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GENERAL INTRODUCTION AND OUTLINE

General introduction
All the information that is needed to build an organism is encoded in the genome – the collection
of all the genes. This genetic information is heritable, meaning that it is passed on to the offspring.
The principle of inheritance has been known for a very long time, but the fact that DNA is the
information carrier was only proven in the 1950s1,2. Soon after, the structure of DNA was described,
as well as the central dogma of molecular biology3–5. The central dogma describes the key route of
information transfer (Figure 1). For most cells, this route starts at the DNA, which is transcribed into
a similar type of molecule called RNA, which is then translated into protein. The template for protein
synthesis is provided by a class of RNAs called messenger RNAs (mRNAs). Before mRNAs leave the
nucleus, they undergo several modifications. One of these is called splicing: parts of the primary
transcript that are called introns (intervening regions) are cut out, and the remaining exons
(expressed regions) are pasted back together. By using different combinations of exons, a single
gene can code for several slightly different mRNAs. The four-letter code of the DNA and mRNA (A, C,
G and T or U) is finally translated into the ±20 amino acids that make up proteins. Splicing and
translation, as well as the control of mRNA and proteins levels, are all dependent on proteins and
other classes of RNA that do not code for proteins: non-coding RNAs6.
Every organism starts from a single cell, so a multicellular organism such as the human needs its cells
to divide to ultimately form the entire organism. This process critically depends on the faithful
replication of the genome. The task of genome replication falls to enzymes called DNA polymerases.
These enzymes are very accurate, and combined with proofreading and repair mechanisms, an
estimated average of less than one mistake per billion (109) bases is made7. Considering the size of
the human genome, this nevertheless translates into approximately 12 mistakes per genome
doubling. In addition to mistakes that are made during genome replication, mutations in the DNA
are also induced by extrinsic factors, such as UV damage.
Effects of mutations are often neutral, or can even be advantageous. In fact, mutations are essential
for the genetic diversity that allows evolution8. In some cases, however, mutations lead to
deleterious effects. Even though multiple defense systems against pathogenic mutations exist,
these mechanisms occasionally fail. An example is the development of cancer. If a mutation is
present in the germline, which gives rise to egg and sperm cells, it can be transmitted to the next
generation. Thus, disorders that are caused by a genetic defect can be inherited by the offspring.
One specific type of mutation is the repeat expansion. In the genome, certain repetitive sequences
(“microsatellites”) are present, for example the repeated three-letter sequence “CTG”. When there is
only a small number of repetitions, these sequences usually do not present a problem. If, however,
a repeat becomes longer and exceeds a certain length, the expanded repeat can lead to disease in
various ways9,10. Examples of repeat expansion disorders include Huntington’s disease (HD),
C9orf72-linked amyotrophic lateral sclerosis (ALS) and several types of spinocerebellar ataxia (SCA)11.
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Myotonic dystrophy type 1
We studied a trinucleotide repeat expansion disorder called myotonic dystrophy type 1 (abbreviated
as DM1, from the Latin dystrophia myotonica). DM1 is caused by the expansion of a CTG repeat at
the end of the DM1 protein kinase (DMPK) gene. Usually, this trinucleotide is repeated between 5
and 37 times. If it is expanded beyond this number of triplets, it becomes unstable (which means
that it becomes more prone to further expansions), as well as pathogenic. A wide range of symptoms
have been described for DM1, among which myotonia, muscle weakness, cataract, gastrointestinal
problems and intellectual disability, which all ultimately derive from this single genetic change12.
The severity of the symptoms correlates with the length of the expanded repeat, and expanded
repeats generally become larger with age and in subsequent generations. These increases in
expanded repeat length are caused by genetic processes called “somatic instability” and “genetic
anticipation”, respectively13.
Multiple mechanisms contribute to the cellular pathogenicity of the expanded repeat, and three of
the most important mechanisms are shown schematically in Figure 2: sequestration of RNA-binding
proteins, haploinsufficiency, and the generation of toxic repeat proteins12.

Figure 1. Schematic overview of the central dogma of molecular biology: DNA is transcribed into RNA
which is translated into protein. During maturation of the pre-mRNA to mature mRNA, post-transcriptional
modifications such as capping, splicing and polyadenylation occur. By differential splicing of exons (light grey),
one gene can give rise to multiple messengers, which each code for a slightly different variant of a protein.

9

GENERAL INTRODUCTION AND OUTLINE

When the expanded repeat in the DNA is transcribed into mRNA, the expanded repeat in the mRNA
can bind certain RNA-binding proteins (RBPs), among which muscleblind-like proteins (MBNL). RBPs
are involved in processes such as transcriptional regulation – tuning the amount of mRNA that is
transcribed from a certain gene – and alternative splicing – the use of different combinations of
exons. It appears that the binding of RBPs to the expanded repeat in the DMPK transcript reduces
the amount of active RBP. In other words, the proteins are sequestered by the expanded repeat
transcript14–18. RBP sequestration leads to dysregulation of transcription and alternative splicing of
many genes, and some of these events have been directly linked to DM1 pathogenesis. Examples
include aberrant splicing of the insulin receptor, which is thought to contribute to the insulin
resistance in DM1 patients19; of chloride channel 1, which has been linked to myotonia20,21; and of
dystrophin, which is involved in muscle fiber maintenance22.
The complexes that are formed by the RNA and RBPs can be observed as small spots by fluorescence
microscopy. Such microscopically visible complexes are called ribonucleoprotein (RNP) foci23. DMPK
transcripts with an expanded repeat have been shown to predominantly reside in the nucleus23–26,
while the machinery that is necessary to translate a messenger RNA into a protein – the ribosomes
– is present in the cytosol. It has been suggested that retention of DMPK transcripts with an
expanded repeat in the nucleus might therefore lead to reduced DMPK protein levels. Although
results are conflicting, some groups have found indications that having only half the amount of
DMPK proteins is not enough and that this might lead to at least some of the symptoms that are
observed in DM127–30. This phenomenon is called haploinsufficiency.
The third mechanism is the translation of the expanded repeat itself. In some diseases, such as
Huntington’s, this is the main pathogenic mechanism: the CAG repeat that is expanded in
Huntington’s disease is translated into a stretch of amino acids called glutamines, and proteins
containing such stretches of glutamines – polyglutamine or polyQ proteins – are toxic to the cell31.
In DM1, translation of the expanded repeat could lead to the production of three different repeat
proteins: polyserine, polycysteine and polylysine. A mirror image of the transcript is also produced
in a process called antisense transcription32. Antisense transcripts contain a CAG repeat, which can
be translated into polyalanine, polyserine or polyglutamine. It has been shown that toxic repeat
proteins are present in DM1 cells, and this is thought to contribute to pathogenesis33.

Antisense oligonucleotides
DM1 is an RNA gain-of-function disorder, which means that the mutant RNA transcripts are toxic12.
Thus far, no therapies that specifically target the cause of the disease exist for DM1. Investigations
are ongoing into a range of interventions, from cognitive and physical therapy to gene therapy
approaches34–37. In this thesis, we investigated molecules called antisense oligonucleotides (ASOs)
to specifically target the mutated RNA. ASOs are synthetically produced pieces of RNA- or DNA-like
molecules that can bind to complementary sequences, which makes them specific for a particular
target sequence38. Several ASO therapies have recently been approved for clinical use39,40. In
previous studies, our group has shown that ASOs are promising candidates for DM1 therapy, but
also that improvements are needed for them to be used clinically41–43. Specifically, uptake by cells
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Figure 2. Schematic overview of some of the repeat expansion effects in DM1. During replication or repair
of the genome, errors can lead to expansion of the repeat region in the DMPK gene. When this expanded repeat
is transcribed, the transcripts have been shown to cause toxicity by capturing RNA-binding proteins (orange
hexagons), which disturbs nuclear processes such as alternative splicing. Transcripts with expanded repeats are
less able to leave the nucleus, leading to reduced DMPK protein levels, which may also be harmful. When
expanded repeats are translated, toxic repeat protein products are formed.

and delivery to the organs and tissues that are affected in DM1 are needed to reach clinically relevant
concentrations of ASOs in patients.
Chemical modifications can improve the stability of ASOs and increase the affinity for their target
sequences. Over the years, many different types of modifications have been published44. In addition
to improved stability, the advantage of using different chemistries is the fact that the way that the
ASO functions – its mode of action – can be tuned (Figure 3). Some ASOs merely bind to a target
RNA, thereby preventing interactions with RBPs or inhibiting translation of the RNA into a (toxic)
protein. We will refer to these ASOs as blocking-type ASOs. Other ASOs have a central region of DNA
flanked by more stable nucleotide analogs. When such chimeric ASOs bind to a complementary RNA
sequence, a cellular enzyme called RNase H is recruited. This enzyme cuts the target RNA, which is
11
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Figure 3. Schematic overview of antisense oligonucleotide modes of action. Blocking-type ASOs (green
lines) bind to the target RNA and thereby prevent pathological interactions with RNA-binding proteins (orange
hexagons). RNase H-recruiting gapmers (blue-and-black and orange-and-black lines, with black indicating DNA
nucleosides) bind to complementary sequences and target these for degradation by cellular enzymes (blue
scissors and pacmans).

then degraded. These ASOs are commonly referred to as gapmers. Both classes of ASOs have been
approved for clinical use in neuromuscular disorders: the blocking-type ASOs nusinersen and
eteplirsen for spinal muscular atrophy and Duchenne muscular dystrophy, respectively; and the
gapmer inotersen for treatment of hereditary transthyretin amyloidosis40,45.
In DM1, one of the main molecular disease mechanisms is the unwanted binding of RBPs by the
expanded repeat. Therefore, ASOs that prevent the binding of RBPs such as MBNL1, but also ASOs
that lead to degradation of the expanded repeat-containing RNA can relieve at least one of the
underlying causes of the disease. In fact, both types of ASOs have been shown to be effective by
various groups, including our own41,42,46–52. Due to the different mechanisms of action, it appears that
there are differences not only in on-target effects, but also in unwanted off-target effects42,53–55. A
direct and thorough comparison of the different ASOs, in terms of both on- and off-target effects,
has however not been done yet.

Delivery systems
ASOs show clear promise for the treatment of repeat expansion disorders such as DM1, but a major
drawback of these molecules is that they are quite large and often negatively charged. These
features lead to several challenges56. First, ASOs are not efficiently taken up by cells. Second, when
ASOs are administered systemically, for example by intravenous injection, they are rapidly cleared
from the body without reaching the target organs at sufficiently high concentrations to elicit a
therapeutic effect. Multiple possible solutions to these problems have been studied, including lipid
nanoparticles, polymeric nanoparticles and viral delivery systems57. In our group, we have
12

extensively studied the use of positively charged cell-penetrating peptides (CPPs) for delivery of a
range of cargoes58–64.
We here evaluated the use of CPPs as delivery vehicles for ASOs in DM1. The CPPs that we used are
positively charged, while the ASOs are negatively charged. When these are mixed under specific
conditions, they spontaneously form nanoparticles of approximately 100 nm in diameter (Figure 4).
By adding a several-fold excess of peptide compared to oligonucleotide, the nanoparticles have a
net positive charge. This prevents aggregation and facilitates interactions between the
nanoparticles and the negatively charged cell membrane. CPPs have been shown to facilitate
cellular uptake in various ways, including direct crossing of the cell membrane (translocation) and
uptake in membrane-bound compartments (endocytosis)65. The use of CPPs for the delivery of
oligonucleotides is studied intensively and appears promising, including preclinical studies for
DM147,66. However, with some exceptions, translation of encouraging in vitro results to successful in

vivo delivery remains challenging67. This is caused by a large number of effects that are not
recapitulated in standard in vitro experimental set-ups, including flow dynamics in the bloodstream,
the endothelial barrier that is present around blood vessels, and the filtering function of the liver
and kidneys.
A possible way to improve in vivo targeting is to functionalize nanoparticles with targeting peptides.
Targeting peptides can be used to target receptors that are enriched on the surface of cells in specific
organs. For example, peptides that target the transferrin receptor have been described to increase
cargo delivery to the brain68. Several ways of functionalizing nanoparticles with targeting peptides
have been tested to facilitate blood-brain barrier crossing69, but this strategy has not yet been
explored in the setting of DM1.

Figure 4. Schematic representation of peptide nanoparticles. Nanoparticle formation is driven by charge
inter-actions between negatively charged ASOs (green) and positively charged cell-penetrating peptides
(purple). The resulting particles are ideally around 100 nm in diameter and can be further functionalized using
targeting peptides (purple arrows), which can for example bind tissue-specific receptors.
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Aim and outline
The aim of this thesis work was to improve an ASO-based therapy for DM1, while at the same time
gathering mechanistic insights about ASO delivery, both in vitro and in vivo. Although DM1 was
used as a disease model, our results can be extrapolated to other repeat expansion- and
neuromuscular disorders.
In chapter 1, we review a range of repeat expansion disorders, discussing the general molecular
characteristics and mechanisms of disease of this class of mutations, as well as ongoing therapeutic
developments to treat these disorders. In the following chapters, we focus on in vitro delivery and
efficacy of ASOs. In chapter 2, we describe the procedures involved in the formation of peptide-ASO
nanoparticles and in determining the intracellular fate of ASOs using various types of microscopy.
We show that by using different imaging modalities, it is possible to not only study uptake and
intracellular trafficking in a time-dependent manner, but that also information about the integrity
and subcellular concentrations of fluorescently labeled ASOs can be obtained. In chapter 3, we have
applied these methods to compare unassisted ASO uptake with uptake that is facilitated by either
of two cell-penetrating peptides. We show that one of these cell-penetrating peptides has superior
properties in terms of nuclear delivery of ASOs. Additionally, we determined the nuclear ASO
concentration that is necessary for a therapeutic effect in vitro. In chapter 4, we compare ASOs with
different modes of action, targeting two different sequences in the DMPK transcript, to be able to
select the ASO with the most favorable activity profile. We explore both on- and off-target effects
and show that the most effective knockdown of DMPK does not necessarily lead to the most
favorable downstream activity profile. In the second part of this thesis, we aimed to improve
targeting of the organs that are affected in DM1 in vivo. First, we performed a systematic review and
meta-analysis of the literature on targeted ASO delivery in vivo, which is described in chapter 5. We
found that most delivery strategies led to improved ASO efficacy in vivo, but the wide range of
delivery vehicles and ASO chemistries encumbered direct comparisons and it was not possible to
select a single most promising strategy. Finally, we explored the use of targeting peptides to
functionalize CPP-ASO nanoparticles. Our in vitro and in vivo findings are presented in chapter 6.
We show that functionalization of CPP-ASO nanoparticles is feasible in the context of DM1, and that
this strategy should be further optimized. I conclude this thesis with a summary of our most
important findings and a general discussion that puts these results in a larger context and in which
I discuss future perspectives for the field.
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Abstract
Repetitive sequences in the genome may become unstable above a certain length and elicit distinct
pathological cascades. Prominent examples of diseases caused by these types of repeats are
C9orf72-amyotrophic lateral sclerosis and frontotemporal dementia (ALS/FTD), Huntington's
disease, myotonic dystrophy and several forms of spinocerebellar ataxia. These diseases share the
presence of an expanded repeat, but differ in the sequence or in the mutated gene in which the
repeat is located. Expanded CAG repeats, such as in Huntington's disease and most spinocerebellar
ataxias, result in the synthesis of toxic polyglutamine-containing proteins. The CUG and GGGGCC
repeats in myotonic dystrophy and C9orf72-ALS/FTD, respectively, form aberrant structures that
sequester cellular factors and direct the production of toxic polymeric polypeptides via repeatassociated non-AUG translation. Despite the diversity in molecular mechanisms underlying these
diseases, they have in common repetitive DNA and RNA segments that can serve as molecular
targets for therapy. Here, we will discuss differences and similarities between repeat expansion
diseases, review the higher-order structures that can be formed by expanded repeats and provide
an overview of how small molecules, antisense strategies and gene editing strategies against toxic
repeats have shaped a solid foundation for future therapy.

Introduction
Repeat expansion diseases form a special class of human disorders characterized by the presence of
an unstable, expanded microsatellite in the genome of the patient9,10. The human genome contains
several different microsatellite sequences, but only some of these repeats cause disease once they
become unstable and expand above a certain threshold length. The associated molecular disease
mechanism and the symptoms in patients depend on the expression and function of the mutated
gene, the length of the repeat and its location in the gene.
Owing to their repetitive nature, expanded DNA sequences and their repeat RNA products show
unusual functional and structural properties70. It is these atypical, repeat-associated characteristics
that not only play a central role in disease manifestation, but also shape the development of
therapeutic strategies and the identification of active compounds.
In this chapter, we will illustrate the uniqueness of repetitive DNA and RNA sequences, their roles in
molecular mechanisms in repeat expansion diseases and the therapeutic strategies and tools that
are currently being developed against them. We will focus on the development of active
compounds targeted directly or indirectly at the toxic microsatellites, not at protein products or
molecular players further downstream in the pathological cascades of the various diseases. Along
with antisense strategies, such as oligonucleotides or RNA interference (RNAi), the more recent
approaches using small molecules and gene editing technology will also be discussed. There is no
cure for any of the repeat expansion diseases yet, but recent developments have moved extremely
fast and the first clinical trials have been initiated.
18

Expanded repetitive sequences and human disease
Repeat Instability
Currently, more than 40 disorders are linked to unstable repeat sequences in the human genome9,10.
The first microsatellite repeats were reported in 1991 and were made of trinucleotide units: a CGG
repeat relating to fragile X syndrome (FXS; fragile X mental retardation 1 (FMR1) gene) and a CAG
repeat causing spinal bulbar muscular atrophy (SBMA). Soon thereafter, the discovery of the
mutations causing myotonic dystrophy type 1 (DM1; CTG repeat) and Huntington's disease (HD;
CAG repeat) followed. Later on, an expanding tetranucleotide repeat was identified for DM2 (CCTG
repeat) and a pentanucleotide repeat associated with spinocerebellar ataxia type 10 (SCA10; ATTCT
repeat). Hexanucleotide repeats were more recently discovered to cause SCA36 (GGCCTG repeat)71
and C9orf72-linked amyotrophic lateral sclerosis and frontotemporal dementia (C9orf72-ALS/FTD;
GGGGCC repeat)72,73. The latest disease added to the family was Fuchs' endothelial corneal
dystrophy (FECD), linked to an expanded CTG repeat, in 201274.
Repeat instability diseases mostly belong to the group of neurodegenerative or neuromuscular
diseases. Brain and skeletal muscle are generally the most affected organs, which corresponds to the
expression of the mutated genes in these tissues. Genetic anticipation is frequently observed in
families, which means that the disease symptoms occur earlier and become more severe in
successive generations75. Anticipation is linked to expansion of the unstable repeat from one
generation to the next, whereby a longer repeat correlates with more severe symptoms.
Intergenerational contraction can also occur, but is rare. It should be noted, however, that not all
repeat expansion diseases show a clear correlation between repeat length and disease
manifestation.
Repeats in the general population are polymorphic, around 5–35 repeat units in length depending
on the disease, but stably inherited9,10. The threshold length above which a repeat becomes unstable
and typically expands is usually in the region of 30–40 units. Repeat instability not only occurs
between generations, but also during a patient's life. This so-called somatic instability can be
dramatic and is thought to be responsible for the progressive nature of the symptoms. Hence, next
to the inherited repeat length in the progenitor allele, the rate of somatic expansion is a determinant
of the course of disease.
A typical repeat length in patients with a CAG/polyglutamine (polyQ) repeat disease (e.g., HD, SCA,
dentato-rubro-pallido-luysian atrophy (DRPLA) and SBMA) is medium size and contains 35–80
repeat units (200 in extreme cases)9,10. Hence, the general length difference between healthy and
disease-causing alleles in these patients is only small. In contrast, many of the repeats outside the
open reading frame (ORF) of the mutated gene, like those in DM1/2, C9orf72-ALS/FTD, Friedreich's
ataxia (FRDA), FXS and SCA10, can expand to several thousand units. Long repeats sometimes
already occur in progenitor alleles at birth, but predominantly develop due to cell type-specific
somatic expansion. The large difference between the healthy and pathogenic alleles in this second
group of diseases provides a therapeutic window and makes the repeats and their unusual
19
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secondary structures logical targets for allele-selective therapy.
The third factor contributing to the complicated correlation between phenotype and unstable
repeat is the occurrence of repeat interruptions, often at one end of the expansion. Complex repeats
have been reported for DM2, FRDA, FXS/FXTAS, several SCAs and more recently also for DM176,77. In
DM1, repeat interruptions are thought to lower the rate of somatic expansion and thereby decrease
disease severity and progression.

Molecular Mechanisms of Disease
For 17 repeat expansion diseases, therapeutic studies based on the targeting of toxic repeats –
directly or indirectly – have been reported (Figure 1). These diseases relate to the following repeat
units: CAG, CGG, CTG, GAA, CCTG, ATTCT, GGCCTG and GGGGCC. The best-studied examples in
terms of therapy development are DM1/2, HD, C9orf72-ALS/FTD and the group of CAG/polyQrelated SCAs. Only one or few therapy-oriented publications currently exist for DRPLA and SBMA
(both CAG), FECD (CTG), FXS (CGG), SCA10 (AATTCT) and SCA36 (GGCCTG). To the best of our
knowledge, no therapeutic studies have been published on repeat targeting in oculopharyngeal
muscular dystrophy (OPMD; imperfect GCN repeat) or any of the other polyalanine diseases.

