aptamer Sequences

(A) Multiple sequence alignment summary of the sequences recovered from the denoted rounds (top). Representative sequence for each identified aptamer, with the static

(priming) regions shown in normal font and the variable region (N40) in boldface (bottom). (B) Secondary structure prediction of the dominant RNA aptamer (A01B). The static

regions (nt 1–21 and 62–84) are highlighted. See also Figure S3.
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(A01B). Among the four predicted structures, the structure with the
lowest free energy, and thus most stable, is illustrated in Figure 3B.
Together, these studies suggest that the A01B RNA sequence is a
strong aptamer candidate for targeting skeletal muscle cells.

A01B RNA Aptamer Efficiently Enters Skeletal Muscle Cells in

Culture

Due to its relative abundance in the selection rounds 10 and 15,
A01B RNA aptamer was selected for further studies. First, the inter-
nalization and cellular localization of the selected aptamer was
assessed in proliferating C2C12 muscle cell cultures (Figure 4A).
The aptamer was conjugated to a cyanine dye (cyanine 3 [Cy3])
to enable detection by confocal microscopy. In addition, a scramble
derivative of the aptamer (Cy3-conjugated scramble A01B) was used
as a negative control to exclude non-specific aptamer binding. Cell
membranes were stained with wheat germ agglutinin (WGA), Alexa
Fluor 488 conjugate, thus enabling the identification of: (1) the cell
membrane where the aptamer is expected to localize following
target recognition, and (2) the internal endosomal membranes
where the aptamer is expected to localize following internalization.27

As illustrated, the internalization of the aptamer in C2C12 myo-
blasts was specific because minimal internalization was detected
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 203
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Figure 4. Internalization of A01B RNA Aptamer in Skeletal Muscle Cells

(A) Representative confocal images of C2C12 cells incubated with the A01B aptamer (red) or Scramble control (red). Cell membranes were stained green and nuclei blue

(scale bar, 47.62 mm). White rectangles indicate regions of magnified view. Potential endosomal internalization (yellow) is indicated by arrowheads. (B) Quantification of

internalized aptamer fraction in C2C12 cells. Internalization was expressed as fold-difference in expression relative to untreated samples (mean ± SD). *p < 0.05, Student’s

t test; n = 3. (C) Specificity of the A01BRNA aptamer for different cell lines. Mean fluorescence intensity (MFI) of A01B over Scramble was plotted for each cell line (mean ±SD).

*p < 0.05, one-way ANOVA with Dunnett’s multiple comparisons test; n = 3. See also Figure S4.
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for the scramble A01B (Figure 4A). Additionally, the aptamer
localized primarily in the cytoplasm of C2C12 myoblasts with min-
imal localization on the cell membrane of either of the cells or endo-
somal structures within the cytoplasm (arrowheads) (Figure 4A). In
order to determine membrane-bound RNA aptamers, we also incu-
bated cells with the aptamer at 4�C (Figure S4A). Confocal micro-
scopy showed that a significant amount of the aptamer was bound
on the membrane as a result of the cold incubation. Following
removal of the non-specific sequences, additional incubation was
performed at 37�C to facilitate internalization of the membrane-
bound aptamers. Fluorescence was also present following incubation
at 37�C, suggesting that the detected signal corresponds to specif-
ically (and rapidly) internalizing RNA aptamers (Figure S4A,
row 3). Additionally, the decrease in the fluorescent signal of the
scramble A01B, from 4�C to 37�C, indicates that it is a suitable
204 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
negative control for assessing aptamer internalization (Figure S4A,
rows 2 and 4).

Consequently, the specific internalized fraction of the aptamer was
next quantitated using qPCR (Figure 4B). For this assay, equal
amounts of unlabeled aptamer and scramble aptamer were incubated
with the target cells. Consistent with the previous data, the scramble
aptamer showed very low internalization efficiency in target cells.
On the contrary, the aptamer demonstrated a statistically significant
(p < 0.05) internalization ability when compared with the scramble
control, suggesting aptamer specificity. Moreover, the use of unla-
beled aptamer and scramble control maintained the favorable differ-
ence that was previously observed between the two by confocal
microscopy, showing that the presence of a label does not compro-
mise the efficiency of the aptamer (Figures 4A and 4B). One of the
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aims of this work was to select and develop aptamers with target spec-
ificity to skeletal muscle. During in vivo experimentation, aptamers
may be faced with several possible routes which will result in absorp-
tion by other tissue.12,28,29 It is well established that oligonucleotides
may be well absorbed by the liver and the kidney following systemic
delivery.13 As a next experiment and in order to determine whether
the evolved A01B RNA aptamer enters preferentially in skeletal mus-
cle cells, the affinity of the aptamer for myoblasts relative to other cell
lines was assessed by flow cytometry (Figure 4C). Myoblasts showed
higher absolute incorporation of the aptamer compared with hepato-
cytes and podocytes, measured as absolute fluorescence intensity
(AFI) of Cy3 conjugate aptamer and scramble control (Figure S4B).
Subtracting background incorporation of fluorescence for Scramble
from that detected for A01B aptamer, myoblasts show greater back-
ground-corrected affinity for A01B than any of the other cell lines
with extreme statistical significance (Figure 4C). Absolute differences
for A01B therefore show a therapeutically relevant high-level enrich-
ment of A01B in myoblasts compared with hepatocytes and podo-
cytes (Figure 4C). These data support the data obtained via confocal
microscopy and suggest that the A01B aptamer enters efficiently and
specifically in skeletal muscle cells.

Although aptamers are known to be non-immunogenic, the necessity
for their continuous or repeated administration for therapeutic appli-
cation in vivo could potentially trigger non-specific immune activa-
tion.30,31 Therefore, the potential capacity of the selected aptamer
to activate the immune system was initially evaluated against immune
cells in vitro (Figure 4C).We reasoned the use of monocytes andmac-
rophages for this assessment because they are central cells of the
innate immune system, responsible for defending against diverse
pathogens, and thus could impact potential clinical use of the ap-
tamer. Comparison of the absolute intensities of the two oligonucle-
otides showed that the macrophages/monocytes population had a
generally high affinity for both of them (Figure S4B). However, simi-
larly to hepatocytes and podocytes, subtracting the Scramble fluores-
cence from that detected for the aptamer, myoblasts show greater
background-corrected affinity for A01B than macrophages/mono-
cytes with extreme statistical significance (Figure 4C). These data
suggest non-specific internalization via phagocytosis, although
assessment of macrophages in their local environment is necessary
to further validate this result.32

As previously illustrated in Figure 4A, a small fraction of the internal-
ized aptamer localized in cytoplasmic structures proximal to the cell
membranes, suggesting potential endosomal internalization. To
further investigate this, we performed immunostaining with the early
endosome marker EEA1 (early endosome antigen 1) following ap-
tamer incubation (Figure 5A).33–35 The selected aptamer showed little
colocalization (yellow) with EEA1-stained endosomal structures as
indicated by the white arrowheads in the overlay image. Moreover,
endosomal internalization was further investigated by assessing as
early as 30 min and up to 120 min with also minimal colocalization
(arrowheads) observed at any magnification and time point tested
(Figure 5B; Figure S5). Taken together, these results suggest that the
aptamer escapes the endosome through a yet unknown mechanism,
or that it internalizes also through a non-endosome-related pathway.

A01B RNA Aptamer Efficiently Enters Skeletal Muscle in Mice

Because the aptamer was selected against proliferating skeletal muscle
cells, it was next necessary to test whether this aptamer could retain its
recognition ability for myofibers as well. With the ultimate goal being
the use of the selected aptamer as a delivery vehicle for the skeletal
muscle, its localization within the tissue over that of the scramble
A01B was first examined after local delivery (Figure 6A). At 30 min
after injection, the A01B aptamer was present within myofibers of
the tibialis anterior (TA) muscle. As opposed to mice injected with
the A01B aptamer, the scramble control remained localized primarily
in the region between myofibers (arrowheads) revealing no skeletal-
muscle-specific binding (Figure 6A). These differences were also
confirmed by RNA analysis, as seen in Figure 6B. Collectively, these
results suggest that the A01B RNA aptamer enters myofibers effi-
ciently in vivo, thus highlighting the potential to serve as a skeletal
muscle delivery vehicle.

DISCUSSION
The present work describes the identification of the first skeletal mus-
cle RNA aptamer that can potentially enhance the therapeutic
outcome of current oligonucleotide gene therapies in muscular dys-
trophies. Importantly, we were able to identify an RNA aptamer
that efficiently internalizes into proliferating skeletal muscle cells in
culture. These characteristics were equally observed when the ap-
tamer was administered intramuscularly, indicating a potential ther-
apeutic application.

The recent advancements in the selection strategies (SELEX) from
in vitro to in vivo have given the capability to generate aptamers
that recognize diseased tissues and organs.29,36,37 This was initially
shown by Cheng et al.,29 who successfully identified a brain-pene-
trating aptamer for targeting various payloads for the treatment of
neurological disorders. In a similar manner, Mi et al.36 were able to
identify an RNA aptamer that localizes in a humanized mouse model
of metastatic colorectal cancer. Despite the great potentials in identi-
fying aptamers with clinical relevance, such an approach is not bene-
ficial for the selection of skeletal muscle RNA aptamers.36 Here,
several different skeletal muscles have to be isolated throughout the
body, which is technically challenging. On the other hand, the selec-
tion against only one skeletal muscle (e.g., TA muscle) as proof of
concept adds bias to our aptamer selection and the therapeutic poten-
tials of this approach. For these reasons, we chose to employ an
in vitro cell-internalization SELEX strategy in cultured skeletal muscle
cells. More specifically, the selection was performed against the mu-
rine C2C12 cell line, which is a well-established model of skeletal
muscle development.38 Because the goal was to identify aptamers
that enhance specificity for the skeletal muscle, it would be more
appropriate to use the differentiated C2C12 cells, because they
resemble more closely the myofibers in vivo. Proliferating C2C12 cells
were eventually selected as the target because of the widely known
transfection difficulties of the former in vitro.39,40
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 205
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Figure 5. Assessment of Endosomal Internalization In Vitro

(A) Representative confocal images assessing endosomal internalization of the aptamer (red) at 120 min. The early endosome marker anti-EEA1 was stained green and the

nuclei blue (scale bar, 56.2 mm). White rectangles indicate regions of magnified view. Colocalization is indicated by white arrowheads. (B) Representative confocal images

assessing endosomal internalization of the aptamer (red) at various time points. The early endosome marker anti-EEA1 was stained green and the nuclei blue