Figure 1. Repeat sequences related to human diseases and their locations in the gene. Only repeat
expansion diseases for which therapeutic strategies have been published are shown. Eight different expanded
repeat sequences (in red) in 17 diseases (see list of abbreviations) have been targeted by therapeutic compounds
at the DNA or RNA level. The unstable repeats can be located across the gene, in exons (dark green; 5ʹ
untranslated region (UTR), open reading frame (ORF) or 3ʹ UTR) or in introns (light green). Depending on their
location and length, repeats may cause disease via loss-of-function (top) or gain-of-function mechanisms
(bottom).
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When it comes to disease mechanisms, the family of repeat expansion diseases is highly diverse. For
example, even within the group of CAG/polyQ expansion diseases (more than 10 different genes),
each expanded gene elicits a distinct molecular mechanism in the cell types in which it is expressed.
The expanded gene thus gives rise to a unique phenotype in patients, even though several
symptoms are shared within the disease group (e.g., the SCAs). We do not intend to give a
comprehensive overview of all disease mechanisms related to repeat instability or downstream
cellular effects thereof, but refer to reviews for more information on these topics12,78–83. Here we will
discuss common mechanistic concepts in disease mechanisms initiated by expanded repeats.

Loss-Of-Function
Of the repeat diseases discussed here, only two are related to a loss-of-function mechanism: FRDA
and FXS (Figure 1). FRDA is an autosomal recessive disease caused by an unstable GAA repeat in the
first intron of FXN. An expanded GAA repeat leads to transcriptional repression, resulting in reduced
levels of FXN mRNA and frataxin protein. FXS is typically caused by > 200 CGG triplets (“full
mutation”) in the 5ʹ untranslated region (UTR) of FMR1 on the X-chromosome, which causes
abnormal DNA methylation, histone deacetylation and silencing of the gene. Intriguingly, repeat
lengths of between 55 and 200 triplets (“premutation”) in FMR1 result in fragile X tremor/ataxia
syndrome (FXTAS). An FMR1 allele carrying such a medium-sized CGG repeat is not silenced and
causes an RNA gain-of-function.

Gain-Of-Function
Apart from FRDA and FXS, all other repeat expansion diseases are associated with an RNA and/or
protein gain-of-function, or this type of mechanism has been suggested for lack of detailed
knowledge (e.g., SCA10, SCA36). Therapeutic strategies for a dominant gain-of-function mechanism
should preferably be allele-specific and not target the normal gene and its products, unless the
function of the gene is redundant.
A conventional classification of gain-of-function repeats that are transcribed into RNA is coding
versus non-coding repeats, corresponding to the location with respect to the ORF in the mutated
gene (Figure 1). Expanded repeats in the ORF of a gene are translated to polyglutamine (CAG repeat)
or polyalanine (imperfect GCN repeat) stretches and cause a toxic protein gain-of-function, like in
HD and most SCAs. Unstable repeats outside the ORF, a highly diverse group, are located in introns
or UTRs and usually lead to a toxic RNA gain-of-function. In these latter cases the gained function
generally consists of aberrant protein recruitment and nuclear retention of the expanded transcript,
visualized by RNA fluorescence in situ hybridization (FISH) as so-called foci.
However, recent findings have shown that the division into coding versus non-coding repeats may
actually not be so easy to make. In fact, it is most likely that several repeat expansion diseases are
caused by a combination of complex pathogenic mechanisms directed by abnormal RNA as well as
toxic protein products. First, for the group of coding CAG repeats, it has been shown that CAGexpanded transcripts in SCA3 and HD not only encode abnormal polyQ proteins, but also initiate
RNA gain-of-function effects84,85. Secondly, many, if not all, expanded repeats in the genome appear
21
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to be bi-directionally transcribed, which produces antisense transcripts along with the well-known
sense transcripts. Antisense transcripts are generally low in copy number and bear the
complementary repeat sequence86. The structure and function of the antisense genes is still largely
unknown. Thirdly, both sense and antisense repeat transcripts may produce toxic polymeric
proteins via a mechanism termed repeat-associated non-AUG (RAN) translation, regardless of the
repeat location. RAN translation products have indeed been reported in C9orf72-ALS/FTD, DM, HD
and FXTAS87. In conclusion, for all gain-of-function diseases, the therapeutic goal is to prevent
transcription or to neutralize transcripts, since these may be toxic and also serve as templates for the
production of toxic proteins.

Why are expanded repeats so special as therapeutic
targets?
Expanded repeats are not only special in terms of their primary sequences, but they are also prone
to forming higher-order structures in DNA and RNA. Aberrant structures can form in RNA and in
single-stranded genomic DNA during replication, DNA repair, transcription and other processes that
involve separation of the complementary strands. The driving force behind this is the high GCcontent and the internal complementarity in many repeat sequences. The occurrence of abnormal
structures in expanded genes and transcripts – most notably R-loops, triple helices, hairpins and Gquadruplexes (G4s) (Figure 2) – strongly relates to mechanisms of repeat instability as well as to
pathological mechanisms of disease9,10 and also has important implications for toxic repeats as
therapeutic targets.

Structures formed by expanded repeats
R-Loop
R-loops occur in many repeat expansion disorders and may arise during transcription, when the
nascent RNA hybridizes to its template DNA strand (Figure 2A). The RNA–DNA duplex leaves the
non-template strand unbound and free to form secondary structures. R-loops have physiological
functions, but when formed by repeats, deleterious effects, such as epigenetic remodeling and
repression of expression, can arise88.

Triple helix
Next to R-loops, GAA·TTC repeats in FRDA have been found to also form unusual triple helical DNA
structures. Triple helix structures are composed of three DNA strands, in which one strand folds back
into the major groove of a double helix in its flanking region, leaving its partner strand unbound
(Figure 2A). A triple helix is highly stable and is thought to contribute to FRDA's disease etiology by
inhibiting transcription89.
22
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Figure 2. Implications of repeat expansion for DNA and RNA structure. A) Structures that can be formed in the genome during strand separation and examples of
quadruplexes. Complementary DNA strands are in dark red and blue; the nascent transcript in light red. For simplicity only a parallel, unimolecular G-quadruplex (G4)
consisting of four planar G-quadruplets is shown, although several variations are possible. An i-motif consisting of two times four C–C interactions potentially formed by
a GGCCCC repeat is shown as an example. B) Hairpins that can be formed by expanded repeats in RNA. Dashed lines indicate hydrogen bonds and are red for the G–U
wobble pairs. Dotted lines in the CNG hairpin indicate that this interaction depends on the N nucleotide. For illustration purposes only one potential loop configuration is
shown; this can vary depending on the flanking region, repeat type and length. Structures in B) were generated using Forna403 and edited.
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Imperfect hairpin
In single-stranded DNA and RNA, most repeat expansions can form a stem– loop structure referred
to as an imperfect hairpin, or simply hairpin (Figure 2)90. The characteristics of such hairpins are most
extensively studied in RNA in vitro. The CNG sequence of many disease-causing repeats provides
two G–C base pairs per triplet when forming a CNG·CNG helical stem, resulting in structures varying
in stability depending on the mismatched nucleotide. Using (CNG)20 model RNAs, the following
order of hairpin stability has been determined: CCG < CUG < CAG < CGG91,92. This can be explained
by C·C, U·U and A·A mismatches forming an interaction with one hydrogen bond, while a G·G pair is
thought to form two90. These types of hairpin occur in small independent clusters on each strand in
the genomic DNA of the CTG·CAG repeat in DM1 protein kinase (DMPK) in DM1 (Figure 2A)93. In
addition, next to hairpins CGG and CCG repeats are also thought to form G4 structures (see below).
The DM2-linked CCUG repeat also forms hairpins, but these are likely to be less stable than equally
long CUG hairpins because of the CU·CU double mismatch94. The hairpin formed by the SCA10
AUUCU repeat is relatively unstable as it contains two A·U base pairs interrupted by UCU·UCU
mismatches95.
Repeat interruptions have implications for the folding of expanded RNA and possibly also DNA.
Interruptions in FXTAS96, SCA197 and SCA298 transcripts appear to have a protective function in the
healthy allele by creating branched hairpin structures, whilst in DM1 they stabilize the hairpin77.
Thus, one expects that targeting the repeat interruptions is not a feasible approach in these diseases.

Quadruplexes
C9orf72-ALS/FTD GGGGCC expansions can form highly stable intramolecular and intermolecular
G4s (Figure 2A)99–101. A G4 is a cation- stabilized structure characterized by the canonical motif
G3+N1−7G3+N1−7G3+N1−7G3+N1−7, but variations are possible. In cells, G4s are found in RNA as well as in
single-stranded DNA and form via Hoogsteen interactions between four guanine bases in a plane.
Naturally occurring G4s are involved in cellular processes, such as telomere function and RNA
processing, localization and translation102. Interestingly, GGGGCC as well as CGG repeat model
molecules have been reported to fold as a G4 in equilibrium with a hairpin101,103–105. G4 folding by
these repeats has been supported by immunofluorescence experiments in C9orf72-ALS/FTD cells106
and by interaction of CGG repeats with G4-binding ligands and proteins107,108. Simulation studies
have shown that GGCCUG RNA in SCA36 can also form G4 structures109, but this most likely competes
with a highly stable hairpin that can be formed by purely G·C and U·G (wobble) base pairs. G4 motifs
generally do not in fact assume a G4 structure in cells110, but the natural occurrence of a few adjacent
G4 motifs is different from the dozens of successive motifs in a long repeat.
The GGCCCC repeat in the C9orf72-ALS/FTD antisense DNA strand is able to form intercalated motifs
(i-motifs)105: structures reminiscent of G4s but formed by two intercalating C-rich parallel duplexes
in antiparallel fashion (Figure 2A)111. In addition, the GGCCCC repeat in the antisense DNA strand has
been shown to form intramolecular quadruplexes that consist of G and C bases, unlike its sense
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counterpart100,112. Similar types of quadruplexes and i-motifs have also been suggested for FMR1
DNA antisense CCG repeats113. Whether such structures actually form in patients' cells remains to be
determined.

Structures of repeat-expanded transcripts
In the living cell, transcripts are actively unfolded, leading to differences between structures found

in vitro and in a physiological environment114. It should be noted, however, that the influence of the
cellular environment on repeat structure has only been minimally addressed. In addition to the
cellular environment, flanking regions in the natural transcript, which are usually not present in the
model molecules described above, can be important also. The CAG repeats in androgen receptor
(AR; SMBA)115, ataxin 3 (ATXN3; SCA3)116 and huntingtin (HTT; HD)115,117 transcripts and the CGG
repeat in FMR1 (FXS, FXTAS)96 transcripts are able to interact with these flanking regions, which base
pair more efficiently than the repeat itself in a hairpin configuration. For HTT transcripts this means
that a healthy repeat does not form a hairpin. Notably, this might explain the specificity for the
pathogenic transcripts when the repeat is targeted in HD and SCA3 cell models by antisense
oligonucleotides (ASOs)118. For the CUG repeat in DMPK transcripts (DM1)119, and the CAG repeats in
ATXN2 (SCA2)98, calcium voltage-gated channel subunit alpha1 A (CACNA1A; SCA6)116 and atrophin
1 (ATN1; DRPLA)116 transcripts, the repeat appears to base pair only with itself. However, except for
the HTT transcript, only short flanking regions of a few dozen to 74 nucleotides were studied for
transcripts containing pathogenic repeats, limiting these conclusions to close-range interactions. In
contrast, we found that the CUG repeat does interact with other regions in DMPK transcripts, which
stresses the importance of examining long–range interactions as well120.
The structures of antisense repeat transcripts have only been studied specifically for C9orf72ALS/FTD. The GGCCCC repeat RNA does not fold as a G4 but as a hairpin, reminiscent of the sense
transcript, with only CC·CC mismatches (Figure 2B)100,121. For a hint on folding of other antisense
repeats, knowledge about the HD CAG repeat structure, for example, can be extrapolated to the
DM1 antisense repeat and vice versa, keeping in mind that flanking regions certainly may play a role.

Structural implications for therapeutic targeting
For therapeutic compounds that rely on base pairing, the accessibility of the target sequence can
influence the efficacy of the therapy. Strand displacement capacity of ASOs can compensate for this,
but stable secondary structures are generally more difficult to engage than more available ones. So
as to determine whether to target the body of the gene or transcript, the structure of the repeat, its
accessibility and that of other unique parts of the transcript should be taken into account. This can
be tested by screening122 or by computational methods123. For structure disruption or splice
modulation, there is often little choice in what region to target, but for RNA breakdown and blocking
of transcription or translation there is usually more freedom. For example, imperfectly paired
hairpins are, in principle, easy targets for perfectly matched ASOs. A G4 sequence, on the other hand,
may be more difficult to disrupt and bind, since this structure competes with base pairing.
Sequences capable of forming a G4 may therefore be more attractive for targeting with small
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molecules. For gene-targeting ASOs, disruption of DNA structure may be the goal and structural
information may provide clues as to which strand is most likely to be vulnerable to ASO binding.

Therapeutics to target expanded repeats
Therapeutic strategies
The first publications on therapeutic intervention in repeat expansion diseases originate from the
late 1990s. However, the last decade has seen a major increase in the number of studies related to
the targeting of toxic repeats (Figure 3). Depending on the loss- or gain-of-function effect caused by
the repeat under study, the strategic principle may be activating or inhibitory and the molecular
target can be the repeat in the gene (i.e., intervention at the DNA level), the expanded transcript (i.e.,
RNA level) or both. An overview of the main strategic principles along with their targets is given in
Figure 4. Toxic translation products, such as the polyQ proteins or RAN translation polypeptides,
might be targeted too, but these types of approach are beyond the scope of this chapter.

Figure 3. Overview of the key therapeutic developments in repeat expansion disorders (top) and their preceding
fundamental scientific and tool developments (bottom).
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Figure 4. Therapeutic strategies for repeat expansion diseases. The scheme shows the main reported
therapeutic strategies and active compounds to target repeat DNA and RNA in loss-of-function (left) and gainof-function repeat expansion diseases (right). TALE-TA = transcription activator-like effector-transcription
activator; ZFP = zinc finger protein.

We now discuss three classes of therapeutics against nucleic acids: small molecules, ASOs and
protein effectors. The small molecules mainly comprise compounds that stabilize or disrupt repeat
structures and thus inhibit protein binding. The other two classes of therapeutics comprise (i)
blocking-type compounds that modulate transcription, inhibit repeat expansion, or block protein
interactions, and (ii) compounds with enzymatic or enzyme-recruiting activity in order to excise,
degrade or repair a gene or its products. Additional types of therapeutics, not further covered here,
are viruses and artificial mRNAs in the classical gene replacement approaches designed to
compensate for loss of gene activity (e.g., for FRDA and FXS).

Small molecules targeting repeat structures
The principle of targeting repeats with small molecules is based on the recognition and modulation
of higher-order structures, such as hairpins and G4s. Small molecules that selectively bind repetitive
DNA or RNA have been identified through trial and error, but mostly through medium- or highthroughput screening or rational design combined with the use of DNA- and RNA-focused chemical
libraries. Small molecules may bind a repeat only once or many times, depending on their binding
characteristics and the repetitive nature of the target. Also, larger modular compounds have been
identified, basically consisting of multiple repeated small molecules, which bind with high affinity
through multivalent interactions.
The largest number of studies designed for the targeting of higher-order repeat structures by small
molecules has been published for DM, especially by the Disney and Zimmerman labs. Their first
studies originate from 2009 and by now each lab has published more than a dozen papers on a
diverse set of high-affinity small, multimeric and modular compounds that bind CUG (DM1) or CCUG
(DM2) hairpins124,125. The general goal of the development of these potential therapeutics was the
inhibition of muscleblind-like protein 1 (MBNL1) binding to the repeats, a hallmark of DM
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pathogenesis, followed by the dispersal of MBNL1 nuclear aggregates (so-called foci in
immunofluorescence microscopy) and the restoration of aberrant DM-typical alternative splicing.
Important determinants of biological activity of CUG/CCUG-selective small molecules in vivo in
animal models appear to be solubility in water, cell permeability and cytotoxicity126,127. More recent
small molecule approaches include targeting of the CTG expansion in DMPK in order to interfere
with transcription128,129 or to induce CUG RNA cleavage128. Well-known DNA-binding molecules
pentamidine and actinomycin D also preferentially inhibit transcription of the expanded DMPK
gene130,131, but the high cytotoxicity of these compounds remains a concern.
For FXTAS, in addition to compounds that bind expanded CGG RNA and reduce its gain-offunction132,133, the Disney group designed a molecule that reacts covalently with the repeat134. As a
result, RAN translation was inhibited, but not downstream canonical translation. In another study,
the activity of a modularly assembled small molecule was compared with that of repeat-targeting
ASOs135. Both types of molecules inhibit RAN translation as intended, however the ASO also inhibits
canonical translation.
The GGGGCC repeat in C9orf72-ALS/FTD can be bound by small aromatic molecules103,136. These
compounds reduce the number of repeat RNA foci and the expression of RAN translation products
in repeat-expressing cells103,136 and improve survival in a Drosophila model69. To what extent these
compounds also interfere with the C9orf72-ALS/FTD repeat in the gene is not yet clear. Another
study indicated that the porphyrin tetra-(N-methyl-4-pyridyl)porphyrin (TMPyP4) binds (GGGGCC)8
RNA in vitro, disrupts its structure and blocks protein interactions, but this compound was not
further tested in cells for functional activity137.
Only a few reports on small molecule targeting exist for transcripts with CAG repeats, such as in HD
and SCAs. The polyphenolic compound myricetin was identified in a screen for small molecules to
bind an expanded CAG hairpin via base stacking at the A·A mismatch138. A positive effect of myricetin
on cell viability of polyQ-expressing cells was demonstrated, but whether this effect relates to the
repeat interaction or is due to myricetin's cytoprotective activity139 is not clear. Similar to the studies
discussed above for DM1, modular Hoechst 33258-derived compounds can inhibit formation of
abnormal MBNL1-CAG repeat RNA complexes140. Zhang et al. reported on peptides that directly
interact with expanded CAG RNA in a repeat length-dependent manner141,142. Although these
peptides with a molecular weight of >1.5 kDa may not qualify as small molecules, they suppressed
repeat toxicity in vitro and in vivo in a Drosophila SCA model. Finally, for SCA10, a bioactive, dimeric
bis-benzamidine compound was identified that binds A·U base pairs in the hairpin structures formed
by AUUCU-expanded transcripts, which constitute the toxic entity in this RNA-mediated disease143.
Finally, epigenetic therapy, for the reactivation of expanded, silenced FMR1 and FXN have been
examined in cells of FXS and FRDA patients79,144–146. Positive effects were reported, but this type of
therapy remains an indirect approach, not directly targeted at the expanded triplet repeats, and the
risk of genome-wide effects needs to be carefully investigated. Also, a potentially toxic side effect in
the case of FXS would be the expression of long CGG-expanded FMR1 transcripts, which may be
subject to RAN translation. A more direct approach for reversal of FXN inactivation was
demonstrated by the Gottesfeld lab, who used β-alanine-linked pyrrole–imidazole polyamides,
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which specifically bind the GAA·TTC repeat, thereby altering the DNA structure or opening the
chromatin for transcription147. A similar type of polyamide coupled to a small molecule that recruits
transcription elongation machinery acts as a gene-specific stimulator and promotes transcription
across the expanded GAA repeat in FXN148.

Antisense strategies
In contrast to the approaches with small molecules, antisense strategies are based on base-pairing
interactions at the nucleotide level. Hence, these methods are very specific to the sequence that is
targeted. ASOs are short stretches of DNA or RNA, or chemically modified versions thereof149, which
have a sequence that is usually fully complementary to their nucleotide target. The development
and function of nucleotide analogues is described in detail in chapter 1 of this Drug Discovery issue,
while their mechanisms of action are covered in chapters 2 and 3 of the same issue150.
In short, ASOs function either by activating degradation through the recruitment of RNase H, or
through steric hindrance and blocking of protein interaction. RNase H-recruiting ASOs bind to their
target and form a DNA–RNA hybrid, which is recognized by RNase H, leading to cleavage of the RNA
strand in the hybrid. Steric blocking-type ASOs can be directed against DNA to block transcription
or interfere with higher-order structures, or to RNA to displace RNA binding proteins and thus relieve
protein sequestration, block canonical or RAN translation or direct alternative splicing. Degradation
of target RNA has also been induced by a few blocking-type ASOs, but the cellular mechanisms
through which this occurs have not been elucidated yet.

ASOs directed against DNA
By targeting DNA, ASOs can inhibit transcription and thus prevent formation of toxic RNA and
protein products from expanded repeat-containing genes. Zaghloul et al. showed that genetargeting ASOs directed against the repeat can block transcription in HD fibroblasts151. The authors
used locked nucleic acid (LNA)–DNA mixmers, which are capable of strand invasion. Additionally,
they showed that phosphorothioate (PS) linkages are necessary and that the minimum effective ASO
length in their system is 12 nucleotides. The translatability of this approach to other repeat
expansion disorders might depend on the location of the repeat in the gene, which is exon 1 in the
case of HD. Using the same approach against the CTG repeat in the 3ʹ UTR for DM1, we ourselves
have not been able to affect DMPK expression (M.L van der Bent, R. Brock and D.G. Wansink,
unpublished data).
Conversely, gene-targeting ASOs can also be used to increase transcription, for example for FRDA,
where the GAA repeat causes transcriptional silencing. Repeat-targeting ASOs prevented the
formation of higher-order structures that inhibit gene expression, which led to increased FXN
expression152,153. In contrast to the findings of Zaghloul et al., a PS backbone did not appear to be
essential for these ASOs.
Finally, gene-targeting ASOs may also suppress repeat instability154. LNA-containing ASOs targeting
the CTG repeat in DM1 reduced repeat expansion in cell culture and in a DM1 mouse model. As a
possible mechanistic explanation, it was proposed that the ASOs reduce the formation of R-loops.
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ASOs directed against RNA
Most ASO strategies are directed against RNA targets. In some disorders, such as HD, certain
haplotypes co-segregate with the expanded repeat, such that single-nucleotide polymorphisms
(SNPs) can be used to selectively target the expanded allele and its RNA products in a large
proportion of the patient population155. The prevalence of certain haplotypes depends on the
patient population, and SNP-targeting ASOs are not a treatment option for every patient. The first
study that reported the use of ASOs that target SNPs dates from 2011156. In this study, the authors
showed the feasibility of this approach in HD patient fibroblasts, in mouse neurons and in two
transgenic HD mouse models. Since then, many studies have reported SNP-targeting ASO
approaches, and WAVE Life Sciences is currently recruiting for clinical trials with SNP-targeting ASOs
against HD (http://www.clinicaltrials.gov; March 2018).
Another way to increase specificity for the expanded allele is by targeting the repeat itself. A long
repeat contains many more binding sites for a repeat ASO than a healthy repeat, and in many cases
expanded transcripts are retained in the nucleus, to which PS-containing ASOs preferentially
localize50. Steric blocking ASOs can cause dissolution of structured RNAs and release of RNA-binding
proteins, which is thought to be one of the major drivers of disease in RNA gain-of-function
disorders, such as DM1. Ever since the first repeat-targeting ASO strategies with steric blocking ASOs
were reported in 2009 for DM1, HD and SCA341,46,118, a variety of different chemistries have been
applied. RNase H-recruiting ASOs directed against repeats have also been described, for example for
DM1 and for C9orf72-ALS/FTD49,157. Some reports related to C9orf72-ALS/FTD, HD and SCA3 describe
ASOs that partially overlap the repeat, which reduces the risk of off-target effects on other repeatcontaining transcripts118,157–159.
Exon skipping is sometimes an option to prevent protein toxicity, while maintaining at least some
functionality in the protein product. This approach was described for example for SCA3, where the
mutated ATXN3 protein is proteolytically cleaved, which results in toxic polyQ-containing
fragments. Skipping of exon 10 in ATXN3 transcripts leads to the production of a truncated protein
that still contains functional domains, but no polyQ stretch159,160. Alternatively, skipping of exons 8
and 9 leads to the production of a truncated protein with improved stability due to the absence of
certain proteolytic cleavage sites. This leads to a reduction of toxic polyQ-containing fragments161.
Similarly, for HD, a partial skip of exon 12 leads to the removal of caspase-3 and -6 motifs, which
results in improved stability of the protein and reduced formation of the toxic N-terminal protein
fragments162.
Although many groups try to achieve allele-specificity, there have been studies that indicate that, at
least in HD and DM1, downregulation of the healthy allele does not lead to safety issues in mice and
nonhuman primates30,51,163,164. Since it had previously been described that knock-out of Dmpk in a
DM1 mouse model led to deleterious effects and that inactivation of wild-type Htt in the mouse
forebrain led to neurodegeneration28,165, this is a point of controversy in the field. If downregulation
of functional protein derived from the healthy allele is not expected to cause problems, ASOs may
also be directed against other parts of the transcript in a non-allele-specific fashion. IONIS
Pharmaceuticals initiated clinical trials using such ASOs for DM1 and for HD (www.clinicaltrials.gov;
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March 2018). The former trial has been concluded and this ASO has not been pushed forward to later
phase clinical trials, because the intracellular ASO concentrations that were reached in the target
tissues were too low. The HD clinical trial is still ongoing. In this trial, the ASO is administered
intrathecally, which can be expected to lead to better delivery, similar to Nusinersen (Spinraza), the
now approved IONIS ASO for spinal muscular atrophy39.

RNA interference
RNA interference leads to degradation of the transcript and can be induced in various ways: direct
use of short interfering RNAs (siRNAs), through viral transduction with short hairpin RNAs (shRNAs)
or artificial microRNAs (miRNAs), or by using antisense transcripts that are complementary to the
target transcript. Only a few studies have made use of antisense gene fragments to induce RNAi.
shRNAs have been described as being more toxic compared with artificial miRNAs166 and a shift
towards the use of miRNA-like molecules seems apparent from the articles that have been published
over the last few years.
As for ASO strategies, RNAi strategies targeting both repeat and non-repeat sequences have been
described. The first reports of use of RNAi for repeat expansion disorders date from 2004 and
targeted non-repeat sequences in SCA1 and SCA3. In the SCA1 study, the authors showed the
efficacy of AAV-delivered shRNA in cell culture and in SCA1 mice167. The study on SCA3 evaluated
the use of siRNAs that target a SNP that immediately flanks the CAG repeat168. Since then, a large
number of RNAi studies have been published for a range of repeat expansion disorders. Most of
these studies target non-repeat sequences, some in an allele-specific manner.
Expanded repeats are notoriously difficult to target using RNAi. An extreme case is the
hexanucleotide repeat in C9orf72-ALS/FTD, because the target is intronic, retained in the nucleus
and has 100% GC-content. Nonetheless, Hu et al. showed that it can be done using both duplex
siRNAs and single stranded siRNAs (ss-siRNAs)169. Duplex siRNAs were only effective when more than
two mismatches were introduced, whereas ss-siRNAs also functioned when fully complementary to
the repeat. This is likely to be due to the fact that ss-siRNAs do not have to dissociate to be loaded
into the RNA-induced silencing complex (RISC). The duplex siRNAs target both sense and antisense
strands, both of which are implicated in the molecular pathology, but is less efficient than sssiRNA169,170. Targeting (parts of) CAG and CUG repeats also appears possible. This strategy was first
published in 2011 and was carried out in HD and SCA3 fibroblasts171. The authors showed that fully
complementary siRNAs against the CAG repeat also silenced transcripts other than HTT and ATXN3.
By introduction of two mismatches and an asymmetrical design, a higher degree of gene- and alleleselectivity was achieved.
Notwithstanding the large body of preclinical literature on RNAi for repeat expansion disorders, to
our knowledge, clinical trials with RNAi agents for repeat expansion disorders have not been
initiated yet.
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Other antisense strategies
A few additional antisense strategies have been reported in the context of repeat expansion
disorders, including the use of ribozymes, DNA enzymes and trans-splicing, which can be induced
by providing a template for a splice switch. A couple of studies around the year 2000 used DNA
enzymes or ribozymes to excise the repeat in HD and DM1172–175. To the best of our knowledge, there
have been no follow-up studies in this area. Artificial trans-splicing has been reported as a strategy
for HD and DM1176–178. The paucity of reports using these alternative strategies indicates that they
are either not developed far enough, or not efficient enough to be translated into more advanced
preclinical settings.

CRISPR/Cas9, TALEN, ZFN and other protein effectors
The development of genome editing technology using zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs) and the clustered regularly interspaced short palindromic
repeats–CRISPR-associated protein (CRISPR–Cas) system has revolutionized the possibilities of
targeted gene editing, correction and interference179. Cleavage by a single CRISPR– Cas9 complex
close to a CGG·CCG or CTG·CAG expansion induced spontaneous repeat contraction180,181. Complete
excision of the 5ʹ UTR CGG repeat in FMR1182, the intronic GAA repeat in FXN183,184 and the 3ʹ UTR CTG
repeat in DMPK180,185 was achieved through dual ZFN or CRISPR–Cas9 cleavage on both sides of the
repeat in a more predictable fashion. In essentially all these reports, removal of the expanded repeat
resulted in reversal of the cellular phenotype in corrected patient cells. As mentioned above, it is
unclear if and when complete loss of the normal protein products would be tolerated (e.g., during
development), indicating the importance of allele-specific silencing186. Allele-specific editing of
CAG-expanded HTT was based on SNPs within protospacer adjacent motif (PAM) sequences,
resulting in specific removal of a large 5ʹ part of the mutated gene, thereby silencing the formation
of toxic gene products only187,188. A correction of the expanded CAG repeat through homologous
recombination in SCA2 induced pluripotent stem cell (iPSC) lines was reported by Marthaler et al.189.
A second set of strategies was designed to reduce the actual transcription of the repeat segment, or
activate it in the case of loss-of-function diseases. Xia and colleagues used TALENs to insert a
premature polyadenylation site in intron 9 of DMPK, in order to induce early termination of
transcription, 5ʹ of the repeat190,191. As a result, DM1-typical biomarkers were normalized, but the
effect of the reduced protein expression is still uncertain as mentioned above. Catalytically inactive
endonuclease Cas9 (dCas9) protein that was directly targeted to expanded repeats reduced disease
markers in DM1, DM2 and C9orf72-ALS/FTD cells, presumably by perturbing transcription
elongation192. In a similar type of study, rationally designed zinc finger proteins recognized the CAG
repeat in HD cells and repressed HTT transcription by steric hindrance193. The fact that long
expanded repeats are indeed difficult to transcribe was also illustrated by the inhibitory effect of
elongation factor suppressor of Ty 4 homolog 1 (SUPT4H) silencing on the expression of repeatcontaining transcripts194,195. In addition, activation of transcription was shown by a TALE-VP64
transcriptional activator domain targeted to the FXN promoter, which caused a two-fold increase of
mRNA and frataxin protein level196. A hypermethylated FMR1 gene was reactivated by a dCas9–
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ten-eleven translocation 1 (Tet1) demethylase fusion protein targeted to the expanded CGG repeat,
which rescued the FXS phenotype in neurons197.
Finally, repeat RNA can also be directly targeted and degraded by enzymatic complexes. RCas9, a
dCas9 fusion to the suppressor with morphological effect on genitalia homolog 6 (SMG6) protease
inhibitor I2 N-terminal (PIN) RNA endonuclease domain, was able to degrade CUG, CCUG and
GGGGCC repeat-containing RNAs198. An artificial site-specific RNA endonuclease, a fusion of a

Pumilio RNA binding family member 1 (PUM1) Pumilio and feminization 3 protein binding factor
(PUF) domain and the SMG6 PIN domain was designed to recognize and degrade CUG repeat RNA
in DM1199.

Challenges for multisystemic repeat diseases
The field of therapeutics for repeat expansion diseases has made some impressive advances, and
many new exciting tools have expanded the range of possibilities. At present, we believe that there
are three main issues that slow down further clinical development of these drugs: targeting, delivery
and specificity.
As we have described above, some clinical trials have already been completed or are in progress.
Especially with the success of Nusinersen in mind, it would appear that ASOs that are injected
directly into the CNS by intrathecal administration have a high chance of succeeding in clinical use.
This is a promising prospect for those diseases that are limited to the CNS, such as HD. However,
many repeat expansion disorders affect multiple tissues, some of which are difficult to target
systemically. One example is DM1, which not only affects the CNS, but also skeletal muscles, the
heart and multiple other organs. Systemic administration, for example by intravenous or
subcutaneous injection, often leads to a less favorable pharmacokinetic profile due to clearance by
liver and kidneys and can lead to off-target effects. Different targeting strategies are being applied
to increase uptake by target tissues, such as use of liposomes and/or peptides. Viral delivery can also
confer tissue specificity, due to the tropism of the virus, but here immune responses can limit the
applicability.
At the cellular level, the efficiency of uptake of compounds by cells and subsequent endosomal
release and trafficking to their site of action introduces another hurdle for delivery of therapeutic
compounds. Large, hydrophilic molecules, such as RNA or proteins, are often not taken up efficiently
by cells, unlike small hydrophobic molecules, which are generally more cell-permeable. Ideally,
formulations would be such that they not only increase targeting to specific tissues, but also increase
cellular uptake and release of the compounds.
Specificity of treatments is a third important consideration. The various approaches that we have
described have different ways of achieving specificity. Small molecules, for example, might be
specific for certain higher-order structures that are formed by expanded repeats. ASOs, RNAi agents
and gene editing strategies are specific for certain DNA or RNA sequences. Still, higher-order

33

CHAPTER 1 | TARGETING TOXIC REPEATS

structures and target sequences might be shared with the healthy allele as well as with other
transcripts, so allele- and gene-specific targeting remains a challenge.
In conclusion, these are exciting times for the development of therapeutics for toxic repeat
expansion diseases. Fundamental knowledge on the genetic and structural background of these
diseases can now be used to apply novel, promising tools for alleviating the disease burden or to
remove the cause of disease altogether. Although many preclinical questions remain to be
answered, the first three clinical trials provide valuable insights for applying cutting edge
technology from the last decade to its full potential.
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Abstract
Antisense oligonucleotides (ASOs) have been intensively studied as tools in molecular cell biology
and as novel therapeutics in various diseases over the past two decades. Especially cellular uptake
and endosomal release of ASOs are topics of interest, as these are crucial steps in reaching the
subcellular ASO target sites and achieving biological activity. We used cell-penetrating peptides
(CPPs) to enhance uptake and endosomal release of ASOs, and monitored these two processes and
the subsequent fate of the ASOs by advanced fluorescence microscopy in living cells. In this chapter,
we discuss the use of automated time-lapse confocal laser scanning microscopy (CLSM) to follow
ASO uptake and trafficking in time, fluorescence lifetime imaging microscopy (FLIM) to distinguish
between free and ASO-bound fluorophore, and fluorescence correlation spectroscopy (FCS) to
measure subcellular ASO concentrations and molecular associations. Additionally, we will expand
on the analysis of these microscopy data.
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Introduction
Antisense oligonucleotides (ASOs) are synthetic oligomers of DNA, RNA or chemical analogs of these
molecules38, which show high potential as tools in molecular cell biology and as therapeutics39. Due
to the high molecular weight and often negative charge of ASOs, delivery of these molecules to
target tissues and into target cells remains challenging200,201. Cytosolic delivery can be improved
through the use of delivery vehicles such as cationic polymers and lipids202. Cationic cell-penetrating
peptides are a broadly explored group of delivery vectors that spontaneously form charge-driven
nanoparticles with anionic ASOs203–205, which we will refer to as polyplexes. Here, we used PepFect14
(PF14), a promising cell-penetrating peptide that enhances nuclear delivery of ASOs206.
To better understand cellular uptake, endosomal release and subsequent intracellular trafficking of
ASOs, we used advanced fluorescence microscopy in combination with fluorescently labeled ASOs.
In this chapter, we describe in detail how time-resolved confocal laser scanning microscopy (CLSM),
fluorescence lifetime imaging microscopy (FLIM) and fluorescence correlation spectroscopy (FCS)
can be used to determine the uptake of ASOs, their subsequent intracellular processing and
trafficking, their molecular interactions, and, finally, the subcellular ASO concentrations that are
reached (Figure 1).
Imaging modalities in fluorescence microscopy enable the study of molecules in individual cells at
a high spatial and temporal resolution, which makes these techniques very well suited to study
processes such as cellular uptake and trafficking of fluorescently labeled ASOs. CLSM increases the
spatial z-resolution through the confocal principle: out-of-focus light cannot pass through the
pinhole and is therefore not collected by the detector207. Furthermore, by using automated
motorized stage control, it is possible to efficiently follow multiple fields of views or conditions in
time in parallel in a single experiment.
In addition to the absorption and emission spectra specific to a fluorophore, the fluorescence
lifetime as measured by FLIM can provide information about the molecular state of a fluorescent
molecule. The lifetime decreases when a fluorophore is quenched, for example through close
interactions with other molecules. For oligonucleotides, this enables the discrimination of for
example different chemical environments, packaging into delivery vectors and release of
fluorophore through hydrolysis208–210, thereby providing a detailed description of the intracellular
fate of a fluorescently labeled ASO.
The third technique that we discuss in this protocol is FCS, which is based on the analysis of
fluctuations of fluorescence caused by diffusion of fluorescent molecules through a femtoliter-sized
confocal volume211–214. This technique can be combined with CLSM to not only gain information
about intensity, but also about diffusional freedom and concentrations of the fluorophore in various
subcellular compartments.
In combination, these three microscopy modalities can be used to provide a comprehensive
description of the dynamics and molecular state of oligonucleotides inside cells.
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Figure 1. Schematic overview (not to scale) of the three fluorescence microscopy modalities that are
discussed in this chapter: time-lapse confocal laser scanning microscopy (CLSM), fluorescence lifetime imaging
microscopy (FLIM) and fluorescence correlation spectroscopy (FCS). The light source we used is a pulsed white
light laser (WLL), where an acousto-optic tunable filter (AOTF) allows the user to choose the wavelengths that
are used for excitation. The acousto-optic beam splitter (AOBS) deflects the excitation wavelength, passing it
through the objective lens to the sample, where a cone shaped point spread function (PSF) is formed. The
motorized stage allows for time-lapse imaging in parallel at multiple positions. Emitted fluorescence passes back
through the objective lens and through the AOBS, and the pinhole ensures that only in-focus light, that derives
from the smaller dark red detection PSF, passes through to the detector. In our system, hybrid detectors (HyD)
and a single molecule detection (SMD) HyD detector are implemented. Time-lapse images can be used to
monitor time-dependent processes such as uptake of a compound. The lifetime decay curve obtained by FLIM
can be used to calculate the fluorescence lifetime, by which different molecular states can be distinguished. The
autocorrelation curve derived by FCS can be used to calculate the diffusion time and concentration of fluorescent
molecules.
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Materials
Cell culture and polyplex formation
1.

Adherent cells, such as fibroblasts or myoblasts.

2.

Flow cabinet.

3.
4.

CO2 incubator.
Cell culture medium; we used a 1:1 mix of Skeletal Muscle Cell Growth Medium (PromoCell)
with 1x GlutaMAX (Gibco) and Ham's F-10 Nutrient Mix with GlutaMAX (Gibco), supplemented
with 20% (v/v) HyClone Bovine Growth Serum Supplemented Calf (GE Healthcare).

5.
6.

MilliQ water.
8-well ibiTreat µ-Slides (Ibidi) or similar chambered coverslips for high-resolution microscopy

7.

The amphipathic cell-penetrating peptide PF14, dissolved in milliQ water (sequence: stearyl-

on an inverted microscope.
AGYLLGKLLOOLAAAALOOLL-NH2; see Note 1).
8.

Cy5-labeled ASOs, dissolved in milliQ water (purified by HPLC followed by a Na+ salt exchange;
sequence: 5'-Cy5-mC*mA*mG*mC*mA*mG*-mC*mA*mG*mC*mA*mG*mC*mA*mG-3', where
m=2'-O-methyl-modified and *=phosphorothioate modified; see Notes 2 and 3).

9.

Microcentrifuge tubes.

10. Protein LoBind Tubes (1.5 mL, Eppendorf; see Note 4).
11. 0.2 mL PCR tubes.

Live cell CLSM
1.

Polyplex dilution medium: serum-free cell culture medium.

2.

Long-term imaging polyplex dilution medium (see Note 5): serum- and phenol-red free cell

3.
4.

Imaging basal medium: cell culture medium, 20% (v/v) fetal bovine serum.
Phosphate-buffered saline (PBS; pH 7.4).

culture medium, 10 mM HEPES.

5.

Live cell cytoplasmic stain (e.g., Calcein AM).

6.
7.

Live cell nuclear stain (e.g., Hoechst 33342).
Confocal laser scanning microscope with temperature control and automated stage control
(e.g., Leica TCS SP5 and SP8; see Note 6).

FLIM and FCS on solutions and cell lysates
1.

Cy5 solution (for example some left over from a dye labeling kit).

2.

Confocal laser scanning microscope with temperature control and FLIM and FCS functionalities;
we used a beta setup of the Leica SP8 FAst Lifetime CONtrast (FALCON) and FCS system with a

3.

Cooled microcentrifuge.

63x 1.2 NA water immersion objective and a single molecule Hybrid detector (SMD HyD).
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4.

HEPES-buffered Krebs Ringer (HKR) buffer (pH 7.4): 135 mM NaCl, 5 mM KCl, 1 mM MgSO4,

5.

0.4 mM K2HPO4, 5.5 mM glucose and 20 mM HEPES.
20 mg/mL stock solution of heparin (deaminated sodium salt from porcine intestinal mucosa,

6.
7.

Triton-X100.
Trypsin buffer: 0.05% trypsin (w/v), 0.15 mM EDTA, 1x PBS (pH 7.4).

average molecular weight 5 kDa), in milliQ water.

Live cell FLIM and FCS
1.

Phosphate-buffered saline (pH 7.4).

2.
3.

Live cell nuclear stain (e.g., Hoechst 33342).
Cell culture/imaging medium.

4.