(scale bar, 99.3 mm). Colocalization is indicated by white arrowheads. See also Figure S5.
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Another important consideration was the use of negative selection to
exclude aptamer sequences that may be common between the target
cells and other cell types. We initially reasoned the use of podocytes
and hepatocytes because AONs tend to localize at high concentra-
tions in kidney and liver, following systemic administration.13,41,42

This indicates the need to select aptamers that remain in the circula-
tion for longer. It was, however, unclear whether this approach would
be advantageous for the identification of RNA aptamers with skeletal
muscle specificity, or if it would make the evolutionmore challenging.
For these reasons, no negative selection was performed, and both cell
types were alternatively incorporated in the selection strategy. More
specifically, when the most dominant sequence was identified, a com-
parison of its internalization efficacy among the target skeletal muscle
cells and these cell types was performed. Our findings indicate that the
internalization in both kidney and liver cells was non-specific (Fig-
206 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
ure 4C). One final consideration in our design was the length of the
variable region. A shorter variable region can often be beneficial for
selecting short aptamers to act as delivery vehicles but can also greatly
limit the structural diversity. Alternatively, longer variable regions
can provide the necessary structural diversity for the successful iden-
tification of aptamers.43 In particular, a 40-nt variable region was used
for the successful identification of several RNA aptamers in vitro and
was therefore selected for our study as well.44–47

The selection strategy described herein resulted in the enrichment of
RNA aptamers with efficient internalization in skeletal muscle cells
(Figure 3). More specifically, one sequence (A01B RNA aptamer)
was more frequent in both rounds (10 and 15) and was selected for
further studies. This phenomenon of “one selection-one aptamer” is
most likely the result of using the Sanger sequencing method where



Figure 6. Internalization and Subcellular Localization of A01B RNA Aptamer In Vivo

(A) Representative confocal images of cross sections from the TA muscle of wild-type mice injected with A01B RNA aptamer (red), scramble A01B (red), or PBS

(scale bar, 150 mm). Higher magnification imaging was captured for the areas indicated by white rectangles (scale bar, 75 mm). Nuclei were stained blue. Colocalization is

indicated by white arrowheads. (B) Quantification of A01B RNA aptamer and scramble A01B levels in the skeletal muscle. Data were expressed as fold-difference in

expression relative to PBS-injected samples (mean ± SD). *p < 0.05, Student’s t test; n = 3.

www.moleculartherapy.org
only the most highly represented sequences are sequenced.47–50 It is
probable that more aptamer sequences with even higher binding af-
finities could have been identified with next-generation sequencing,
as shown in more recent in vitro and in vivo SELEX works.29,36,37,51,52

Nevertheless, we reasoned the use of a more conventional approach
because this work is only the first step in the identification of RNA
aptamers with skeletal muscle specificity. Additionally, because the
ultimate goal is the targeted aptamer-mediated delivery of therapeutic
oligonucleotides in muscular dystrophies, characterization of the ap-
tamers’ binding target was beyond the scope of this work. Therefore,
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 207
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subsequent assessments were primarily focused on evaluating the cell
internalization properties of the selected aptamer over the scramble
control among a range of cell lines (skeletal muscle cells, hepatocytes,
podocytes, macrophages, and monocytes). Our work in vitro shows
that the A01B RNA aptamer enters efficiently and selectively into
proliferating skeletal muscle cells (Figure 4). It is interesting, though,
to note that when administered to the macrophages/monocytes pop-
ulation, both the aptamer and scramble control demonstrated an
identically high cellular uptake (Figure S4B). This could relate to
the small size of the aptamers and the general tendency of macro-
phages to phagocytose particles including oligonucleotides.53

Currently, several aptamer-drug complexes have exploited internali-
zation; however, only a few studies further explored the mode of
cellular delivery.54 The findings of most of these examples suggest en-
try via receptor-mediated endocytosis and subsequent localization in
endocytic vesicles such as endosomes.26,27,55–58 Our confocal images
utilizing an early endosomemarker (EEA1) indicate minimal endoso-
mal internalization (Figure 5). This small EEA1-positive aptamer
fraction is probably targeted for degradation through maturation of
early endosomes to late endosomes and subsequent fusion with lyso-
somes.33,58 Recycling of this fraction back to the plasma membrane is
highly unlikely because EEA1 has been shown to be a specific marker
of the early sorting endosome with no association with the recycling
endosome.59 Consequently, these findings suggest that the aptamer is
released to the cytoplasm probably through a mechanism of endoso-
mal escape, as previously demonstrated by the Giangrande group.60,61

In this study, a cellular toxin (saporin) with cytotoxic properties was
conjugated to the A9g aptamer to assess its cytoplasmic delivery.
Upon aptamer-mediated delivery of saporin to the cytoplasm, the
toxin exerted its ribosome inactivating protein effects, thus leading
to cell death.34,35 Another possible explanation could be that the ap-
tamer internalizes throughmore than one pathway where one of these
is a non-endosome-related pathway, hence the red fluorescence (Fig-
ure 5). The latter is supported by the work of Van der Aa et al.,62 who
demonstrated interchangeable internalization of two well-established
cationic polymers through two different endocytic routes (clathrin-
and caveolae-dependent endocytosis). Whether internalization of
the A01B aptamer is through any of the suggested mechanism (or
other routes) requires further study.