Confocal laser scanning microscope with temperature control and FLIM and FCS functionalities;
we used a beta setup of the Leica SP8 FAst Lifetime CONtrast (FALCON) and FCS system with a
63x 1.2 NA water immersion objective and a single molecule Hybrid detector (SMD HyD).
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Methods
Cell culture and polyplex formation
1.

One day prior to the start of the experiment, seed 1.0-2.5 x 104 cells per well in 8-well ibiTreat
µ-Slides (surface area per well: 100 mm2). Incubate cells at standard conditions, in our case at
37°C with 7.5% CO2 in a humidified incubator.

2.

Form polyplexes of PF14 and Cy5-labeled ASOs (see Note 7) at a nitrogen/phosphate (N/P) ratio

3.

The polyplex concentration should be at least ten times the final concentration used for
incubation with the cells. We generally form polyplexes at a concentration of 9 μM PF14 and

4.

For a ten times dilution, 20 μL of polyplex solution is needed per well of an 8-well ibiTreat µ-

of 3, which corresponds to a molar ratio of 9:1 with the 15-nucleotide ASO that we used.

1 μM ASO (see Notes 8 and 9) to reach a concentration of 100 nM ASO for incubation.
Slide. Pre-dilute the peptide to 18 μM and the Cy5-ASO to 2 μM, both in a volume of 10 μL in
milliQ (see Note 1). Mix both pre-dilutions by flicking the tube.
5.

Take up the entire volume of pre-diluted peptide in one pipette, after pipetting up and down
several times to ensure complete mixing. Do the same for the ASO using another pipette. Then
place both pipette tips together against the wall of a 0.2 mL PCR tube or a 1.5 mL Protein LoBind
tube and expel both solutions simultaneously and quickly (see Note 10).

6.

Collect all polyplex solution at the bottom of the tube by tapping, then allow the polyplexes to
stabilize at room temperature for at least 30 min, but preferably 1 h (see Note 11).

7.

Dilute the polyplex solution to two times the final concentration in a volume of 100 μL per well,

8.

Take the cells from the incubator, replace the medium with 100 μL imaging basal medium
containing 20% serum. Then add the 100 μL of pre-diluted polyplexes. The standard final

9.

Take the cells to the microscope immediately or incubate them with the polyplexes for 24 h
under regular culture conditions.

using polyplex dilution medium (see Note 12).

concentration of serum is 10%.
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Live cell CLSM
For time-lapse imaging (Figure 2; see Note 13)
1.

To enable automated analysis of cell-associated fluorescence, the cytoplasm should be
stained prior to microscopy by incubating for 5-10 min with cell culture medium
containing 2 μM Calcein AM (see Notes 14 and 15).

2.
3.

Take the cells to the microscope and place on the heated stage or temperature chamber.
Individually adjust excitation and emission settings in case the microscope is outfitted with
AOTF and/or AOBS, or select the correct filter sets present in the microscope. We generally
record frame sequential images for which fluorescence is excited at 405 nm (Hoechst),
495 nm (Calcein AM) and 633 nm (Cy5), and emission collected between 410 – 585 nm
(Hoechst), 500 – 772 nm (Calcein-AM) and 650 – 700 nm (Cy5).

4.

Adjust the focus and apply the intensity and gain settings needed to get a good

5.

In each well, select a position and set the correct focal plane. Store each position in the
Mark&Find function in the microscope software. It is also possible to image z-stacks at each

fluorescence signal, taking care to avoid saturation (see Note 16).

position (see Note 17).
6.

Set the imaging interval and time. Generally, we image each position every 10 min over a

7.

For data analysis in FIJI215, sum the z-slices at each time point if z-stacks were acquired.

total time of 2-3 h (see Note 18).
Then make masks of the cells by automatic thresholding on the calcein-AM channel. Use
the analyze particles function to select all cells and add to the ROI manager, or if it is not
possible to distinguish between cells, select all. Apply the ROI selection to the Cy5 channel
and measure all ROIs, yielding at least the mean gray value. Finally plot the increase in cellassociated Cy5 intensity in time.
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Figure 2. Time-lapse CLSM to monitor ASO uptake. Various frames from time-lapse imaging in the presence
of polyplexes. Immortalized human myoblasts were incubated with polyplexes, then imaged using automated
time-lapse CLSM on a Leica TCS SP5 confocal laser scanning microscope. Cells were stained with Calcein-AM,
shown in grays; Cy5-ASOs are shown in red (left panels). An example of the data analysis pipeline for each time
point is shown in the center and right panels. First, thresholding followed by a median filter to smooth the signal
was done on the Calcein-AM channel images (center panels). Then, the Calcein-positive areas were selected and
the Cy5 fluorescence intensity was measured in these areas (right panels). A quantification of the signals is shown
in the graph on the right. From this quantification, it can be derived that during the first hours, ASO uptake
proceeds in an approximately linear fashion.
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Figure 3. Live cell CLSM to assess nuclear localization of ASOs. Representative CLSM image after 24-hour
incubation with polyplexes. Immortalized human myoblasts were washed once with PBS containing Hoechst
33342, followed by live cell CLSM on a Leica TCS SP8 confocal laser scanning microscope. Nuclei are shown in
grays, Cy5-ASOs in red. The workflow to determine the number of Cy5-ASO-positive nuclei is shown: a mask was
created based on the Hoechst 33342 signal (Huang automatic threshold followed by a median filter with a 2pixel radius), followed by selection of the nuclei (particles of at least 50 μm2 added to ROI manager), and finally
the background-subtracted mean of each nucleus was compared with its standard deviation. Nuclei that had a
mean >1 x standard deviation, and were thus marked as Cy5-ASO positive, are indicated by asterisks. We found
that ASO uptake by cells is heterogeneous, leading to measurable nuclear localization in about 35% of the cells.

To assess nuclear localization (Figure 3)
1.

Prior to imaging, wash cells for 5 min with PBS containing 5 μg/mL Hoechst 33342 to stain the
nuclei, then apply fresh medium (see Notes 19 and 20).

2.

Image sequentially in all channels to avoid any bleed through, make z-stacks to image the entire

3.

For data analysis in FIJI:

nuclear volume (see Note 21).
•
•

Take the maximum intensity projection of all acquired z-slices.
Make nuclear masks by automatic thresholding on the Hoechst channel (see Note
22).

•

Use the watershed function to divide nuclei that are lying against each other.

•

Use the analyze particles function to count and select the nuclei, applying a size
threshold to exclude background signal (see Note 23), and add to the ROI manager.

•

Apply the ROI selection to the Cy5 channel and measure all ROIs, yielding at least the
mean gray value and standard deviation for each nucleus.
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FLIM and FCS on solutions and cell lysates
Calibration
Calibrate the system using solutions of free Cy5, Cy5-labeled ASOs and mixtures of the two (e.g.,
10:90, 25:75, 50:50, 75:25 and 90:10, Figure 4A).
1.

Dilute the Cy5 and Cy5-ASOs to a concentration below 100 nM (see Note 25).

2.

Adjust the correction ring of the microscope objective to match the thickness of the
coverslip or culture vessel bottom or to avoid refractive index mismatching (see Notes 26
and 27).

3.

Choose a measurement point in the solution and run FCS Test to set up the laser intensity
(see Notes 28 and 29).

4.

Calibrate the confocal volume using the dye-only solution, which has a known

5.

concentration and diffusion constant.
Perform FCS measurements of the various solutions. Longer measurements and/or a larger
number of repetitions will lead to a more accurate fit (see Note 30). In dye solutions when
bleaching and/or presence of aggregates are not a concern, we preferably measure for at
least 10 min.

6.

Fit the autocorrelation functions using an appropriate model. For Cy5, we use an extended
3D diffusion model with two triplet times (see Note 31) where one triplet time represents
the light-driven cis-trans isomerization212. Determine the diffusion time of the free dye and
the ASO-bound dye separately; globally fit the triplet times, as these are expected to be

7.

the same for free and ASO-bound Cy5.
Fit the lifetime data that has been recorded simultaneously (this is an option for the Leica
FALCON, other instrument configurations may require separate measurements). We
generally use a one-component n-exponential reconvolution model for the pure solutions.
These values are then used as fixed input in a two-component model for the mixtures.

Measurements on polyplex solutions
The lifetimes that were determined in the pure solutions can be used to determine the degree of
quenching in polyplexes (Figure 4A).
1.

Form polyplexes as described above.

2.
3.

Dilute polyplexes in milliQ water so that the Cy5-ASO concentration is below 100 nM.
Record lifetime-resolved fluorescence as described for the pure dye solutions.

4.

Fit the fluorescence lifetime decays using a three-component n-exponential reconvolution
or tail fit model. Fix the two longer lifetime components according to the lifetimes found
for free and ASO-bound Cy5. If repeated measurements were done, use global fitting of
the shortest component between replicate measurements. Determine the amplitudeweighted mean lifetime.
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Measurements on cell lysates
To determine the degree of cleavage of the Cy5 from the Cy5-ASO inside cells, perform FCS
measurements on cell lysates (Figure 4A and 4B, see Note 32).
1.

Incubate cells with polyplexes as described above.

2.

After 24 h, prepare cell lysates:
•

Wash cells twice with HKR buffer containing 100 μg/mL heparin to dissociate and
remove any extracellular polyplexes. After this, trypsinize cells. Then add two
volumes of HKR buffer when all cells have detached and transfer the suspension
to microcentrifuge tubes.

•

Spin down cells at 1,000 x g for 5 min at 4°C; wash the pellet once with HKR buffer
and spin down again.

•

Lyse the cells in 250 μL HKR buffer containing 0.1% (v/v) Triton-X100 for 1 h, with
repeated flicking to ensure complete homogenization. Then transfer 200 μL of

3.

these lysates to an 8-well ibiTreat µ-Slide.
Perform the FCS measurements as described for the pure dye solutions.

4.

Fit the autocorrelation curves using an extended 3D diffusion model with two diffusion
components and two triplet times. Both diffusion times and both triplet times should be
fixed to those derived from the measurements on pure Cy5 and Cy5-ASO solutions.

5.

Fit the fluorescence lifetime decays as described for the polyplex solutions.

Figure 4 [next page]. Lifetime measurements on various samples. A) Fast FLIM histograms from Cy5, Cy5ASOs and various mixtures thereof in solution (shades of blue to red; left y-axis), PF14 polyplexes (gray; left yaxis) and cell lysates from PF14 polyplex-treated myoblasts (gray dashed line; right y-axis). Free Cy5 and Cy5labeled ASOs can be distinguished based on the fluorescence lifetime. The shorter lifetime observed for PF14
polyplexes indicates fluorescence quenching. The lifetime observed in PF14-treated cell lysates indicates that
the majority of the signal derived from intact Cy5-labeled ASOs. B) Relative diffusion amplitudes as determined
by FCS are skewed to Cy5-ASOs in mixtures of Cy5 and Cy5-ASOs. Relative triplet fractions show a roughly linear
relationship, which can be used to infer the amount of free Cy5 in cell lysates. Again, these results show that only
a small fraction of the Cy5 in PF14-treated cell lysates is free, whereas the majority is still bound to ASOs. C) Fast
FLIM image of immortalized human myoblasts treated with polyplexes for 24 h, then washed and imaged using
a Leica TCS SP8 FALCON system. The fitted lifetime components and the images corresponding to the individual
components are shown to the right. The shortest lifetime can be explained by fluorescence quenching in
aggregates and endo/lysosomes. The intermediate lifetime corresponds to the fluorescence lifetime of free Cy5,
whereas the longest lifetime corresponds to the lifetime of Cy5-ASOs.
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Figure 5. Live cell FCS. A) Images of immortalized human myoblasts treated with polyplexes for 24 h, then
washed once with PBS containing Hoechst 33342, followed by live cell CLSM and FCS on a Leica TCS SP8 confocal
laser scanning microscope with FCS functionality. Images were acquired after each cycle of FCS measurements.
The point of interest in the nucleus is indicated by the cross hair. Note that bleaching occurred throughout the
nucleus, and that focal drift caused additional intensity fluctuations between time points. The homogeneous
bleaching indicates that Cy5-ASOs can freely diffuse throughout the nucleus. B) Autocorrelation curve (red) from
the first FCS measurement in the nucleus of the cell shown in A. The fitted data and residuals are shown in gray.
The diffusion amplitude (horizontal black dashed line) can be used to calculate the number of molecules, which
is the inverse of the y-intercept. With a known effective volume, this can then be used to calculate the
concentration of the fluorescently labeled molecules. The diffusion time (τD), which is influenced by the
microenvironment and molecular interactions, can also be derived from the autocorrelation curve, as indicated
by the vertical black dashed line.
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Live cell FLIM and FCS
1.

To perform live cell FLIM and FCS, incubate cells with polyplexes as described above. Use a live
cell nuclear counterstain such as Hoechst 33342 to visualize the nuclei.

2.

To perform FLIM imaging (Figure 4C, see Note 33):
•

Adjust the laser intensity such that the number of photons detected per laser pulse is
around 1 for a SMD HyD detector, or around 0.5 for regular imaging HyD detectors

•

Then record FLIM images at a low scanning speed (we generally use 100 Hz and

(see Note 34).
864x864 pixels at 2x zoom, pixel size 106.8 nm2, for high spatial resolution) and
acquire a number of frames that leads to a high enough photon count for analysis (we
generally accumulate 20 frames for live cell FLIM; see Note 35).
•

After this, fit the lifetime decay curves using an n-exponential reconvolution model
with the number of components that best describes the data. In our hands, a
3-component fit is usually sufficient.

•

As the environment of the fluorophore in various subcellular compartments is
different from the aqueous solution that was used for calibration, the lifetime
components should be fitted in these images instead of using the values obtained in

3.

the calibration.
To perform live cell FCS (Figure 5):
•

Adjust the laser intensity to reach approximately 1/3 of the maximum counts per

•

Then select points of interest, for example in the nucleus, in the cytosol and in an

molecule (see Note 36).
extracellular region (see Note 37).
•

Measure for 5-10 s per point of interest, repeating several times (we generally use five
cycles).

•

Take images before the FCS measurements and after each cycle.

•

Perform bleaching correction and spark filtering to eliminate fluctuations from, for
example, aggregates.

•

Fit the autocorrelation functions as described previously for the cell lysates (see Note
38).

•

By linking the concentrations determined in the FCS measurements with the
fluorescence intensity in the same regions prior to FCS, one can infer the approximate
linear relationship between those values, and thus calculate the subcellular
concentrations for a large number of cells in the same field of view, without having to
perform FCS in every single cell.
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Notes
1.

For polyplex formation, phosphate buffers have a strong adverse effect in our hands. We
therefore dissolve both peptides and ASOs in milliQ water without further adjustment of pH.

2.

The choice of fluorophore will depend on the cost and commercial availability, as well as other
factors (pH sensitivity, size, effect on subcellular localization, brightness, phototoxicity of
excitation light, etc.)211. Advantages of Cy5 are that it is relatively cheap and easy to couple to
ASOs, and that the far-red excitation light has a lower chance of damaging the cells. A
disadvantage is that the phosphodiester bond between the ASO and the dye is not very stable
(although in terms of ASO fate, this property provides information about potential shielding of
ASOs from degradation). In order to obtain information about the molecular environment, the
fluorophore should have different lifetimes in different environments, and it is helpful if
information on such environment-dependent lifetime changes is available in the literature. The
fact that Cy5 shows photo-inducible cis-trans isomerization and also FRET between these
isomers212 can be seen as both an advantage and a disadvantage: the mix of molecular species
that is thus present leads to a complicated spectral profile with multiple lifetime components
as well as multiple dark states, but it also allows to distinguish between free fluorophore and
ASO-coupled fluorophore based on the fluorescence lifetime and triplet/dark state fractions.

3.

For use in cell culture, we recommend using Cy5-ASOs that are purified by HPLC, followed by a
Na+ salt exchange.

4.

To reduce binding of the peptide to the tube walls, we preferably use Protein LoBind tubes or
0.2 mL PCR tubes for peptide solutions and to form polyplexes.

5.

To keep the pH constant, it is advisable to use HEPES-buffered culture medium. Furthermore, if
repeated imaging is done, phototoxicity may be reduced by using medium containing little or
no phenol red.

6.

It is important to use temperature control at the microscope, especially for long-term imaging,
either through use of a temperature chamber or a heated stage.

7.

Preferably form polyplexes on the day of the experiment; if necessary, they can be formed one
day in advance and stored in the fridge until use.

8.

Lyophilized peptides may contain counter ions and residual water, which may account for as
much as 70% of the weight216. Therefore, it is important to measure the peptide concentration.
PF14 contains a tyrosine residue, so the peptide concentration can be derived from the
extinction in spectrophotometric measurements using a molar extinction coefficient of
1200 M-1 cm-1.

9.

It is not possible to form polyplexes at too high concentrations due to aggregation problems.
In our experience, it is possible to form small nanoparticles up to at least 90 µM peptide and
10 µM ASO. Polyplex formation at higher concentrations will likely have to be optimized first,
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for example by including a stabilizing agent such as gelatin and/or sonicating the polyplex
solution.
10. To obtain a small and monodisperse population of polyplexes, it is important to pipette the
peptide and ASOs together at the same time and at quite a high speed, so that rapid mixing
occurs. Larger volumes (hundreds of microliters) are easier to mix fast and uniformly. Polyplex
formation can also be done using microfluidic devices217, provided the mixing is fast enough.
11. After stabilization, polyplex size can be determined using dynamic light scattering (DLS)218.
12. Dilution of polyplexes in serum-containing medium can lead to aggregation. To minimize this
effect, and to avoid high local concentrations of polyplexes in the culture vessel, we pre-dilute
polyplexes in one volume of serum-free medium and add this to the well, which already
contains an equal volume of medium with twice the final concentration of serum. Generally,
we perform polyplex incubations in the presence of 10% serum.
13. For time-lapse imaging for extended periods of time, it is advisable to use a dry objective as
opposed to a water or oil immersion objective, to avoid smearing and evaporation of the
immersion fluid during the experiment, which would result in loss of focus.
14. It is not advisable to use a blue-fluorescent dye such as Hoechst for these extended periods of
time, due to phototoxicity of the UV excitation.
15. When imaging the first hours of uptake of fluorescently labeled ASOs, most of the fluorescence
will at first derive from the culture medium that contains the ASOs. Therefore, it can be
challenging to find the correct focal plane; at this point, cells can be identified as dark objects
close to the coverslip. The use of a cellular stain such as calcein AM can also aid in locating the
cells in a spectrally different channel. Furthermore, such as stain is useful for quantification of
the intracellular fluorescence signal by image processing through generation of cell masks for
image segmentation.
16. After 1-2 h, intracellular fluorescence will exceed the signal in the medium. Therefore, it is
important to set the laser intensity and the gain of the detector at a level where the extracellular
fluorescence signal is well below saturation, but not so low that the early stages of uptake
cannot be seen. As a starting point, a signal of 5-10% of the maximum grey value can be used
(between 12 and 25 for 8-bit acquisition).
17. Allowing the temperature of the entire system to stabilize prior to starting the experiment will
aid in maintaining the correct focal plane. If present, adaptive focus control of the microscope
can also be used to this end. To be sure that the cells do not drift out of focus during the
experiment, we often acquire a few extra z-slices below and above the cells.
18. The frequency of imaging that is necessary will depend on the research question. However, it
is important to bear in mind that imaging at a high frequency will increase the chance of
photobleaching, which is something we have noticed for example when imaging every 10 s. If
a high temporal resolution is required, it is advisable to use very low laser power in combination
with a more sensitive detector, such as a HyD detector.
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19. For live cell imaging of nuclei together with Cy5-labeled ASOs, we use the cell-permeable
nuclear stain Hoechst 33342. It is important to check whether your microscope has a suitable
excitation source and emission filters to image this dye, for example a 405 nm diode laser.
20. We generally assess nuclear ASO localization after 24-h incubation with polyplexes, but longer
incubations or repeated imaging at multiple later time points after washing are also possible.
21. As live cells are imaged, the length of microscopy measurements is limited by the movement
of the cells as well as phototoxicity of the imaging procedure. There is a trade-off between the
number of detected photons and phototoxicity in terms of laser intensity and duration and
frequency of scanning. Furthermore, long pixel dwell times or frequent imaging (for example
once a minute for several hours) at a too high intensity can lead to bleaching of fluorescence.
22. If necessary, subtract background signal using the rolling ball algorithm and/or apply a median
filter prior to thresholding. The Huang algorithm (one of the standard functions implemented
in FIJI) usually performs well for thresholding nuclei.
23. For our cells, a nuclear size threshold from 50 μm2 to 500 μm2 or infinity generally work well.
24. To calculate the background-subtracted mean, it is of course essential to take along cells that
have not been treated with Cy5-labeled ASOs. A high mean and low standard deviation indicate
homogeneous fluorescence throughout the nucleus, whereas a high mean with a high
standard deviation is indicative of high fluorescence signals from cytoplasmic structures that
overlay the nucleus, for example vesicles or mitochondria, or from extracellular aggregates. It
might be necessary to optimize the parameters according to the signal-to-noise ratio in the
experiment, but we generally count as positive those nuclei that have a background-subtracted
mean that is larger than the standard deviation.
25. The optimal fluorophore concentration for FCS measurements is between 0.5 and 10 nM, but
measurements at concentrations up to 100 nM are possible. We generally use concentrations
of around 20 nM in solutions.
26. To get the smallest possible point spread function, it is essential to use a high NA objective and
to match the immersion fluid with the objective. We used a 63x 1.2 NA water immersion
objective.
27. In our case, the objective has a correction ring for coverslip thickness. The correction ring is
adjusted by imaging reflection in xzy mode, using AOBS reflection, no Notch filter and
overlapping excitation and emission wavelengths (for example 488 nm). For the Leica
microscopes, adjustment of these settings is incorporated in the LAS X software workflow. The
optimal correction ring setting is found by locating the reflection from the coverslip to the
sample (the lower band on the screen, as the image is inverted) and turning the correction ring
until the reflection band is as narrow as possible.
28. To identify the optimal laser intensity for FCS, increase the laser intensity stepwise. Doubling
the intensity should lead to approximately twice the count rate and counts per molecule, but
this will reach a plateau due to saturation of the fluorophores, and also bleaching if slowly
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mobile molecules are present. Increase to the maximum counts per molecule, then adjust the
intensity such that 1/3 to 1/2 of the maximum counts per molecule is reached. For intracellular
measurements, at the beginning of a measurement at a given position, the count rate may drop
rapidly due to bleaching of immobile molecules.
29. Do not change the laser intensity between measurements or samples as the counts-permolecule also provide a source of information on environment dependent changes in quantum
yield. Also maintain the measurement point at approximately the same distance from the
coverslip between measurements. We generally measure at 10 μm from the coverslip.
30. As a rule of thumb, the minimal measurement time should be approximately 100x the
diffusional autocorrelation time.
31. For Cy5, we use an extended 3D diffusion model with two triplet states to account for the
additional dark state that is caused by the light-driven cis-trans isomerization, in which the cisisomer has red-shifted absorption and emission spectra212,219.
32. In our hands, the calibration using the various ratios of Cy5 to Cy5-ASO showed that the relative
amplitudes for either component assigned when fitting the autocorrelation curves are skewed
toward the longer diffusional component, which means that a too high fraction of intact Cy5ASO was derived. Therefore, it was not possible to detect small fractions of free dye using the
diffusion time. However, the relative triplet fractions show a linear correlation to the fraction of
free versus ASO-bound dye and can therefore be used to calculate the fraction of free versus
ASO-bound Cy5. This can be explained by the reduced conformational freedom when Cy5 is
bound to the ASO, leading to a lower fraction of cis-isomers in this solution212, which we
described as a triplet component. The fluorescence lifetime can also be used to determine the
fraction of free Cy5 and is based on the same physical phenomenon.
33. It is possible to make z-slices while recording FLIM images. However, due to the duration of
acquisition of such images, live cells are likely to move during the measurements, which will
result in mismatch of the individual slices.
34. If fluorescence bleaching is an issue, especially in dim samples, it might be necessary to set a
laser intensity which leads to collection of less than 1 photon/pulse. Pixel binning can be
applied to increase the photon counts, but this will reduce the spatial resolution of the FLIM
image. For maximum spatial resolution, we generally apply a zoom factor and the number of
pixels that yields a pixel size corresponding to roughly half the maximum xy-resolution with
the used objective.
35. As a rule of thumb, one should aim for peak heights of the overall decay curve of at least 100
photons for a one-component fit; 1,000 photons for a two-component fit; and 10,000 photons
for a three-component fit. In live cell FLIM, movement of the cells and phototoxicity may require
per-pixel count rates lower than these optimum values.
36. In our experience, bleaching occurs extremely rapidly during live cell FCS and cannot be
completely avoided due to the presence of immobile molecules. We have generally performed
55