Contrasting with more recent studies that question whether in vitro-
generated aptamers can bind to their target in vivo, our aptamer
remained functional when locally administered in mice.29,36,37 As
illustrated in Figure 6A, the aptamer exhibited a high fluorescent
signal and internalization capacity within myofibers of the TA mus-
cle. This could be attributed to the use of a Cell-SELEX protocol
whose advantage, over the traditional selection against purified pro-
teins, is the recognition of targets under their native conformation.
This increases the likelihood to identify aptamers that are also func-
tional in vivo.63,64 The aforementioned result further suggested that
the chemical substitution (from 20-F- to 20OMe-modified pyrimi-
dines) did not alter the folding structures of the aptamer, which is
also in agreement with the work of Cheng et al.29 The 20OMe chem-
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istry was employed because it provides higher essential properties
(nuclease resistance, stability) than 20-F for in vivo applications.65–67

To date, the local delivery of therapeutic AONs in muscular dystro-
phies requires the use of electroporation to increase their uptake
within the skeletal muscle.68–73 For instance, in an animal model of
DM1, pre-treatment with bovine hyaluronidase followed by intra-
muscular injection and electroporation of an all LNA (locked nucleic
acid)-modified oligomer resulted in a significant reduction of nuclear
retained RNA transcripts and correction of muscleblind like-protein
(MBNL)-sensitive alternative splicing.74 Despite the great effect in the
distribution of oligonucleotides within the muscle, electroporation as
a delivery method is not feasible for all affected muscles. Our in vivo
findings suggest that the A01B RNA aptamer may potentially over-
come this difficulty, a critical feature for entering the clinical settings.
Another important feature for DM1 is their small size (3–5 nm)
because it allows aptamers to pass freely across the nuclear mem-
brane, through the nuclear pore complexes.75,76 This could prove use-
ful for the delivery of specific AONs against the nuclear retained toxic
RNA. This toxic RNA ultimately results in the formation of ribonu-
clear foci, which is a key molecular hallmark of the disease.77–79

Systemic administration of RNA aptamers could also improve the
therapeutic efficacy of AONs currently investigated in the treatment
of DMD.80 Recent studies show that the delivery efficiency of both the
20-OMe PS AON and PMO is closely related to the “leaky” cell mem-
brane, thus suggesting the passive diffusion as the mechanism of sys-
temic delivery. This leads to a highly variable exon-skipping efficiency
both between muscle and within the myofibers of individual mus-
cles.65,67,81 On the contrary, aptamer-mediated delivery of these oli-
gonucleotides could significantly improve dystrophin expression
and, most importantly, assist in maintaining adequate levels to almost
all muscles including the heart, independently of membrane leak-
ages.80 Functional correction of the DMD phenotype with a high de-
gree of dystrophin rescue in the heart was recently achieved in two
mouse models with tricyclo-DNA, a new class of AONs.41,82 Never-
theless, the tolerability (and therefore promise) of this chemistry by
humans is still not known.41 The use of an RNA aptamer to selectively
deliver modified AONs to all muscles could also reduce the amount of
the therapeutic dose and any dose-dependent toxic effects. Whether
the conjugation of such AONs will render the aptamers’ binding effi-
ciency to target or vice versa is still unknown. Several chimeras with
an aptamer and an siRNA part have been successfully synthesized
by chemical synthesis of long oligonucleotides.26,57 In other cases,
joining of siRNAs to aptamers was achieved following their synthesis
by covalent and non-covalent conjugation.83

Despite the great promise, further studies are needed to assess the
aptamer’s specificity for skeletal muscle and potential toxic effects
following systemic administration. This will give the possibility to
efficiently and safely target all muscles of the body. Truncation studies
guided by RNA structure software packages will be needed to identify
the smallest functional version of the aptamer that will allow conju-
gation of AONs of varying sizes without compromising tissue
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penetration.57,84 Nevertheless, the recent delivery of chemically modi-
fied messenger RNA therapeutics in gene therapy research85,86 indi-
cates that the current size of our aptamer may not necessarily be a
limitation.72,73 In addition, the therapeutic efficacy of aptamer-conju-
gated AONs will have to be assessed over the currently applied meth-
odologies. This will be of critical importance to demonstrate the
improved efficacy with aptamer delivery.

In summary, the cell-internalization SELEX protocol employed
herein allowed the identification of the first RNA aptamer that enters
efficiently in skeletal muscle. This aptamer could potentially serve as a
muscle-specific delivery vehicle for a wide spectrum of therapeutic
molecules, thus opening a new era of safe and targeted aptamer-medi-
ated therapies for muscular dystrophies.

MATERIALS AND METHODS
Cell Culture and Mouse

The C2C12 mouse myoblast cell line (ECACC, Salisbury, UK) was
maintained in DMEM supplemented with 10% fetal bovine serum
(FBS), 2% L-glutamine (GlutaMAX), and 1% penicillin-streptomycin
(PS) in a humidified incubator with 5% CO2 at 37�C. For selection
rounds, C2C12 cells were plated at a density of 7.3 � 106 per
100-mm Petri dish and 4 � 105 cells/well of a six-well plate for next
day internalization assays. AML12 hepatocytes (ATCC, Middlesex,
UK) were maintained in a 1:1 mixture of DMEM and Ham’s F12 me-
dium supplemented with 10% FBS, 1% Insulin-Transferrin-Selenium
(ITS-G) (100�), 1% PS, and 40 ng/mL dexamethasone (Sigma-
Aldrich) in a humidified chamber with 5% CO2 and 37�C. For next
day internalization assays, cells were plated at a density of 9 � 105

cells/well of a six-well plate. AB8/13 podocytes (glomerular epithelial
cells) were obtained from Prof. Saleem at the University of Bristol
(Bristol, UK). Cells were maintained in RPMI 1640 medium
(GlutaMAX Supplement) supplemented with 10% FBS, 1% ITS-G,
and 1% PS. For proliferation, podocytes were maintained in a humid-
ified chamber with 5% CO2 at 33�C. For differentiation, cells were
plated at 3 � 105 cells/well of a six-well plate and maintained at
33�C. At 50%–60% confluency, cells were transferred from 33�C to
a 37�C and 5% CO2 humidified chamber for 14 days, with daily
medium renewal. The J774A.1 macrophages/monocytes cell line
(ATCC, Middlesex, UK) was maintained in DMEM supplemented
with 10% FBS, 2% L-glutamine, and 1% PS in a humidified chamber
with 5% CO2 at 37�C. For next day internalization assays, cells were
plated at a density of 1 � 106 cells/well of a six-well plate. All media
and supplements were purchased fromGIBCO by Thermo Fisher Sci-
entific (Waltham, MA, USA). C57BL/6 mice were purchased from
Jackson Laboratory (Bar Harbor, MI, USA). All animal studies were
approved by the local committee for animal experimentation. All ex-
periments were performed at 8 weeks of age.

Aptamer and Control Sequences

For confocal imaging, the aptamer and control sequences were syn-
thesized by TriLink BioTechnologies (San Diego, CA, USA). Oligonu-
cleotides were received as lyophilized powder and resuspended in
Tris-EDTA (TE) buffer (pH 8; Ambion, Austin, TX, USA) at a final
concentration of 100 mM. Next, they were folded in folding buffer
(1 mM MgCl2, 1� DPBS [pH 7.5]) to obtain their secondary struc-
tures. Folding conditions were 10 min at 70�C, snap-cooled on ice
for 5 min, and slowly cooled to 37�C for 30 min. Oligonucleotides
were ordered with the following modifications: 50-Cy3 fluorescent
dye, internal 20-fluorine or 20-O-methyl pyrimidines (C, U), and a
phosphodiester backbone.

Preparation of the RNA Library

The initial single-stranded DNA library (sequence adapted from pre-
vious work;87 Table S1) contained 40 nt of random sequence at an
equimolar concentration and was synthesized by Eurofins Genomics
(Wolverhampton, UK). The random region was flanked by constant
regions, which served as the primer binding sites during PCR ampli-
fication. The DNA library was amplified by PCR in the presence of
Taq DNA polymerase (QIAGEN, Manchester, UK) and 1 mM (final
concentration) T7P Forward and Reverse primers also purchased
by Eurofins Genomics (Table S1) The PCR amplification protocol
was: 94�C for 5 min, followed by 1 cycle of heating at 94�C for
30 s, 53�C for 30 s, and 72�C for 1 min, followed by 12–18 cycles
of heating at 94�C for 30 s, 59�C for 30 s, and 72�C for 1 min. A final
extension step was performed for 5 min at 72�C. The forward primer
included the minimum T7 promoter sequence for in vitro transcrip-
tion (Table S1). The expected 107-bp product size was confirmed on
an 8% native PAGE gel. Next, the PCR product was in vitro tran-
scribed for 16 hr at 37�C using the Durascribe T7 transcription kit
(Epicenter, Madison, WI, USA) where 20-F pyrimidines were incor-
porated to produce nuclease-resistant RNA transcripts. The expected
84-nt RNA library was confirmed on a 12% denaturing (7 M urea)
PAGE gel; then the remaining RNA was purified by phenol-chloro-
form extraction (acid-phenol:chloroform was purchased from Am-
bion) followed by ethanol precipitation as previously described.88

The purified RNA library was quantified with a NanoDrop
ND-1000 Spectrophotometer at A260.

In Vitro Selection of RNA Aptamers for C2C12 Myoblasts

C2C12myoblasts were cultured in Petri dishes as described under cell
culture methods. The cell-internalization SELEX procedure was per-
formed as previously described.51 In brief, for each round of selection,
1500 pmol RNA was folded in 1 mL of Opti-MEM (GIBCO) as previ-
ously described for A01B RNA aptamer and scramble A01B control
sequence. C2C12 myoblasts were washed 1� with 5 mL of warm
DPBS (GIBCO), 3� with 5 mL of Opti-MEM, and incubated with
5 mL of Opti-MEM supplemented with 100 mg/mL yeast tRNA (Invi-
trogen, Carlsbad, CA) for 15 min at 37�C, to block non-specific bind-
ing. Next, the blocking medium was discarded and the folded RNA
library was added in 9 mL of fresh Opti-MEM for 120 min for the first
six rounds with frequent agitation. For rounds 7–9 and 10–12, the
library was added for 90 and 60 min, respectively. For rounds 13
and 14, the incubations time was further decreased to 30min, whereas
for the final round (round 15), the library was incubated for 15 min.