CHAPTER 2 | ADVANCED FLUORESCENCE IMAGING TO DETERMINE INTRACELLULAR AON FATE

ten-second measurements at 10% laser intensity of the 80 MHz pulsed white light laser with
about 1 mW output per line.
37. Due to enrichment of Cy5-labeled ASOs in cells after uptake, the concentration within the cell
or within the nucleus can be much higher than 100 nM, and is therefore not ideal for FCS
measurements. It is therefore advisable not to choose the brightest cells.
38. For the FALCON system fluorescence lifetime decay curves can also be derived from the
photon-traces recorded for FCS measurements, but the number of photons detected during
FCS is generally lower than preferred for FLIM. Additionally, these measurements record signals
only in the identified confocal volumes, and therefore do not have the spatial resolution offered
by FLIM. The lifetime information can be used to unmix different signals, such as
autofluorescence and specific fluorescence, through fluorescence lifetime correlation
spectroscopy (FLCS)220.
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Abstract
Antisense oligonucleotides (ASOs) are a promising class of therapeutics that are starting to emerge
in the clinic. Determination of intracellular concentrations required for biological effects and
identification of effective delivery vehicles are crucial for understanding the mode-of-action and
required dosing. Here, we investigated which nuclear oligonucleotide concentration is needed for a
therapeutic effect for a triplet repeat-targeting ASO in a muscle cell model of myotonic dystrophy
type 1 (DM1). For cellular delivery, ASOs were complexed into nanoparticles using the cationic cellpenetrating peptides nona-arginine (R9) and PepFect14 (PF14). While both peptides facilitated
uptake, only PF14 led to a dose-dependent correction of disease-typical abnormal splicing. In line
with this observation, time-lapse confocal microscopy demonstrated that only PF14 mediated
translocation of the ASOs to the nucleus, which is the main site of action. Through fluorescence
lifetime imaging, we could distinguish intact oligonucleotide from free fluorophore, showing that
PF14 also shielded the ASOs from degradation. Finally, we employed a combination of live cell
fluorescence correlation spectroscopy and immunofluorescence microscopy and demonstrated
that intranuclear blocking-type oligonucleotide concentrations in the upper nanomolar range were
required to dissolve nuclear MBNL1 foci, a hallmark of DM1. Our findings have important
implications for the clinical use of ASOs in DM1 and provide a basis for further research on other
types of ASOs.
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Introduction
Antisense oligonucleotides (ASOs) are short, synthetic stretches of DNA, RNA or chemical analogs
thereof, that are complementary to a target gene or transcript38. ASOs show high therapeutic
potential and have recently been approved by the FDA for treatment of three neuromuscular
disorders: Duchenne muscular dystrophy, spinal muscular atrophy and hereditary transthyretinmediated amyloidosis39,40. However, delivery of ASOs as therapeutics still poses a challenge for many
other disorders, owing to the high molecular weight and often negative charge. This challenge is
two-fold: first, on the level of systemic distribution and second, with respect to entry and cytosolic
and/or nuclear delivery into target cells200,201.
One disorder for which ASOs provide an option for therapy, but are not yet in clinical use, is myotonic
dystrophy type 1 (DM1), a multisystemic disorder that is caused by a large trinucleotide repeat
expansion in the 3' untranslated region of the DM1 protein kinase (DMPK) gene. It is generally
agreed that much of the molecular pathogenesis of DM1 is due to toxicity of the RNAs that contain
the expanded repeat, an effect that has been termed toxic RNA gain-of-function34. For DM1, several
ASOs have been shown to be effective in vitro as well as in mouse models41,46–48,50,221. By targeting
the expanded repeat in DMPK RNA using ASOs, sequestration of RNA-binding proteins such as
members of the muscleblind-like protein (MBNL) family can be prevented, either through shielding
of the protein-binding sites or by degradation of this stretch of RNA34,222. Nonetheless, translatability
to the patient has proven to be a limiting factor. Present endeavors focus on improving the delivery
of ASOs to cells, as well as targeting the affected organs in vivo.
Cell-penetrating peptides (CPPs) are a widely explored means to enhance the cellular uptake of
oligonucleotides203–205. CPPs are cationic peptides that are capable of inducing the cellular uptake of
molecules that by themselves do not readily enter cells223. With anionic ASOs, CPPs spontaneously
form nanoparticles. Nona-arginine (R9) is a prototypical member of the group of highly cationic
CPPs224,225. One CPP that has shown superior activity in the cellular delivery of oligonucleotides is the
amphipathic peptide PepFect14 (PF14)206. This activity has been attributed to the capacity to induce
endosomal release. Importantly, peptide nanoparticles, including those formed with PF14, have
been reported to be amenable to further functionalization with targeting ligands to tune tissue
biodistribution in vivo226–228.
In order to direct the further development of antisense therapy in DM1, knowledge of the
concentration needed at the intracellular target site to reach a therapeutic effect is crucial229. Here,
we provide this answer by combining CPP-mediated nuclear delivery with advanced quantitative
fluorescence microscopy techniques.
In a human DM1 muscle cell model, we compared uptake of steric blocking-type ASOs in noncovalent charge-driven complexes – polyplexes – formed with R9 or PF14 with the uptake of naked
ASOs, a process called gymnosis230. Only after treatment with PF14-ASO complexes did we observe
dose-dependent splice correction and improved myogenic capacity in DM1 myoblasts. PF14
mediated rapid translocation of Cy5-labeled ASOs to the nucleus in a subset of cells, an effect that
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was not observed for R9 or gymnotic delivery. Furthermore, fluorimetric measurements showed that
the overall Cy5-ASO uptake was much higher in PF14 polyplex-treated cells. Fluorescence lifetime
imaging microscopy (FLIM) further revealed that PF14 protected Cy5-ASOs from degradation.
Finally, using fluorescence correlation spectroscopy (FCS), we directly measured intranuclear
concentrations of intact Cy5-ASOs. By correlating these concentrations with the effect of ASOs on
displacement of MBNL1 from DM1-associated nuclear foci – a hallmark of DM1 pathogenesis231 – we
were able to determine that ASO levels in the upper nanomolar range were required to show an
effect. These insights are pivotal to the further development of drug delivery systems for antisense
therapies, opening up possibilities to tune dosing schemes based on patient characteristics and on
the particular ASO that is used.
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Materials and methods
Cell-penetrating peptides and antisense oligonucleotides
Two cationic cell-penetrating peptides were used in this study. Acetylated nona-arginine (R9) amide,
Ac-RRRRRRRRR-NH2 was synthesized by EMC Microcollections (Tübingen, Germany). The
amphipathic peptide PepFect 14 (PF14) a TP10-based stearylated peptide containing ornithines
with the sequence Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2206, was purchased from PepScan
(Lelystad, Netherlands). In all experiments, we used triplet repeat-targeting ASOs with the sequence
5’-mC*mA*mG*mC*mA*mG*mC*mA*mG*mC*mA*mG*mC*mA*mG-3’ (CAG5; where m=2'-Omethyl and *=phosphorothioate)42. As negative control, an ASO with identical chemical
composition but sequence GAC5 was used. For microscopy and fluorimetry, 5' Cy5-labeled versions
of these ASOs were used. ASOs were synthesized and purified by HPLC followed by a Na+ salt
exchange by Integrated DNA technologies (IDT, Leuven, Belgium).

Cell culture
Immortalized human DM1 myoblasts (DM11 cl5 (CTG)13/2600) were derived from primary myoblasts
obtained from a DM1 patient. As unaffected control cells, immortalized human myoblasts from an
unaffected individual were used (C25 (CTG)5/14). Both cell lines were kindly provided by Dr. D. Furling
and Dr. V. Mouly and described previously180,232. Myoblasts were grown in a 1:1 mix of Skeletal Muscle
Cell Growth Medium (PromoCell, Heidelberg, Germany) with 1x GlutaMAX (Gibco; ThermoFisher
Scientific, Landsmeer, Netherlands) and Ham's F-10 Nutrient Mix with GlutaMAX (Gibco),
supplemented with 20% (v/v) HyClone Bovine Growth Serum Supplemented Calf (GE Healthcare,
South Logan, UT). For differentiation, cells were grown to 100% confluency, after which medium was
replaced with DMEM High Glucose (Gibco) containing 1x GlutaMAX, 10 μg/mL insulin (Sigma; Merck,
Darmstadt, Germany) and 100 μg/mL apo-transferrin (Sigma). All tissue culture vessels were coated
for at least 30 minutes prior to cell seeding with 0.1% gelatin (Sigma G2500) in milliQ. Cells were
incubated at 37°C in humidified incubators with 7.5% CO2.
Two unaffected and three DM1 primary fibroblasts lines were used to validate the uptake and
trafficking of PF14-ASO polyplexes that was observed in myoblasts. Four of these cell lines were
derived in-house more than 25 years ago (WT1 (CTG)5/10, WT2 (CTG)5/12, DM4 (CTG)14/(200-1000) and DM5
(CTG)5/(500-3000)), the third DM1 line was purchased from Corriell laboratories (GM03132 (CTG)5/1700).
Fibroblasts were cultured in DMEM High Glucose (Gibco) containing 1x GlutaMAX and 10% (v/v)
HyClone Bovine Growth Serum Supplemented Calf (GE Healthcare). Cells were incubated at 37°C in
humidified incubators with 7.5% CO2.

Polyplex formation and incubation
Polyplexes were formed at nitrogen (corresponding to the number of positive charges of the
peptides) to phosphate (N/P) ratios of 6 (R9) or 3 (PF14). This corresponds to molar ratios of
peptide:ASO of 10:1 (R9) and 9:1 (PF14). Peptides and ASOs were diluted to 20x the final
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concentration, after which they were mixed by simultaneously pipetting them against the wall of a
PCR tube with the pipette tips in close contact. Polyplexes were then allowed to stabilize at room
temperature for approximately 1 hour.
For incubation with cells, polyplexes, peptides and naked ASOs were pre-diluted to 2x the final
concentration in serum-free Ham's F-10 Nutrient Mix (Gibco). Medium on cells was replaced with
half the final volume Skeletal Muscle Cell Growth Medium (PromoCell) supplemented with 1x
GlutaMAX (Gibco) and 20% (v/v) HyClone Bovine Growth Serum Supplemented Calf (GE Healthcare).
To this, an equal volume of pre-diluted polyplexes in serum-free Ham's F-10 Nutrient Mix was added.
After 24 hours incubation, cells were washed once with PBS, after which fresh proliferation medium
was applied.

RNA isolation and RT-PCR
RNA was isolated from 6-well plates at 48 hours after the start of incubation with ASOs or polyplexes
using the Aurum total RNA mini kit (Bio-Rad, Veenendaal, Netherlands), according to the
manufacturer's instructions. As an additional step to ensure shearing of genomic DNA, lysates were
pulled through a 0.5 mm syringe 15 times prior to the addition of ethanol. In general, 500 ng RNA
(or the maximum volume of 15 µL in case of low RNA yield) was used for cDNA synthesis using the
iScript cDNA synthesis kit (Bio-Rad), which contains a mix of random hexamer and oligo(dT) primers,
according to the manufacturer's instructions.
To assess alternative splicing, PCRs were performed using Q5 High-Fidelity DNA Polymerase (New
England BioLabs, Leiden, Netherlands). The following primers were used: DMD e77 F 5'TTAGAGGAGGTGATGGAGCA-3' and DMD e79 R 5'-GATACTAAGGACTCCATCGC-3' (annealing
temperature 66°C;); MBNL1 e4 F 5'-GGCTGCCCAATACCAGGTCA-3' and MBNL1 e8 R 5'CTTGTGGCTAGTCAGATGTTCGG-3' (annealing temperature 69°C). PCR mixes consisted of 1x Q5
reaction buffer, 0.2 mM dNTPS (Invitrogen), 0.5 μM of forward and reverse primer each, 0.4 U Q5
High-Fidelity DNA polymerase and 2 μL 10x diluted cDNA in a total volume of 20 μL. The following
program was run on the T100 Thermal Cycler (Bio-Rad): 3' 98°C, 35x (10" 98°C, 20" 66/69°C, 20" 72°C),
10' 72°C, ∞ 4°C. PCR products were analyzed on the QIAxcel Advanced capillary electrophoresis
system (QIAGEN, Venlo, Netherlands) using the DNA High Resolution Kit, along with the 15-600 bp
alignment marker and 25-500 bp size marker.

Live cell confocal microscopy
For microscopy, cells were seeded at 2.5x104 cells per well in 8-well ibiTreat µ-Slides (Ibidi,
Martinsried, Germany). Polyplexes were prediluted in serum- and phenol-red free Ham's F-10
medium (Biochrom, Cambridge, UK) containing 10 mM HEPES (Gibco). To visualize the cytoplasm,
cells were pretreated with 1 μM calcein-AM. After 24 hours incubation, cells were washed for 5
minutes with PBS containing 5 μg/mL Hoechst 33342 (Invitrogen; Merck, Darmstadt, Germany) to
stain the nuclei. Live cell confocal microscopy was then performed using the Leica TCS SP8 at 37°C
(Leica Microsystems, Wetzlar, Germany). Using a 40x 0.85 NA dry objective, frame sequential images
were obtained for which fluorescence was excited at 405 nm (Hoechst), 495 nm (Calcein-AM) and
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649 nm (Cy5), and emission collected between 410 – 585 nm (Hoechst), 500 – 772 nm (Calcein-AM)
and 654 – 779 nm (Cy5).
To monitor the initial two and a half hours of uptake, automated time-resolved live cell confocal
microscopy was performed on a Leica TCS SP5 at 37°C (Leica Microsystems), using the mark & find
option and making z-stacks. Polyplexes were prediluted in serum- and phenol-red free Ham's F-10
medium (Biochrom, Cambridge, UK) containing 10 mM HEPES (Gibco). To visualize the cytoplasm,
cells were pretreated with 1 μM calcein-AM. Imaging was started at 20-30 minutes after adding the
polyplexes and one image per well was taken every 10 minutes for 2 hours. Images were obtained
using a 40x 0.75 NA dry objective; Calcein-AM was excited at 488 nm, Cy5 using a 633 laser and
emission light was collected between 500 and 550 nm (Calcein-AM) and 645 – 743 nm (Cy5) using
PMT detectors.
To assess long-term retention of Cy5 fluorescence, cells were imaged on days 2, 4 and 6 after the
first 24 hours of uptake using the Leica TCS SP8 at 37°C (Leica Microsystems). Using a 40x 0.85 NA
dry objective, frame sequential images were obtained for which fluorescence was excited at 405 nm
(Hoechst), 495 nm (Calcein-AM) and 649 nm (Cy5), and emission collected between 410 – 585 nm
(Hoechst), 500 – 772 nm (Calcein-AM) and 654 – 779 nm (Cy5). Prior to each imaging session, cells
were washed for 5 minutes with PBS containing 5 μg/mL Hoechst 33342 (Invitrogen) to stain the
nuclei. When cells reached 100% confluency, the medium was replaced with differentiation media.
Colocalization was assessed with FAM-labeled CAG7 ASOs, with otherwise identical chemical
composition to the CAG5 ASOs. Polyplexes were made separately with each ASO, and then mixed
prior to addition to the cells. Using a 63x 1.2 NA water immersion objective on a Leica TCS SP8, frame
sequential images were obtained for which fluorescence was excited sequentially at 405 nm
(Hoechst) and 561 nm (MitoTracker); and 488 nm (FAM) and 633 nm (Cy5), and emission collected
sequentially between 410 – 512 nm (PMT; Hoechst) and 570 – 630 nm (PMT; MitoTracker); and 501
– 544 nm (HyD; FAM) and 659 – 700 nm (HyD; Cy5).

Immunofluorescence assays
To assess differentiation, cells were fixed after five days of culture in differentiation medium using
2% paraformaldehyde (Sigma) in 0.1 M phosphate buffer pH 7.4. Cells were washed three times with
PBS, then blocked and permeabilized for at least 30 minutes using a blocking buffer consisting of
0.1% Triton-X100 (Sigma), 0.1% glycine (Merck) and 5% heat-inactivated goat serum (Gibco) in PBS.
After this, cells were incubated overnight at 4°C with 1:10 diluted MF20 monoclonal antibody
against myosin heavy chain (MHC; Developmental Studies Hybridoma Bank, Iowa City, IA) in
blocking buffer. After washing three times with PBS, cells were incubated for 1 hour with secondary
goat-anti-mouse-AF488 (2 μg/mL; Invitrogen), acti-stain 555 phalloidin (28 nM; Cytoskeleton,
Denver, CO) and DAPI (1 μg/mL; Sigma). Finally, cells were washed three times with PBS, followed
by imaging on a Leica DMI6000B automated high-content microscope. Images were taken using a
20x 0.50 NA dry objective, with band pass excitation filters 350/50 (DAPI), 490/20 (AF488), 555/25
(acti-stain 555) and 645/30 (Cy5) and band pass emission filters 455/50 (DAPI), 525/36 (AF488),
605/52 (acti-stain 555) and 705/72 (Cy5).
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Immunofluorescence assays to detect biotin-labeled CAG7 ASOs were performed likewise. Fixed and
permeabilized cells were incubated for 30 minutes with AlexaFluor488-labeled streptavidin (2
μg/mL, Invitrogen) and imaged immediately. Cells were imaged by frame sequential scanning on
the Leica SP8 confocal microscope using a 63x 1.2 NA water immersion objective, exciting
fluorescence at 405 nm, 488 nm, 561 nm and 633 nm and collecting emission light at 410-512 nm
(PMT; DAPI), 504-606 nm (HyD; AF488), 583-640 (PMT; MitoTracker Red) and 650-700 nm (HyD; Cy5).
To assess localization of MBNL1 in nuclear foci, cells were fixed 48 hours after start of incubation with
ASOs using 2% paraformaldehyde (Sigma) in 0.1 M phosphate buffer for 15 minutes at room
temperature. Cells were then washed three times with ice-cold ethanol and optionally stored in
ethanol at 4°C until further use. Cells were post-fixed using a 1:1 mixture of ice-cold acetone and
methanol, then washed three times with PBS, and blocked for one hour using a blocking buffer
consisting of 0.1% Triton-X100 (v/v) (Sigma), 0.1% glycine (Merck) and 3% bovine serum albumin
(Sigma A9647) in PBS. After this, cells were incubated overnight at 4°C with 1:10 diluted MB1a (4A8)
monoclonal antibody against MBNL1 (Developmental Studies Hybridoma Bank) in blocking buffer
without Triton-X100. After washing three times with PBS, cells were incubated for 1 hour with
secondary goat-anti-mouse-AF488 (2 μg/mL; Invitrogen) and DAPI (1 μg/mL; Sigma). Finally, cells
were washed three times with PBS, then imaged within one week on a Zeiss LSM880 confocal
microscope using a 63x 1.4 NA oil immersion objective (Zeiss, Oberkochen, Germany). Frame
sequential images were obtained in which fluorescence was excited at 405 nm (DAPI), 488 nm
(AlexaFluor 488) and 633 nm (Cy5) and emission light collected between 410-508 nm (DAPI), 493630 nm (AF488) and 638-759 nm (Cy5).