Following incubation of the RNA library, C2C12 cells were washed
three times with ice-cold DPBS to remove unbound sequences.
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 209

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
Membrane-bound sequences were removed with salt washes utilizing
a brief ice-cold salt wash (+0.5MNaCl in DPBS) followed by a second
salt wash for 5 min at 4�C. Excess salt wash was removed with a final
wash with ice-cold DPBS. To further increase the stringency condi-
tions, we increased the number and time of washes during in vitro se-
lection as described in Table 1. Next, cells were dissociated with 0.25%
Trypsin-EDTA (GIBCO) for 1 min at 37�C. Trypsin was inactivated
with the addition of 9 mL of growth medium. Cells were then centri-
fuged at 300 g for 5 min in a cold centrifuge and gently resuspended in
1 mL of DPBS. Cells were pelleted again as described above, resus-
pended in 100 mL of DPBS, and treated with 5 mL of Riboshredder
RNase cocktail (Epicenter, Madison, WI, USA) for 15 min at room
temperature. This step ensures digestion of remaining surface-bound
aptamers.89 The volume was increased to 1 mL, and the cells were
washed thrice in ice-cold DPBS as described above. The pelleted
RNA was stored at �80�C. The internalizing RNAs were recovered
as described later in the RNA Extraction section.

Purified RNA was next quantified by NanoDrop ND-1000 Spectro-
photometer at A260, and 0.5–2 mg was reverse transcribed in
cDNA using the M-MuLV Reverse Transcriptase (200 U/mL; NEB,
Ipswich, MA, USA) in the presence of 250 mM dinucleotide triphos-
phate (dNTP) (Sigma-Aldrich) and 3 mM (final concentration)
reverse primer (Table S1) in a 40-mL reaction. 1–5 mg of cDNA was
then PCR amplified (100-mL reaction volume) and in vitro tran-
scribed to produce the RNA pool for the next selection round as
described earlier in the Preparation of the RNA Library section.

Sequencing

RNA pools from rounds 2, 10, and 15 were reverse transcribed and
PCR amplified as described earlier. Next, 1 mL from each PCR prod-
uct was cloned into the TOPO TA cloning vector pCR 2.1 (Invitro-
gen) and transformed into Escherichia coli DH5a competent cells,
and individual colonies from Luria-Bertani plates containing isopro-
pyl b-D-1-thiogalactopyranoside (IPTG)/X-gal were selected. 100
clones were selected from each selection round. Each clone was puri-
fied using the QuickLyse Miniprep Kit (QIAGEN) and prepared for
sequencing using the BigDye Terminator v1.1 Cycle Sequencing Kit
(Life Technologies, Carlsbad, CA, USA) as per the manufacturer’s in-
structions. 29 cycles of cycle sequencing were performed to amplify
the selected fragments using sequencing primers (M13 Forward
�20 and M13 Reverse) (Table S1) supplied with the cloning kit.
The samples were then purified with Performa DTR Gel Filtration
Cartridges (Edge Bio, Gaithersburg, MD, USA) and loaded on an
ABI 3130xl Genetic Analyzer (Applied Biosystems by Thermo Fisher
Scientific, Carlsbad, CA, USA). Using the ABI 31xl software, we pro-
duced base-call files and quality scoring was run. Sequencing analysis
was performed using the KB Basecaller 1.4 internal software. The
raw sequencing data were further analyzed using the Applied
Biosystems SeqScape Software v2.5. Any sequences that were incom-
plete or incorrect were filtered out. Next, Clustal Omega, an online
multiple sequence alignment tool (https://www.ebi.ac.uk/Tools/
msa/clustalo/), was used to align and cluster all unique sequences
into groups of the same sequence.
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RNA Secondary Structure Prediction

The mfold web server (http://unafold.rna.albany.edu/?q=mfold/
RNA-Folding-Form) was used to predict the secondary structures
of the most prominent sequence(s) following sequencing. Each
sequence was added in FASTA format as linear RNA molecules.
The structure predictions were made using default settings.

qRT-PCR

To assess the selection progress, we incubated 100 pmol RNA pools
from selection rounds 2, 10, and 15 with C2C12 cells for 90 min.
To assess internalization of the aptamer, we incubated 100 pmol of
the A01B aptamer, scramble A01B control sequence for 120 min
with the target cell line (C2C12 myoblasts). Cells were then washed
1� with 1 mL of ice-cold DPBS, 1� with 1 mL of ice-cold salt
wash, and subsequently incubated with 1 mL of salt wash for 5 min
at 4�C. Cells were washed a final time with 1 mL of ice-cold PBS
and resuspended in 100 mL of PBS. Membrane-bound aptamers
were digested with 5 mL of Riboshredder as previously described.
Cellular RNA was extracted using TRIzol reagent (Life Technologies)
as described in the RNA Extraction section.