Fluorescence activated cell sorting-based enrichment of cells with
positive nuclei
To enrich for cells containing a positive nucleus, fluorescence activated cell sorting (FACS) was
performed. One day prior to ASO treatment, 1x106 DM11 myoblasts were seeded in a gelatin-coated
10 cm dish. Cells were treated with PF14/Cy5-CAG5 polyplexes for 24 hours at a final ASO
concentration of 100 nM. Then, cells were washed once with PBS, trypsinized and sorted into two
fractions (low and high Cy5-intensity) by FACS. Fractions were seeded in two wells of a gelatincoated 6-well plate each and cultured for an additional 24 hours. Cells were imaged on a Leica SP5
confocal laser scanning microscope using a 20x 0.5 NA dry objective, exciting fluorescence at 633
nm and collecting emission light at 643-714 nm to quantify the fraction of Cy5-positive nuclei. To
assess alternative splicing, RNA was subsequently isolated from these cells, cDNA was synthesized
and PCRs for MBNL1 e5+e7 and DMD e78 were performed, all as described above.

Fluorescence lifetime imaging microscopy (FLIM) and fluorescence
correlation spectroscopy (FCS)
FLIM and FCS were performed on a beta setup of the Leica SP8 FAst Lifetime CONtrast (FALCON) and
FCS system using a 63x 1.2 NA water immersion objective. For FLIM measurements of polyplexes,
polyplexes were formed and diluted in water. FLIM measurements were done by accumulating 20
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frames at 400 Hz scan rate and 512x512 pixels resolution. For live cell experiments, cells were
incubated for 24 hours with polyplexes, then washed once with PBS. Prior to imaging, cells were
washed for 5 minutes with PBS containing 5 μg/mL Hoechst 33342 (Invitrogen) to stain the nuclei.
To visualize colocalization with different subcellular compartments, cells were incubated with 100
nM LysoTracker Green DND-26 (Invitrogen) to stain acidic vesicles and 100 nM MitoTracker Red
CMXRos (Invitrogen) to stain mitochondria, after which confocal images and FLIM images were
recorded (10 frames were accumulated at a scan speed of 100 Hz and 1024x1024 pixel resolution).
Channels were scanned sequentially. Fluorescence was excited at 405 nm using a diode laser and at
488 nm, 561 nm, and 633 nm with a pulsed white light laser with Notch filters, and fluorescence
detected at 410 – 484 nm (PMT; Hoechst), 493 – 577 nm (HyD; LysoTracker Green), 578 – 634 nm
(PMT; MitoTracker Red) and 650 – 700 nm (HyD; Cy5).
For FCS measurements, cells were treated for 24 hours with polyplexes, then washed with PBS and
treated with Hoechst as described above. Using a 63x 1.2 NA water immersion objective, overview
images were taken at 0.75x zoom, after which cells that showed homogeneous nuclear Cy5-staining
were imaged at 5x zoom. For each cell for which autocorrelation functions were acquired, three
points of interest were defined: one in the nucleus, one in the cytosol and one outside the cell.
Fluorescence was detected using a HyD single molecule detector (HyD SMD). Consecutive
measurements of ten seconds were performed in each of the three points of interest, with an image
taken at the end of these three measurements. This cycle was repeated five times for each cell.

Fluorimetry on cell lysates
For fluorescence measurements on cell lysates, a slightly modified version of the protocol described
by Ezzat et al. (2011) was used206. Cells were washed twice with HEPES-buffered Krebs Ringer (HKR)
buffer (135 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.4 mM K2HPO4, 5.5 mM glucose and 20 mM HEPES;
pH 7.4) containing 100 μg/mL heparin (Sigma) to dissociate and remove any extracellular
polyplexes. Cells were then trypsinized using 0.05% trypsin (v/v; Gibco) and 0.15 mM EDTA
(Invitrogen) in PBS. Two volumes of HKR buffer were added when all cells had detached, after which
the cell suspension was transferred to microcentrifuge tubes. Cells were spun down at 1,000 x g for
5 minutes at 4°C, after which the pellet was washed once and cells were spun down again. Finally,
cells were lysed in 250 μL HKR buffer containing 0.1% Triton-X100 (Sigma) for 1 hour, with repeated
flicking to ensure complete homogenization. 200 μL of these lysates were transferred to a black 96well cell culture microplate (CellStar; Greiner Bio-One, Alphen a/d Rijn, Netherlands) and
fluorescence was measured on a Tecan Spark Magellan plate reader (Tecan, Männedorf, Switzerland)
at ex/em 629/676 (band width 20 nm).

Data analysis and statistics
All statistics were performed using GraphPad Prism software (GraphPad Software, La Jolla, CA). All
data shown in graphs are from three independent experiments and represent the mean ± standard
error of the mean (SEM), unless otherwise specified.
To determine the relative abundance of the different splice isoforms from the RT-PCR, the peak
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calling function of the QIAxcel ScreenGel software (Qiagen) was used. The molarity of the largest
isoform (including the alternatively spliced exon(s)) was divided by the sum of the molarities of all
the isoforms and expressed as a percentage. A two-way ANOVA was performed to test whether there
was a difference between R9 and PF14, with Bonferroni posttests for pairwise comparisons of the
various polyplex concentrations.
For the fluorimetric measurements, background values from non-treated cells were subtracted, after
which the mean fluorescence intensity of the technical replicates was averaged and normalized to
the mean fluorescence intensity of naked ASO-treated cells. A one-way ANOVA was performed to
test whether there was a treatment effect based on three independent experiments.
Microscopy images were analyzed using FIJI215 (see Supplemental Materials and Methods). Briefly,
maximum intensity projections were obtained from confocal slices. Myogenic capacity was assessed
by quantifying the number of nuclei in differentiated cells (myosin heavy chain-positive areas)
divided by the total number of nuclei. Nuclear masks were made based on the DAPI staining, and
masks of differentiated cells based on the myosin heavy chain staining. The number of nuclei within
MHC-positive regions was counted. As large amounts of nuclei within a small area could not be
automatically distinguished, nuclei in DAPI-positive areas exceeding 300 µm2 were counted
manually.
To determine the fraction of cells containing a Cy5-positive nucleus, nuclear masks were made
based on the Hoechst staining. Cy5 fluorescence intensity and standard deviation were measured
for each nucleus in the field of view. Positive nuclei were counted as those that had a mean
fluorescence intensity that was larger than the standard deviation in that area. Thus, areas that
showed highly fluorescent spots from other focal planes than the nucleus were distinguished from
those nuclei that had a homogeneous fluorescence distribution. For each of the three independent
uptake experiments, between 57 and 103 nuclei were measured (NT control 38-48). A one-way
ANOVA was performed to test whether there was a treatment effect.
To determine the fraction of Cy5-positive nuclei after FACS sorting, the percentage of positive nuclei
was scored manually, counting those cells that showed homogeneous nuclear fluorescence. Mean
fluorescence intensity in Cy5-positive areas was determined by automatic thresholding (Triangle
method), smoothing by a median filter (1.0-pixel radius) and subsequently measuring the
fluorescence intensity within the masked area. Between 147 and 352 cells were counted in each well.
Paired t-tests were performed to test for significant differences between the low and high fractions.
Alternative splicing was analyzed as described above. The correlation between the percentage of
positive nuclei and exon inclusion was fitted by linear regression and tested for significant deviation
from 0 by unpaired t-tests.
Analysis of the FLIM and FCS data was performed in the LAS X software package (Leica
Microsystems). For polyplexes in solution, lifetimes were fitted from an automatically determined
offset to 7.5 ns with a 3-component exponential tail fit function. Lifetime 1 was fitted (freely for single
measurements or global fit for repeated measurements), while lifetimes 2 and 3 were fixed to 0.687
and 1.753 ns based on previous measurements on Cy5-ASOs233. Amplitude-weighted means were
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derived from the fitted data and a one-way ANOVA was performed to test for differences between
the groups. For live cells, FLIM data was fitted using a 3-component exponential reconvolution
model, using global fitting of the lifetime components between replicate measurements. FLIM
image fitting was then done, fitting those pixels that exceeded a threshold of 20 counts. FCS
autocorrelation functions were fitted using an extended 3D-diffusional model with a single
diffusional component and two fixed triplet times that were determined in measurements on pure
Cy5- and Cy5-ASO solutions233. Mean nuclear intensities in the overview images were measured and
background-corrected by subtracting the mean nuclear intensity from non-treated cells. These
intensity values were then correlated to Cy5 concentrations measured by FCS using a linear
regression model. The slope of this regression function was used to calculate the intranuclear Cy5
concentrations for the remaining cells in the overview. The different treatment concentrations were
compared with a Kruskal-Wallis test with Dunn's multiple comparison posttest. Nuclear Cy5
fluorescence after fixation was likewise measured and corrected for background fluorescence. As
the nuclear fluorescence distributions were skewed to the right, intensities before and after fixation
were log transformed. A linear regression was performed for the median intensity before fixation
and after fixation, and this equation was used to calculate the inferred nuclear concentrations
corresponding to the fluorescence intensity after fixation. The slope was determined for each of the
biological replicates (Figure S8).
Nuclear MBNL1 foci were counted using the Find Maxima function in FIJI (Figure S9). Briefly, nuclear
masks were made and for each nucleus, the number of maxima was counted using an optimized
noise tolerance. For each concentration and biological replicate, between 7 and 57 cells were
analyzed. Log transformed inferred nuclear ASO concentrations with corresponding numbers of
MBNL1 foci from both biological replicates were pooled and analyzed using a one-site inhibitory
dose response curve to determine the log IC50 (total of 48-95 cells per treatment condition). To deal
with the large variation inherent to this type of data, constraints were used in the model. The curve
was forced to converge to zero and the logIC50 equal for the three treatment concentrations.
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Results
PF14 facilitates therapeutic ASO activity in DM1 myoblasts
The general capacity of ASOs to eliminate toxic transcripts and restore alternative splicing in
myotonic dystrophy has been shown in previous studies41,46. To further advance this research
towards therapy, strategies for efficient targeting and endosomal release are required. We here
explored ASO delivery through complexation with cell-penetrating peptides. We used the shortest
repeat-targeting ASO that we previously found to be active in DM1 cells – a 15-nucleotide fully 2’-

O-methyl and phosphorothioate modified oligonucleotide42, which we will refer to as CAG5.
Cells were incubated with naked ASOs or with polyplexes formed by the charge-driven non-covalent
association of ASO and the cell-penetrating peptides R9 or PF14. As negative controls, PF14
polyplexes containing the control ASO GAC5, peptide only and untreated DM1 myoblasts were
used. Untreated myoblasts from an unaffected control (C25) were used as a reference for correct
alternative splicing of MBNL1 and DMD, two transcripts that are known to be misspliced in DM1234.
We deliberately chose to investigate splicing as a specific downstream effect, as the ASOs that we
used are of the steric blocking type. It is known that steric blocking ASOs may induce RNase Hindependent downregulation of repeat RNA, but the therapeutic effect of this ASO type is thought
to be largely mediated by displacement of MBNL1 protein42,46.
An overview of the experimental set-up is shown in Figure 1A. Myoblasts were incubated for 24
hours with polyplexes, ASOs or peptides (labeled as 0 µM ASO in the graphs), followed by 24 hours
recovery, after which RNA was isolated from the cells and used to determine the splicing patterns of

MBNL1 exons 5 and 7 and DMD exon 78 (Figure 1B). A clear and significant difference between R9
polyplexes and PF14 polyplexes was observed for MBNL1 (p=0.0011) as well as DMD (p<0.0001).
Only PF14 polyplexes restored the splice pattern towards that of unaffected controls, while R9
polyplexes were without effect. Additionally, the effect that was facilitated by PF14 polyplexes was
dose-dependent.
Next, we determined whether treatment with polyplexes also led to improved myogenic
differentiation. Myoblasts were treated for 24 hours, then washed and allowed to grow to 100%
confluency. At this point, differentiation medium was applied and after five days the differentiation
potential was assessed by an immunofluorescence assay for the differentiation marker myosin
heavy chain (Figure 1C). After treatment with the lowest concentration of PF14 polyplexes (0.1 μM
ASO), cells differentiated into wider and longer myotubes that contained large clusters of nuclei,
which is indicative of increased myogenic capacity. Higher concentrations of PF14 polyplexes (0.2
and 1 μM ASO) led to reduced cell viability, so that cells did not reach 100% confluency by the time
they were switched to differentiation media, and concomitantly this led to less efficient
differentiation (data not shown).
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Figure 1. PF14-mediated ASO delivery leads to splice correction and enhanced myogenic capacity in DM1
myoblasts, whereas R9-mediated delivery and gymnosis show no effect. A) Overview of the experimental
set-up. B) Inclusion of MBNL1 exons 5 and 7 and DMD exon 78 as a result of alternative splicing (see Figure S1 for
representative gel images). Final concentration of 0 µM ASO received peptide only, at the same concentration as
the highest polyplex dose (i.e., 10 µM R9 or 9 µM PF14). Note that for MBNL1, unaffected cells have less exon
inclusion, whereas for DMD, the opposite is true. Data from three independent experiments are represented as
mean ± SEM. A two-way ANOVA was used to compare the effect of R9 and PF14 polyplexes. Significance values
shown in the graphs were calculated using Bonferroni posttests between rows (concentration). *p<0.05;
**p<0.01; ***p<0.001 C) Myogenic capacity after ASO treatment. Green: myosin heavy chain, a marker of muscle
differentiation. Blue: DAPI nuclear counterstain. Representative images from two to four independent
experiments are shown, including the percentage of nuclei in MHC-positive regions for these conditions (mean
± SEM).

PF14 increases ASO uptake and translocation to the nucleus
Because of the striking differences in efficacy that we observed between PF14 and R9 polyplexes
and naked ASOs, we next investigated whether these could be explained by differences in uptake
kinetics, uptake efficiency and/or intracellular trafficking. To this end, uptake of Cy5-labeled CAG5
ASOs in R9 or PF14 polyplexes or via gymnosis was investigated during the first two and a half hours
of delivery by automated time-resolved confocal microscopy (see Supplemental Videos). The Cy5ASO-containing culture media strongly differed in fluorescence intensity, with PF14 polyplexes
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Figure 2. PF14 leads to nuclear localization of ASOs in a large fraction of cells, as well as a higher total
amount of internalized ASOs after 24 hours. DM1 myoblasts were incubated with polyplexes or naked Cy5labeled ASOs for 24 hours (final ASO concentration 0.1 μM), then washed and imaged (A and B) or lysed and used
for fluorimetry (C). A) Representative images of intracellular Cy5 distribution after 24 hours incubation (top panel;
see also Figures S2, S3 and S4). Hoechst was used as a nuclear counterstain (bottom panel). Nuclei that were
scored positive are indicated with arrows. B) The percentage of positive nuclei as determined by image
processing (see Materials and Methods). C) Cy5 fluorescence in cell lysates as determined by fluorimetry,
normalized to naked Cy5-labeled ASO. One-way ANOVA was performed to test for differences between
conditions. Data from three independent experiments are represented as mean ± SEM. Significance values
shown in graphs from Tukey's Multiple Comparison Posttest. **p<0.01; ***p<0.001.

showing the lowest Cy5 intensity, indicative of different degrees of fluorescence quenching in the
R9 and PF14 polyplexes, which we and others have observed before (Van Asbeck et al. in
preparation)235. For all three delivery methods, we observed Cy5 fluorescence in vesicles as well as
in structures reminiscent of mitochondria, which has been described before for Cy5-labeled
oligonucleotides236–238.
Intriguingly, for PF14 polyplexes, we additionally observed rapid uptake and subsequent
homogeneous distribution of Cy5 fluorescence in the cytoplasm and in the nucleus in a subset of
cells within 24 hours. We never observed this effect for ASOs delivered with R9 or via gymnosis. The
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differences in subcellular localization that were observed after short-term incubation were also
visible after 24 hours incubation. At this time point, between 25 and 45% of DM1 myoblasts treated
with PF14 polyplexes showed homogeneous nuclear Cy5 fluorescence, indicating presence of ASOs
in this cellular compartment (Figure 2A). This fraction of positive nuclei was significantly above the
values obtained for the other two conditions (Figure 2B; p=0.0004). Similar subcellular ASO
distributions were observed in control myoblasts, as well as in fibroblasts from DM1 patients and
unaffected controls, excluding a cell type-specific or disease-associated effect (Figure S2).
Interestingly, the subcellular Cy5 localization was very stable, persisting up to at least one week after
the initial 24 hours of polyplex incubation (Figure S3). With respect to total cell-associated
fluorescence, there was no significant difference between polyplexes and naked ASOs (Figure S4).
However, because the differences in fluorescence intensities in the culture medium had already
suggested the occurrence of quenching, we also measured Cy5 fluorescence in cell lysates.
Remarkably, the Cy5 signal in lysates from PF14 polyplex-treated cells was more than 10 times
higher than in lysates from cells treated with R9 polyplexes or naked ASOs (Figure 2C; p=0.0006).

Fluorescence lifetime imaging confirms the integrity of the
intranuclear Cy5-ASOs
With confocal imaging, oligonucleotide-bound fluorophores cannot be discriminated from free
fluorophores. In contrast, fluorescence lifetime imaging (FLIM) can provide this information as the
fluorescence lifetime of Cy5 is environment dependent. Conjugation to oligonucleotides as well as
association with proteins increases the fluorescence lifetime of Cy5213,239. In addition, fluorescence
quenching also decreases the lifetime of the fluorophore. FLIM therefore also provided the means
to cross-validate the presence of quenching in living cells.
In solution, PF14 polyplexes had a reduced average fluorescence lifetime compared to R9 polyplexes
and naked Cy5-ASOs, confirming quenching of fluorescence (Figure 3A; p=0.0098). In live cells
treated for 24 hours with PF14 polyplexes at a final ASO concentration of 0.1 µM, various subcellular
Cy5 localizations could be distinguished (Figure 3B), which corresponded to three lifetime
components (Figure 3C). The longest fluorescence lifetime of roughly 2.2 ns likely represented intact
Cy5-ASO and this corresponded to vesicles as well as the homogeneous nuclear and cytoplasmic
distribution of fluorescence. The mitochondrial staining that we confirmed through MitoTracker costaining corresponded to an intermediate lifetime of about 1.4 ns and we hypothesize that this
fraction is free Cy5. We combined Cy5-labeled with biotin- and FAM-labeled ASOs and observed that
there is colocalization only in the nuclei and vesicular structures (Figure S5), providing further
support for the notion that the mitochondrial localization is Cy5-specific. Finally, we performed FCS
measurements on cell lysates to approximate the fractions of free and ASO-bound Cy5. FCS derives
information on molecular size and concentration from time-resolved fluctuations of fluorescence
caused by diffusion of fluorescently labeled molecules through a confocal detection volume240.
Thus, we observed a higher fraction of intact Cy5-ASOs in lysates from PF14-treated cells (data not
shown). The shortest lifetime of approximately 0.6 ns was observed in vesicular structures that
overlapped with LysoTracker staining. This indicated that, indeed, fluorescence quenching occurred
inside cells, particularly in acidic vesicles.
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Figure 3. FLIM measurements reveal fluorescence quenching in polyplexes and intracellular vesicles, and
define distinct subcellular ASO fractions. A) Mean lifetime of polyplexes and naked Cy5-ASOs in aqueous
solution (data from three independent experiments, represented as mean ± SEM). One-way ANOVA was
performed to test for differences between conditions. Significance values shown in graphs are from Tukey's
Multiple Comparison Posttest. *p<0.05; ***p<0.001. B) Representative intensity image of DM1 myoblasts after
24 hours uptake of PF14 polyplexes. C) Co-stainings of acidic vesicles by LysoTracker, mitochondria by
MitoTracker and nuclei by Hoechst (top row) and lifetime-separated images obtained by fitting of the image in
panel B (bottom row). See also Figure S5.
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The presence of both oligonucleotide-bound and free Cy5 also provided an understanding of why
high cell-associated fluorescence was not related to activity in all cases. In case of R9-delivered and
naked ASOs, most of the cellular fluorescence originated from mitochondrial fluorescence,
reflecting degradation products. Retention of cleaved ASOs in endo/lysosomal compartments
would explain the lack of biological response to the ASOs for these delivery methods. We therefore
propose that degradation occurred inside endo/lysosomes, followed by release of only the dye into
the cytosol. PF14 polyplexes, on the other hand, appeared to protect the Cy5-ASO from degradation,
inducing endosomal release of the intact Cy5-ASO and trafficking to the nucleus which fully
supports the functional data that we obtained.

Nuclear ASO concentration correlates with antisense efficacy
Since we knew that a substantial amount of intact Cy5-ASOs from the PF14 polyplexes was trafficked
to the nucleus – their main site of action – we finally investigated which intranuclear ASO
concentration was necessary to achieve a therapeutic effect. We first confirmed that splice
correction correlated with the fraction of cells in the sample that contained positive nuclei (Figure
S6). Then, we measured nuclear Cy5-ASO concentrations by FCS in live cells. From overview images
(Figure 4A), cells with homogeneous nuclear fluorescence were selected and used for FCS
measurements (Figure 4B). For each cell, five cycles of ten-second measurements were conducted
at three different locations – inside the nucleus, in the cytoplasm and outside the cell. After each
cycle, a confocal image was acquired. We observed that there was a homogeneous reduction of
fluorescence throughout the nucleus, indicating that recovery of fluorescence occurred within 2030 seconds and that the majority of Cy5 in the nucleus could freely diffuse (Figure S7).
We determined the concentration of Cy5 in the nucleus from the amplitude of the FCS
autocorrelation functions of the first measurements, and correlated this to the nuclear Cy5 intensity
measured in the overview images (Figures 4C and S7B). We used this correlation to calculate the
nuclear concentrations of all cells in the overview image and found concentrations ranging from 0
to 10 μM (Figure 4D). Due to the heterogeneity in uptake efficiency and endosomal release in the
cell population, the distributions of nuclear fluorescence intensities overlapped for the three
different ASO concentrations.
To relate ASO concentration to biological activity, we fixed the cells and stained for MBNL1 protein
using a specific antibody, as the presence of repeat-binding ASOs should lead to displacement of
MBNL1 from nuclear foci. Although not identical, the distributions of Cy5 fluorescence intensities
before and after fixation were quite consistent, allowing us to infer ASO concentrations from the
intensities after fixation (Figure S8). As expected, the mean nuclear fluorescence intensity decreased
with decreasing treatment concentrations. The IC50, however, was not significantly different
between the three models. Despite the considerable scatter caused by inherent cell-to-cell
variability, the average number of MBNL1 foci per nucleus clearly decreased with intranuclear ASO
concentration. Based on the global fit of all data points, the estimated IC50 was 340 ± 200 nM (Figures
4E and S9).
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Figure 4. The nuclear ASO concentration correlates with the number of MBNL1 foci. A) Representative
overview image of myoblasts treated with PF14/CAG5 polyplexes (100 nM) for 24 hours. B) 5x zoomed image
prior to FCS. The cross indicates the position selected for FCS in the nucleus. C) Corresponding autocorrelation
function with standard deviation (purple) fitted (gray) with a 3D diffusional model with one diffusional
component and two fixed triplet times and the residuals of the fit (bottom graph). D) Nuclear Cy5-ASO
concentration after treatment with different concentrations of polyplexes, as calculated from the factor
determined by FCS measurements and intensity overview images. Median with interquartile range is shown for
pooled data from two independent experiments. A Kruskal-Wallis test with Dunn's multiple comparison posttest
was done to compare the different treatment concentrations. ***p<0.001 [continued on next page]
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Thus, nuclear ASO concentrations in the upper nanomolar range are effective to block MBNL1
binding to the expanded CUG repeat in this DM1 muscle cell model. The DM1 myoblasts contained
on average three foci, which we assume to represent one expanded DMPK transcript each on the
basis of previous findings of our group241. Combined with the repeat length of (CUG)2600, this
presents an average of 1560 potential binding sites per cell for the CAG5 ASO. From our microscopy
images, we calculated that the mean nuclear volume was approximately 1000 fL, translating the IC50
into approximately 200,000 molecules per nucleus, which roughly corresponds to a 130:1 ratio of
ASO to ASO-binding sites.

E) Number of nuclear MBNL1 foci as a function of inferred intranuclear ASO concentration. Data was fitted using
a one-site inhibitory dose-response curve. Different treatment concentrations are indicated by black squares
(100 nM), dark gray open diamonds (50 nM) and light gray crosses (25 nM), respectively. Data from two
independent experiments was pooled. The inset shows the mean inferred nuclear concentration (± SEM) for the
100 nM condition on a linear scale. See also Figures S7, S8 and S9.
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Discussion
To evaluate the clinical applicability of ASOs and novel formulations, it is crucial to know the
cytosolic or nuclear concentration that is needed for a therapeutic effect. Using a combination of
quantitative fluorescence imaging techniques, we here define the intranuclear concentration that is
required for activity of repeat-targeting, steric blocking-type ASOs in a DM1 cell model. Furthermore,
we identified PF14 as a peptide that afforded shielding of the ASO from degradation and yielded
nuclear delivery.
In human myoblasts derived from a DM1 patient, we observed dose-dependent amelioration of
DM1-associated missplicing – widely acknowledged as a meaningful read-out for ASO efficacy in
DM1222,242 – when ASOs were delivered using the cell-penetrating peptide PF14. By comparison, R9mediated delivery and gymnotically-delivered ASO showed no activity. Using fluorescence
microscopy, we found that the ASO effect that was facilitated by PF14 delivery could be explained
by differences in uptake and intracellular trafficking. Previously, PF14 has been used for delivery of
splice-correcting ASOs in HeLa pLuc705 cells and mdx myotubes, as well as for other types of
cargo206,243,244. The superior activity of this peptide has been attributed to the capacity to induce
endosomal escape of cargo, thereby enabling trafficking to the nucleus, as demonstrated by
electron microscopy for PF14-delivered plasmid DNA in CHO cells243 and for PF14-ASO polyplexes in
HeLa cells245. In our DM1 myoblasts, incubation with PF14-ASO polyplexes likewise led to nuclear
localization of ASOs in a large fraction of cells, and this nuclear localization was persistent for up to
a week. Neither for R9- nor for gymnotically delivered ASOs did we observe such a localization. This
was surprising, as in a previous study we had described nuclear localization and efficacy of
gymnotically delivered ASOs, but this discrepancy can be explained by the much longer incubation
times used earlier, as well as intrinsic differences between murine and human myoblasts246.
Fluorimetry on cell lysates further showed that the uptake of ASOs was more than ten-fold higher in
cells that were incubated with PF14 polyplexes compared to R9 polyplexes or naked ASOs, which is
in agreement with a previous report235.
We used fluorescence lifetime imaging to distinguish between intact and cleaved Cy5-ASOs in a
spatially resolved manner. Various papers describe that the fluorescence lifetime of Cy5 in solution
is approximately 1 ns209,213,219, whereas conformational restriction as caused by coupling to an ASO
leads to approximately two-fold increased lifetimes213,239. In our cells, we observed very similar
lifetimes to those literature values, which corresponded to distinct subcellular localizations. The FCS
measurements on cell lysates also indicated a fraction of free Cy5, which was highest in the cells
treated with R9 polyplexes and naked ASOs. Cyanine-labeled oligonucleotides have been described
to lead to a mitochondrial staining pattern in previous reports236–238. Free Cy3 was found to bind to
the mitochondria when delivered using a permeabilizing agent236, an effect that was not observed
for free Cy5 using a conventional transfection reagent237. Although it was argued that the
mitochondrial localization is caused by intact Cy5-oligonucleotides, this conclusion was not in line
with the finding of these same authors that binding was dependent on mitochondrial membrane
potential236,238, as the presence of the highly anionic oligonucleotides would abolish such charge
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interactions between the peptide and the mitochondrial membrane. Combined with our
observations that FAM- and biotin-labeled ASOs did not show mitochondrial localization, we
conclude that free Cy5 accumulates at the mitochondrial membrane, whereas the vesicular and
nuclear staining are representative of intact Cy5-ASOs.
Combining these arguments, we propose the following model (Figure 5), in which the fluorescent
ASO is endocytosed and the Cy5 moiety is partially cleaved in endo/lysosomes. Free Cy5 can then
translocate to the mitochondria, while the ASOs remain trapped in the endo/lysosomes – which
would explain the lack of antisense activity in cells treated with R9 polyplexes and naked ASOs. Only
in a subset of PF14-treated cells, significant amounts of intact Cy5-ASOs escape from endosomes
and translocate to the nucleus, as expected for phosphorothioates247.

Figure 5. Model of Cy5-ASO fate depending on the delivery mode. A) PF14 polyplexes, R9 polyplexes and
naked Cy5-ASOs are taken up by endocytosis and are trapped in endo/lysosomes. Fluorescence quenching
occurs both in polyplexes and in acidic vesicles (PF14 polyplexes > R9 polyplexes > naked ASOs). B) A subset of
Cy5-ASOs is cleaved, yielding free Cy5 fluorophore, which translocates to the mitochondria, while most of the
ASOs presumably remain trapped in the endo/lysosomes. The degree of cleavage is dependent on the delivery
vehicle (naked ASO > R9 polyplexes > PF14 polyplexes). C) Upon delivery with PF14, in a subset of cells, escape
of Cy5-ASOs from the endosomes occurs, leading to diffuse cytoplasmic and nuclear localization. Due to the
phosphorothioate modifications in the ASOs, the Cy5-ASOs accumulate in the nucleus. D) Intranuclear Cy5-ASO
concentrations in the upper nanomolar range (corresponding to several tens of ASO molecules per potential
binding site) lead to dissociation of MBNL1 protein from the expanded (CUG)2600 repeat.
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Taking all these considerations into account, we finally investigated whether we could provide a
direct link between intranuclear ASO concentration and a therapeutically relevant antisense effect.
One of the pathogenic hallmarks of DM1 is the retention of transcripts that contain an expanded
CUG repeat in ribonucleoprotein complexes in the nucleus. The major RNA-binding protein present
in these microscopically defined foci is MBNL1, and sequestration of MBNL1 is a major determinant
for downstream missplicing231. The mode of action of the ASO that we used is to inhibit MBNL1
binding to the expanded repeat, which can be visualized by a reduction of the number of MBNL1
foci in the nucleus46. Through a combination of FCS measurements to quantify the ASO
concentrations in living cells with immunofluorescence stainings for MBNL1, we were able to
determine that nuclear concentrations needed for a robust antisense effect are in the upper
nanomolar range.
As we were finishing this manuscript, a paper was published in which the nuclear concentration
needed for knockdown of the abundant long non-coding RNA MALAT1 using LNA gapmers was
determined248. Approximately 100,000 LNA molecules were required for 50% knockdown of this
transcript with a copy number of approximately 2,500 per cell (based on literature values). Thus, the
stoichiometry was approximately 40:1, which is strikingly close to the 130:1 ratio that we found for
our blocking-type ASO that targeted expanded DMPK transcripts, which are low abundant241. We
hypothesize that the three-fold difference can be explained by the RNase H-dependent catalytic
mode-of-action of the LNA gapmer. For siRNAs, it has been estimated that less than 2,000 molecules
are required per cell to achieve protein knockdown249. The two to three orders of magnitude
difference in concentration with our results may be attributed to the non-catalytic mechanism of
action of the blocking-type ASOs in comparison with siRNAs.
A comparison of our results with other reports suggests that there is a difference in activity between
non-catalytic and catalytic modes of action, but also between RNase H-dependent and RNAi
pathways. We have shown here that a considerable excess of nuclear blocking-type ASOs is needed
to achieve a therapeutic effect in DM1 cells. This corroborates the model that repeat-targeting
blocking-type oligonucleotides need to shield a sufficiently large proportion of the expanded repeat
to inhibit MBNL1 binding and provides important information for the further pre-clinical and clinical
development of this class of ASOs. Further research should show whether lower ASO concentrations
are sufficient for shorter triplet repeats, as the DM1 cells that we used here were derived from a
congenital patient and have a relatively long expanded repeat with 2,600 CTG triplets. Considering
the large heterogeneity of repeat length between patients, these insights will be critical when
advancing ASOs into the clinic.
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Video S1. Time-lapse images of the first hours of uptake of R9/Cy5-CAG5 polyplexes in DM1
myoblasts (ASO concentration 100 nM). Cells were counterstained with Calcein-AM (cyan), Cy5CAG5 is shown in yellow.
Video S2. Time-lapse images of the first hours of uptake of PF14/CAG5 polyplexes in DM1 myoblasts
(ASO concentration 100 nM). Cells were counterstained with Calcein-AM (cyan), Cy5-CAG5 is shown
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Video S3. Time-lapse images of the first hours of gymnotic uptake of CAG5 ASOs in DM1 myoblasts
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in yellow.

The supplemental videos are available online from https://doi.org/10.1096/fj.201900263R
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Figure S1. Representative gel image overviews of MBNL1 e5 + e7 and DMD e78 splicing as determined by
exon-spanning RT-PCRs. PCRs were performed on cDNA derived from DM1 myoblasts treated with different
concentrations of polyplexes, peptide only or ASO only. Capillary electrophoresis was then performed with the
PCR products on the QIAxcel system. The 15-600 bp alignment marker was used to align the different lanes.
Schematic representations of the different splice variants at the corresponding signals are indicated on the right.
Half arrows indicate primer locations. Note that the splice variants that were quantified correspond to the top
bands, indicated by the large arrows: for MBNL1 this is the DM1-associated splice variant that includes exons 5
and 7; for DMD this is the ‘healthy’ splice variant, which includes exon 78.
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Figure S2. ASO uptake in DM1 and control myoblast and fibroblast lines. Representative microscopy images
of Cy5-labeled ASOs after 24 hours uptake in various cell types. Next to intense punctate staining in the
cytoplasm, also mitochondrial and homogenous nuclear fluorescence is present. A) Immortalized myoblasts
from a DM1 patient and an unaffected control (C25), B) Primary fibroblasts from DM1 patients and unaffected
individuals.
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Figure S3. Long-term intracellular retention of Cy5 fluorescence. DM1 myoblasts were incubated with
polyplexes or naked ASOs for 24 hours, then washed and imaged at various time points thereafter.
Representative images obtained six days after start of incubation are shown. After this prolonged period without
passaging, some cell death was apparent in all conditions.
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Figure S4. Total ASO uptake based on microscopy data. Mean fluorescence intensities were determined after
24 hours and corrected for background fluorescence by subtracting the mean fluorescence intensity from nontreated cells in the corresponding areas. Masks for entire cells (A) or nuclei only (B) were made based on
thresholded calcein-AM and Hoechst channel images, respectively. One-way ANOVA was performed to test for
differences between conditions (p=0.0006). Data from three independent experiments are represented as mean
± SEM. Significance values shown in graphs from Tukey's Multiple Comparison Posttest. **p<0.01.
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Figure S5. Colocalization of Cy5-labeled ASOs and FAM- and biotin-labeled ASOs. DM1 myoblasts were coincubated with PF14 polyplexes containing FAM- and Cy5-labeled ASOs (A), or biotin- and Cy5-labeled ASOs (B)
for 24 hours. Live cell imaging of cells incubated with FAM- and Cy5-labeled ASOs as well as imaging after fixing
cells and staining for biotin using streptavidin-AlexaFluor 488 showed that there is complete overlap between
the signals in nuclei and vesicles, but that only Cy5 localizes to mitochondria (MitoTracker channel not shown
here).
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Figure S6. Splicing correction correlates with the percentage of Cy5-positive nuclei. DM1 myoblasts were
incubated with PF14/Cy5-CAG5 polyplexes for 24 hours and used for fluorescence activated cell sorting (FACS)
based on Cy5 intensity. Two pools (low intensity and high intensity) were made in duplicate wells to enrich for
cells containing a positive nucleus in the high intensity fraction. A) Representative images of the two fractions
that were obtained by FACS. Arrows indicate nuclei that were scored as Cy5-positive. B) Percentage of Cy5positive nuclei (left) and mean fluorescence intensity in positive areas (right) in each of the pools, as determined
by confocal microscopy. Data from three independent experiments are shown. Paired t-tests were performed to
test for significant differences. *p<0.05. C) Correlation between the percentage of positive nuclei with alternative
splicing. Each point indicates a separate well, with black circles deriving from high intensity pools, gray circles
from low intensity pools and open gray circles from non-treated control samples. MBNL1 e5+e7 inclusion
showed a trend towards negative correlation (R2=0.2244, p=0.12), DMD e78 inclusion significantly correlated
with the percentage of positive nuclei (R2=0.8199, p<0.0001).
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Figure S7. Live cell FCS measurements. A) DM1 myoblasts were incubated with PF14/Cy5-CAG5 polyplexes for
24 hours, then washed and used for live cell FCS measurements. Cy5 fluorescence in the nucleus was bleached
during FCS measurements (10 seconds in each ROI, followed by image acquisition and resulting in an
approximate interval of 20-30 seconds between the nuclear ROI measurement and the image acquisition), and
the homogenous distribution and loss of fluorescence showed that the majority of fluorophores could freely
diffuse in the nucleus. Hoechst was also bleached by the 633 nm excitation in the excitation volume (indicated
by arrow), but did not show fluorescence recovery in the bleached region on the same time scale, as this dye is
tightly bound to the DNA. B) Simple linear regression describes the relationship between the Cy5 intensity in the
nucleus prior to FCS, and the Cy5 concentration determined by FCS in the same nuclei. Most of the deviation
from the regression curves is likely due to small differences in focal position along the optical axis in the intensity
images.
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Figure S8. Relating fluorescence intensity distributions after fixation to Cy5-ASO concentrations before
fixation. A) Distributions of 10log transformed nuclear Cy5 intensities prior to FCS measurements (=before
fixation) and after fixation for the different ASO concentrations applied to the cells. The experiment was
performed twice (biological replicates 1 and 2). To image a sufficient number of cells at the high magnification
that is necessary to detect MBNL1 foci, images were acquired on two subsequent days for each of the biological
replicates after fixation (referred to as image sets 1 and 2). B) Linear relationship between the median
log(intensity) before and after fixation. C) Inferred intranuclear concentrations after fixation, calculated using the
formulas shown in B), have a very similar distribution as before fixation. Pooled data from two independent
experiments. Medians with interquartile ranges are shown.
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Figure S9. Representative fluorescence images and processing after MBNL1 immunofluorescence
staining. After fixation, MBNL1 foci were visualized by immunofluorescence in PF14/Cy5-CAG5 treated or
untreated cells (this image: final ASO concentration 50 nM). Images were processed, yielding nuclear masks from
the DAPI staining (top row), number of MBNL1 foci (middle row, indicated by crosshairs) and nuclear Cy5
intensity (bottom row).
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Abstract
Antisense oligonucleotides (ASOs) have gained momentum as therapeutics for neuromuscular
disorders. For microsatellite repeat expansion disorders such as Huntington’s disease, C9orf72amyotrophic lateral sclerosis and myotonic dystrophy, ASOs have not reached the clinic yet.
Antisense therapies in repeat expansion disorders are based on preventing translation of expanded
repeats or inhibiting sequestration of RNA-binding proteins. This can be achieved both by steric
hindrance and by degradation of the transcript, and it is currently unknown which approach is
superior. Here, we directly compared blocking ASOs with RNase H-recruiting gapmers in a human
myotonic dystrophy type 1 cell model. Two target sequences were selected: the triplet repeat and a
unique sequence upstream of the repeat. We assessed effects of the ASOs on transcript levels,
ribonucleoprotein foci and disease-associated missplicing, and performed RNA sequencing to
investigate on- and off-target effects on a transcriptome-wide level. The repeat blocking ASO was
most effective in displacing MBNL1 and associated correction of splicing, and furthermore had the
fewest off-target effects. By comparison, the off-target profile of the repeat gapmer discourages its
further therapeutic development. Overall, our results demonstrate the importance of evaluating
multiple read-outs of ASO activity and can help to provide guidelines for the safe and effective
targeting of toxic repeat transcripts.
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Introduction
Antisense oligonucleotides (ASOs) are short, synthetic stretches of RNA or DNA analogs, which are
complementary to a target RNA. Various chemical modifications can increase the stability and
affinity of these compounds38,44. ASOs can be broadly subdivided based on the mode of action. One
class of ASOs, which we will refer to as blocking ASOs, functions through steric hindrance. These
ASOs bind to the target sequence and thereby inhibit binding of RNA-binding proteins, the splicing
machinery and/or ribosomes. The recently approved splice-switching oligonucleotides nusinersen
(brand name Spinraza) and eteplirsen (brand name Exondys 51) are both blocking ASOs39. A second
class of ASOs are the gapmers, which use a different mode of action. These DNA-RNA chimeras
contain a central ‘gap’ consisting of DNA, flanked by ‘wings’ that usually consist of chemically
modified RNA nucleotides250,251. Gapmers recruit the cellular enzyme RNase H to degrade target
RNAs.
A group of disorders that is amenable to ASO treatment are repeat expansion disorders. Repeat
expansions are known to cause over 40 different diseases, mainly neurodegenerative and
neuromuscular in nature9. Examples include the polyglutamine disease Huntington’s disease (HD)
and the hexanucleotide repeat expansion disorder C9orf72-amyotrophic lateral sclerosis/frontotemporal dementia (ALS/FTD)72,73,252. Most repeat expansion disorders are gain-of-function diseases,
caused either by toxic RNAs, which sequester RNA-binding proteins; by toxic protein products, such
as the toxic polyglutamine that is produced in HD and dipeptide-repeat-containing proteins in