To confirm the specificity of the selected aptamer for the skeletal
muscle, 1 nmol Cy3-conjugated A01B aptamer or Cy3-conjugated
scramble A01B control (both with 20-OMe chemically modified py-
rimidines) was folded in 30 mL of folding buffer (1 mM MgCl2 in
1� DPBS). The oligonucleotides were then injected locally in the
TA muscle of three C57BL/6 mice (8 weeks old), under general anes-
thesia (intraperitoneal injection of 2,2,2-tribromoethanol, 250 mg/kg;
Sigma-Aldrich). The mice were sacrificed by cervical dislocation
at 30 min after injection, and the TA muscles were isolated for
RNA extraction with TRIzol reagent (Life Technologies) followed
by phenol-chloroform purification and ethanol precipitation.88

Mice injected with 30 mL of PBS were used as controls.

The amount of RNA (either from cells or tissue) was quantitated us-
ing a NanoDrop ND-1000 spectrophotometer, and 500 ng of DNase
I-treated RNA was input for reverse transcription using M-MuLV
Reverse Transcriptase (NEB) and a random hexamer primer
(3 mM, final concentration) (Eurofins Genomics). Relative abundance
of RNA species (RNA libraries or individual aptamer sequence)
was quantitated using qRT-PCR with SELEX-specific primers
(0.4 mM, final concentration) (Table S1) and Applied Biosystems
Power SYBR Green PCR Master Mix (Thermo Fisher Scientific,
Carlsbad, CA). Real-time PCR was performed in triplicate on each
cDNA sample using the Applied Biosystems Sequence Detection
System 7900HT Fast Real-Time PCR System and a standard PCR
protocol for SYBR green reactions followed by melt curve analysis.
Data were analyzed with the DDCT method of quantification (also
referred to as comparative CT method), whereby CT values for the
target (SELEX primers) were normalized to the levels of the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH
F and R; Eurofins Genomics) (Table S1). Relative quantity (RQ)
values were then expressed as fold-difference in expression over un-
treated or PBS-injected samples as per the mathematical formula.90

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
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DNA Melt Curve Analysis

Dissociation curves were carried out at the end of each qRT-PCR
experiment. All components were first denatured at 95�C, followed
by complete annealing at 60�C and then by a gradual increase in tem-
perature up to 95�C. Fluorescence intensity was monitored during
this final temperature increase, resulting in the generation of dissoci-
ation curves. The raw DNA melt assay data were plotted as fluo-
rescence intensity (F) or first negative derivative (�dF/dT) versus
temperature (�C).

Confocal Microscopy

To assess the selection progress, we generated fluorescent RNA pools
using the Silencer siRNA Labeling Kit with FAM dye (Ambion) as
per the manufacturer’s instructions. To assess the cellular internaliza-
tion of A01B aptamer in C2C12 myoblasts, we purchased Cy3-conju-
gated A01B aptamer and Cy3-conjugated scramble A01B control
(both with 20-F chemically modified pyrimidines) from TriLink
BioTechnologies as previously described. In both cases, C2C12 myo-
blasts were seeded on sterile cover glasses (Heinz Herenz, Hamburg,
Germany) placed in six-well plates. At 90% confluency, cells were
washed 1� with 1 mL of DPBS, 3� with 1 mL of Opti-MEM, and
incubated with 100 mg/mL yeast tRNA for 15 min at 37�C. Next,
the medium was discarded and 100 pmol of either fluorescein-labeled
RNA pools, Cy3-conjugated A01B aptamer, or Cy3-conjugated
scramble A01B were incubated with the cells at 37�C in 1 mL of
Opti-MEM supplemented with 100 mg/mL yeast tRNA (Invitrogen).
Cells were incubated with the oligonucleotides for 90–120 min with
frequent agitation (every 15 min). C2C12 cells were next washed
1� with 1 mL of ice-cold DPBS, 1� with 1 mL of ice-cold salt
wash, and subsequently incubated with 1 mL of salt wash for 5 min
at 4�C. One final wash with 1 mL of ice-cold DPBS was performed
followed by fixation with 2% paraformaldehyde for 5 min and then
4% paraformaldehyde for an additional 5 min at 4�C. TO-PRO-3 nu-
clear stain (T3605; Thermo Fisher Scientific) was next applied for
15min at room temperature at a dilution of 1:1,000 in PBS. Coverslips
were washed 2� for 5 min with 1 mL of PBS and mounted with Dako
fluorescent mounting medium onto Poly-Prep slides (Sigma-
Aldrich). Slides were left to dry for 30 min at room temperature in
the dark and then stored at 4�C overnight. Images were taken on a
Leica TCS SP5 confocal microscope. For individual aptamer assays,
cell membranes were also stained for 10 min at room temperature
with wheat germ agglutinin, Alexa Fluor 488 conjugate (W11261;
Thermo Fisher Scientific) at a final concentration of 10 mg/mL.

To evaluate the subcellular localization of the aptamer within the skel-
etal muscle, we prepared a 10-mm thin section from Cy3-conjugated
A01B aptamer, Cy3-conjugated scramble A01B (both chemically
modified with 20-OMe pyrimidines), or PBS-injected mice using a
cryostat. Sections representative of the entire TA muscle were
collected on glass slides (Superfrost Plus; VWR, Atlanta, GA, USA)
as described previously.91 Next, the slides were fixed with 4% ice-
cold paraformaldehyde for 10 min at room temperature and stained
with TO-PRO-3 nuclear stain as described previously. Samples were
mounted with an antifade fluorescence mounting medium (Dako,
Santa Clara, CA, USA) and allowed to dry for 30 min at room tem-
perature. Images were obtained with a Leica TCS SP5 confocal micro-
scope as described previously.

Immunocytochemistry

To assess endosomal internalization, we incubated 100 pmol Cy3-
conjugated A01B aptamer with C2C12 myoblasts for 30–120 min at
37�C as described earlier under the section Confocal Microscopy.
Following fixation, cells were processed for immunocytochemical
analysis of the EEA1 early endosomal marker. To remove excess fixa-
tive, we washed cells twice for 5 min with 1 mL of ice-cold PBS and
then permeabilized them with 3 mL of ice-cold 100% methanol for
3 min in the freezer. Cells were then washed 3� with 1 mL of PBS
supplemented with Tween 20 (Scharlau, Barcelona, Spain) at a final
concentration of 0.1% (PBS-T). Blocking of non-specific binding
was performed with 5% normal goat serum (Biosera, Nuaillé, France)
in PBS-T for 60 min at room temperature. Coverslips were trans-
ferred in a humidity chamber; then the primary antibody rabbit
EEA1 (C45B10) (Cell Signaling Technologies, Danvers, MA, USA)
was applied at 1:100 in blocking buffer and incubated overnight at
4�C. The next day, coverslips were washed 3� with 1 mL of PBS-T
and then incubated with Invitrogen Alexa Fluor Plus 488 goat anti-
rabbit IgG secondary antibody at a dilution of 1:500 in blocking buffer
for 60 min at room temperature. Coverslips were washed 3� 5 min
with 1 mL of PBS-T; then TO-PRO-3 nuclear stain was applied for
15min at room temperature at a dilution of 1:1,000 in PBS. Coverslips
were washed 2� with 1 mL of PBS and mounted with Dako fluores-
cent mounting medium onto Poly-Prep slides. Slides were left to dry
for 30–60 min at room temperature. Images were taken on a Leica
TCS SP5 confocal microscope. Single-cell magnifications were
achieved by applying the 60� oil objective followed by additional
electronic magnification.

Flow Cytometry

The affinity of the aptamer for myoblasts relative to other cell lines
was assessed by flow cytometry in three independent experiments
for each cell type. In brief, 100 pmol Cy3 conjugate A01B RNA
aptamer or scramble A01B was incubated with C2C12 myoblasts,
AML12 hepatocytes, AB8/13 podocytes, and J774A.1 macro-
phages/monocytes for 60 min at 37�C as described under the sec-
tion qRT-PCR. Cy3 (for the aptamer and scramble control),
SYTOX Red (for live/dead discrimination) (S34859; Thermo Fisher
Scientific) fluorescence, and background fluorescence were deter-
mined with Cyflow Cube 8 (Sysmex Partec, Görlitz, Germany).
Further analysis was performed using FCS Express 4 Flow cytom-
etry software. Representative fluorescence intensity histograms
were plotted for each experiment using also FCS Express 4 Flow
cytometry software. AFI of each oligonucleotide per cell type or
mean fluorescence intensity (MFI ± SD) of A01B for each cell
type was plotted. For AFI, the mean from three independent
experiments ± SD was plotted. MFI was calculated by subtracting
the background-corrected fluorescence intensity for Scramble
from the background-corrected fluorescence intensity of the
A01B (A01B-Scramble A01B).
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RNA Extraction

Total RNA from treated and untreated C2C12 cell pellets was ex-
tracted with 500 mL of TRIzol reagent (Life Technologies) as per
the manufacturer’s instructions. To obtain pure cellular RNA, we re-
suspended pellets in 200 mL of RNase-free water followed by phenol-
chloroform purification and ethanol precipitation as previously
described.88 For total RNA extraction, oligonucleotide or PBS-
injected TA muscles were snap-frozen in liquid-nitrogen-cooled iso-
pentane (Thermo Fisher Scientific) to quench RNA degradation.
Following overnight incubation at �80�C, muscles were homoge-
nized with 1 mL of TRIzol using the Precellys 24 homogenizer and
lysing kit (Bertin Instruments, Italy).

Subsequently, all RNA samples were treated with DNase I (RNase-
free) from New England BioLabs or with Ambion DNA-free DNase
Treatment and Removal Reagents as per the manufacturer’s instruc-
tions. Concentration and purity of total RNA were determined
using the NanoDrop ND-1000 spectrophotometer at A260 before
storage at �80�C.

Statistical Analysis

For each analysis, three independent experiments were performed.
Mean and SDs were then determined using Microsoft Excel 2013
and/or GraphPad Prism 7. All data were plotted using GraphPad
Prism 7. For pairwise comparisons, statistical difference between
the denoted means was investigated using Student’s t test. For com-
parisons of more than two treatment groups, statistical difference
between the denoted means was investigated by one-way ANOVA
with Dunnett’s multiple comparisons test. Significance was set up
at a p value of 0.05 for all experiments.

Accession Number

The accession number for the A01B RNA sequence has been depos-
ited to the DNA Data Bank of Japan (DDBJ): LC340032.
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