C9orf72-ALS/FTD; or by a combination of both11. In most cases, blocking ASOs and gapmers can both
be used to reduce the RNA or protein toxicity caused by the expanded repeat.
We here investigated ASO-based interventions in myotonic dystrophy type 1 (DM1), a prototypical
RNA gain-of-function disorder that is caused by a large CTG repeat expansion in the 3' UTR of the

DM1 Protein Kinase (DMPK) gene. The expanded repeat sequesters RNA-binding proteins such as
Muscleblind-like protein 1 (MBNL1) – an important regulator of developmentally programmed RNA
processing34. Several types of ASOs have been shown to be effective suppressors of expanded
repeat activity, in vitro as well as in mouse models of DM1. On the one hand, we and others have
described the use of blocking ASOs that target the CUG repeat, using various chemistries:
phosphorodiamidate morpholinos (PMOs), 2’-O-methyl phosphorothioates (2’OMe PS) and locked
nucleic acids (LNAs)41,42,46–48. These ASOs function primarily by displacing MBNL1 from the expanded
repeat. On the other hand, gapmers have been used to target the expanded CUG repeat42,49, as well
as other parts of the DMPK transcript50–52 to induce degradation of DMPK RNA. In these cases, 2’-O(2-methoxyethyl) (MOE), constrained ethyl (cEt), 2’OMe and LNA modifications of the wings have
been used.
Both antisense approaches have their advantages and disadvantages. The targeting of sequences
up- or downstream of the repeat yields higher specificity for DMPK transcripts compared to
targeting the CUG repeat – a sequence motif that is also present in around 75 other mRNAs253. In
comparison, the use of repeat-directed ASOs allows for preferential targeting of CUG-expanded
DMPK transcripts over the normal DMPK transcripts that are also present in affected individuals.
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Gapmers only need to bind once to induce cleavage of an RNA and function through a catalytic
mode of action, while steric hindrance at the repeat likely needs many more ASO molecules per
transcript, as it depends on shielding a sufficiently large proportion of the repeat from protein
binding. Thus, gapmers might be more effective at lower concentrations. On the downside, gapmers
with high-affinity modifications such as LNA or cEt have been described to cause hepatotoxicity in
a sequence-dependent manner, warranting additional optimization of ASO length and affinity. This
effect is much decreased with lower affinity modifications and has not been observed for analogous
blocking ASOs53–55.
To our knowledge, an in-depth comparison of blocking and gapmer ASOs with similar chemical
modifications, and for two different target sequences, has not yet been performed. Here, we
compared pairs of fully 2’OMe-modified blocking and partly 2’OMe-modified gapmer ASOs targeted
against the CUG repeat and against a region upstream of the repeat (Table 1). In all cases, the entire
backbone contained phosphorothioate linkages. Both target sequences have been independently
shown to be active in previous studies, albeit with MOE- instead of 2’OMe-modified nucleosides in
case of the DMPK gapmer 41,42,50. ASOs were delivered in a human skeletal muscle cell model for DM1
using the cell-penetrating peptide PepFect 14206, which we have previously shown to be an efficient
delivery vehicle in myoblasts254. We studied the effect of the four ASOs on target mRNA levels, as
well as two hallmarks of DM1: nuclear expanded CUG-containing ribonucleoprotein (RNP) foci and
DM1-associated missplicing231. These parameters were also assessed in terms of dose-response and
kinetics. Furthermore, using information from RNA sequencing (RNA-seq), we studied both on- and
off-target effects of the ASOs on a transcriptome-wide level. The repeat blocking ASO was most
active and had the fewest off-target effects. Unexpectedly, all ASOs led to induction of an innate
immune response. Our in-depth study of on- and off-target effects of various types of ASOs will help
advancing the development of effective and safe antisense therapies for repeat expansion disorders.
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Materials and methods
Cell-penetrating peptides and antisense oligonucleotides
The amphipathic peptide PepFect 14, a TP10-based stearylated cell-penetrating peptide containing
ornithines with the sequence Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 where –NH2 is a C-terminal
amidation206, was purchased from PepScan (Lelystad, Netherlands). ASOs were synthesized and
purified by HPLC followed by a Na+ salt exchange at Integrated DNA Technologies (IDT, Leuven,
Belgium). All ASOs contained 2’OMe and PS modifications. All gapmers had a gap of 10 nucleotides
and the length of the ASOs was adjusted such that the blocking and gapmer versions targeting the
same sequence had comparable melting temperatures (Tm). The theoretical Tm for DNA:RNA
duplexes was calculated using MELTING5, with 150 mM sodium and 100 nM oligomer as input
concentrations255,256. Subsequently, these Tm values were corrected for the number of PS bonds (0.5°C/modification) and 2’OMe nucleosides (+0.75°C/modification), as determined by Kurreck and
colleagues257. The sequences and modifications of the ASOs, as well as the theoretical Tm values, are
shown in Table 1.

Table 1. Overview of ASO sequences and chemical modifications. N: 2’OMe, N: DNA, *: PS linkage.

Name
Repeat
blocking
Repeat
gapmer

DMPK
blocking

DMPK
gapmer
Control
blocking
Control
gapmer

Sequence

Theoretical Tm (°C)

C*A*G*C*A*G*C*A*G*C*A*G*C*A*G

57.4

C*A*G*C*A*G*C*A*G*C*A*G*C*A*G*C*A*G

59.0

G*A*G*C*G*G*U*U*G*U*G*A*A*C*U*G*G

53.9

C*G*G*A*G*C*G*G*T*T*G*T*G*A*A*C*U*G*G*C

56.1

G*A*C*G*A*C*G*A*C*G*A*C*G*A*C

43.7

G*A*C*G*A*C*G*A*C*G*A*C*G*A*C*G*A*C

42.7

Cell culture
Immortalized human DM1 myoblasts with an uninterrupted expanded repeat (DM11 cl5 (CTG)13/2600) have been derived from primary myoblasts from a DM1 patient. As unaffected control
cells, immortalized human myoblasts from an unaffected individual were used (C25 - (CTG)5/14). Both
cell lines were kindly provided by Dr. Denis Furling and Dr. Vincent Mouly (Institut de Myologie, Paris,
France) and have been described previously180,232. Myoblasts were grown in a 1:1 mix of Skeletal
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Muscle Cell Growth Medium (PromoCell, Heidelberg, Germany) with 1x GlutaMAX (Gibco;
ThermoFisher Scientific, Landsmeer, Netherlands) and Ham's F-10 Nutrient Mix with GlutaMAX
(Gibco), supplemented with 20% (v/v) HyClone Bovine Growth Serum Supplemented Calf (GE
Healthcare, South Logan, UT, USA). All tissue culture vessels were coated with 0.1% gelatin (Sigma
G2500) in milliQ for at least 30 minutes prior to cell seeding. Cells were incubated at 37°C in
humidified incubators with 7.5% CO2. Cells were routinely tested for mycoplasm infections.

Polyplex formation and incubation
Nanoparticles of ASOs with the cell-penetrating peptide PepFect 14 (polyplexes) were formed at a
charge ratio (N/P) of 3. This corresponds to a molar ratio of peptide:ASO of 9:1. Peptides and ASOs
were diluted to 20x the final concentration, after which they were mixed by simultaneously
pipetting them against the wall of a PCR tube with the pipette tips in close contact. Polyplexes were
then allowed to stabilize at room temperature for approximately 1 hour.
For incubation with cells, polyplexes or peptides were pre-diluted to 2x the final concentration in
serum-free Ham’s F-10 Nutrient Mix. Medium on cells was replaced with half the final volume
Skeletal Muscle Cell Growth Medium supplemented with 1x GlutaMAX and 20% (v/v) HyClone
Bovine Growth Serum Supplemented Calf. To this, an equal volume of pre-diluted polyplexes in
serum-free Ham’s F-10 Nutrient Mix was added. The final concentration of ASOs was 100 nM, unless
otherwise stated. After 24 hours incubation, cells were washed once with PBS, after which fresh
proliferation medium was applied. To study kinetics of ASO action, cells were incubated for 2, 4, 6,
16 or 24 hours, after which they were immediately fixed for microscopy.

RNA isolation and RT-(q)PCR
Cells were seeded one day prior to the start of the experiment at a density of 100,000 cells per well
in 6-well plates. RNA was isolated from 6-well plates at 48 hours after the start of incubation with
polyplexes using the Aurum total RNA mini kit (Bio-Rad, Veenendaal, Netherlands), according to the
manufacturer's instructions, including DNase treatment. As an additional step to ensure shearing of
genomic DNA, lysates were pulled through a 0.5 mm syringe 15 times prior to the addition of
ethanol. In general, 500 ng RNA (or the maximum volume of 15 µL in case of low RNA yield) was used
for cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad), which contains a mix of random
hexamer and oligo(dT) primers, according to the manufacturer's instructions.
To assess DMPK expression, RT-qPCR was performed for two amplicons on either end of the DMPK
transcript, one spanning the junction from exon 1 to exon 2 and one located 3’ from the CUG repeat
in DMPK exon 15 (see Table 2 and Figure 1B). GAPDH and HPRT1 were used as reference genes. Three
microliters of 10-fold diluted cDNA sample were mixed in a final volume of 10 μL containing 5 μL of
iQ SYBR Green Supermix (Bio-Rad) and 0.4 μM of each primer using the CAS-1200 automated
pipetting system (Qiagen, Venlo, The Netherlands). No template control (NTC) and no reverse
transcriptase control (NRT) were included in each RT-qPCR run to detect possible contaminations.
Samples were analyzed using a CFX96 Real-time System (Bio-Rad) using a two-step amplification
protocol. A melting curve was obtained for each sample to confirm single product amplification.
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To assess alternative splicing, PCRs were performed using Q5 High-Fidelity DNA Polymerase (New
England BioLabs, Leiden, Netherlands). The primers are listed in Table 2. For DMD an annealing
temperature of 66°C was used, for MBNL1 an annealing temperature of 69°C. PCR mixes consisted
of 1x Q5 reaction buffer, 0.2 mM dNTPS (Invitrogen), 0.5 μM of forward and reverse primer each, 0.4
U Q5 High-Fidelity DNA polymerase and 2 μL 10x diluted cDNA in a total volume of 20 μL. The
following program was run on the T100 Thermal Cycler (Bio-Rad): 3' 98°C, 35x (10" 98°C, 20" 66/69°C,
20" 72°C), 10' 72°C, ∞ 4°C. PCR products were analyzed on the QIAxcel Advanced capillary
electrophoresis system (Qiagen) using the DNA High Resolution Kit, along with the 15-600 bp
alignment marker and 25-500 bp size marker. No template control (NTC) and no reverse
transcriptase control (NRT) were included in each PCR run to detect possible contaminations.

Table 2. Overview of primers used in this study.

Target

Forward primer (5’ -> 3’)

Reverse primer (5’ -> 3’)

DMPK e1-e2

ACTGGCCCAGGACAAGTACG

CCTCCTTAAGCCTCACCACG

DMPK e15 (3’)

TGCCTGCTTACTCGGGAAATT

GAGCAGCGCAAGTGAGGAG

GAPDH

CCCGCTTCGCTCTCTGCTCC

CCTTCCCCATGGTGTCTGAGCG

HPRT1

TGACACTGGCAAAACAATGCA

GGTCCTTTTCACCAGCAAGCT

MBNL1 e4-e8

GGCTGCCCAATACCAGGTCA

CTTGTGGCTAGTCAGATGTTCGG

DMD e77-e79

TTAGAGGAGGTGATGGAGCA

GATACTAAGGACTCCATCGC

RNA FISH and immunofluorescence assays
One day prior to the start of the experiment, cells were seeded at a density of 100,000-150,000 cells
per well in 6-well plates or 15,000-25,000 cells per well in 48-wells plates. At 48 hours after start of
incubation with the polyplexes, or at various time points during the experiment, cells on 10 mm
coverslips were fixed using 2% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Cells were
washed three times with ice-cold ethanol and stored at 4°C under ethanol until further handling. For
RNA FISH only, the protocol as specified by Stellaris (LGC Biosearch Technologies, Petaluma, CA,
USA) was followed. Briefly, cells were washed using Stellaris Wash Buffer A, then incubated overnight
at 37°C with 10 ng/mL TYE-563 labeled (CAG)6 LNA probe and 125 nM Quasar-670 labeled DMPK
probe set consisting of 48 different 19-nucleotide DNA probes spaced along the transcript (Stellaris).
Both probes were diluted in hybridization buffer. Cells were then washed and nuclei were
counterstained using 1 µg/mL DAPI (Invitrogen) in wash buffer. Images were acquired using a Zeiss
LSM880 Laser Confocal Scanning Microscope (Zeiss, Oberkochen, Germany), using a 63x 1.4 NA oil
immersion objective. Frame sequential z-stacks were obtained in which fluorescence was excited at
405 nm (DAPI), 514 nm (TYE-563) and 633 nm (Quasar-670) and emission light collected between
410-585 nm (DAPI), 538-680 (TYE-563) and 638-754 nm (Quasar-670).
For RNA FISH followed by immunofluorescence assay (IFA) for MBNL1, PFA-fixed cells were washed
three times with PBS, then washed once with ice-cold 70% ethanol and stored at 4°C under 70%
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ethanol until further handling. Cells were washed twice with PBS, then pre-hybridized for 20 minutes
in 40% deionized formamide in 2x SSC buffer at room temperature. Then, cells were incubated
overnight at 37°C with 10 ng/mL TYE-563 labeled (CAG)6 LNA probe in hybridization mix consisting
of 40% deionized formamide, 2x SSC, 2 mg/mL BSA, 100 mg/mL dextran sulfate, 0.1% Triton X-100,
1 mg/mL herring sperm DNA, 100 ug/mL yeast tRNA and 2 mM VRC.
Prior to MBNL1 IFA, PFA-fixed cells were post-fixed using a 1:1 mixture of ice-cold acetone and
methanol, then washed three times with PBS, and blocked for one hour using a blocking buffer
consisting of 0.1% Triton-X100 (v/v) (Sigma), 0.1% glycine (Merck) and 3% bovine serum albumin
(Sigma A9647) in PBS. After this, cells were incubated overnight at 4°C with 1:10 diluted MB1a (4A8)
monoclonal antibody against MBNL1 (Developmental Studies Hybridoma Bank) in blocking buffer
without Triton-X100. After washing three times with PBS, cells were incubated for 1 hour with
secondary goat-anti-mouse AlexaFluor488-labeled antibody (2 μg/mL; Invitrogen) and DAPI (1
µg/mL; Sigma-Aldrich). When only MBNL1 was stained, cells were also incubated with primary
polyclonal rabbit-anti-actin (20-33) (1:100 diluted, A5060 Sigma) and secondary goat-anti-rabbit
AlexaFluor568-labeled antibody (2 µg/mL; Invitrogen) to visualize the whole cell. Finally, cells were
washed three times with PBS, dehydrated in ethanol and mounted on objective slides using Mowiol.
MBNL1 IFA only samples were imaged on a Leica DMI6000B automated high-content microscope
using a 63x 0.9 NA dry objective (Leica microsystems, Wetzlar, Germany). Frame sequential images
were obtained with an 89000 – ET – Sedat Quad filter set (Chroma, Bellows Falls, VT, USA) with
excitation filters 402/15 nm (DAPI), 490/20 nm (AlexaFluor 488), 555/25 nm (TYE-563) and 645/30
nm (Cy5) and emission filters 455/50 nm (DAPI), 525/36 nm (AF488), 605/52 (TYE-563) and 705/72
nm (Cy5).
The combined MBNL1 IFA and RNA FISH samples were imaged on a Zeiss LSM880 confocal
microscope using a 63x 1.4 NA oil immersion objective (Zeiss). Frame sequential images in a single
confocal slice of 3.5 μm were obtained in which fluorescence was excited at 405 nm (DAPI), 488 nm
(AlexaFluor 488) and 561 nm (TYE-563), and emission light collected between 410-508 nm (DAPI),
493-558 nm (AF488) and 566-681 (TYE-563).

RNA sequencing
For RNA sequencing, biological replicates from two to three independent experiments were
prepared. As described above, 100,000 cells were seeded per well of a 6-well plate. DM11 cells were
treated for 24 hours at a final ASO concentration of 100 nM. After 24 hours, cells were washed once
with PBS, then cultured for a further 24 hours in proliferation media. Untreated DM11 and C25 cells
were also included as controls. RNA was isolated using the Aurum total RNA mini kit as described
above. RNA concentration and quality were assessed using the QIAxcel RNA QC Kit (Qiagen). Total
RNA from two independent biological replicates of each of the negative controls (control blocking,
control gapmer and untreated ASOs), and three replicates of each of the tested ASO treatments
(repeat blocking, repeat gapmer and DMPK gapmer) and the unaffected controls (C25) were
submitted to BGI Genomics (Hong Kong) for RNA sequencing. Library preparation was done on poly-
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(A) enriched samples and libraries were sequenced paired-end (100 bp read length), generating at
least 30 M clean reads per sample on the BGI-Seq500 platform.

Data analysis and statistics
All statistics, with the exception of the RNA-seq data, were performed using GraphPad Prism
software (GraphPad Software, La Jolla, CA, USA). Data shown in graphs are from three independent
experiments and represent the mean ± standard error of the mean (SEM), unless otherwise specified.
RT-qPCR analysis was done using Bio-Rad CFX Manager software. Thresholds were determined per
primer pair and relative mRNA levels were calculated using the ΔΔCt method258. To determine the
relative abundance of the different splice isoforms from the RT-PCR, the peak calling function of the
QIAxcel ScreenGel software (Qiagen) was used. The molarity of the DM1-dominant isoform
(including MBNL1 exon 5 and exon 7 or excluding DMD exon 78, respectively22,259) was divided by
the sum of the molarities of all the isoforms and expressed as a percentage.
For the experiments with a single ASO dose, a two-way ANOVA was performed to test whether there
was a difference between blocking- and gapmer-type ASOs, with Bonferroni posttests for pairwise
comparisons of repeat-targeting, non-repeat-targeting and control ASOs. For the titration assays, x
values were log2 transformed. DMPK expression data of the two gapmers were fitted using a
logarithmic dose response curve, enforcing a shared value for the minima of the curves and
constraining the top to 100. IC50 values of DMPK knockdown by the gapmers were compared by a
comparison of fits with an extra-sum-of-squares F test and a cut-off of p<0.05. For fitting of the
titration assays of MBNL1 and DMD splicing, the top values were constrained to be shared between
the data sets, while the minimum values were not constrained. Data of the repeat blocking ASO,
repeat gapmer and DMPK gapmer were fitted using a logarithmic dose response curve; no
comparison of fits was done.
Microscopy images were analyzed using FIJI215 (see Supplemental materials and methods). Briefly,
slices from z-stacks were combined in maximum intensity projections. Then, nuclear masks were
created and nuclear foci were counted using either the '3D Objects Counter' plugin with a size filter
of 15-27581040 voxels and an optimized threshold per experiment, or the ‘Find Maxima’ function
with an optimized noise tolerance per experiment. To measure MBNL1 enrichment in (CUG)exp foci,
a mask of these nuclear RNA foci was created and MBNL1 signal was measured in each focus. The
mean nuclear MBNL1 intensity in the image was subtracted from the intensity in each focus. At least
20 nuclei were measured per condition and per biological replicate, with the exception of one of the
biological replicates for the RNA FISH only, in which at least 10 nuclei were measured per condition.
The change in number of MBNL1 foci over time after ASO treatment was fitted using a sigmoidal
dose response curve, enforcing a shared value for the maxima of the curves. EC50 and minimum
values were compared separately by a comparison of fits with an extra-sum-of-squares F test.
Data analysis of the primary RNA-seq data was performed by BGI. Reads were filtered by internal
SOAPnuke software (https://github.com/BGI-flexlab/SOAPnuke) to exclude reads that contained
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adapter sequences, > 5% unknown bases, or > 20% bases with a quality score < 15. Clean reads were
mapped to the Hg38 reference genome using HISAT2260. StringTie261 was used to reconstruct
transcripts, and novel transcripts were identified using Cuffcompare and CPC262,263. Novel coding
transcripts were merged with reference transcripts, after which clean reads were mapped to this
complete reference using Bowtie2264. Gene expression levels were calculated with RSEM265. Pearson
correlation between all samples was calculated, and a hierarchical clustering analysis was performed
(using the cor and hclust functions in R, respectively). Differential gene expression analysis was
performed using a NOIseq algorithm266. Differential splicing events were detected using rMATS267,
distinguishing five types of splicing events: skipped exon (SE), alternative 5’ splice site (A5SS),
alternative 3’ splice site (A3SS), mutually exclusive exons (MXE) and retained intron (RI).
To increase the power and to correct for general non-specific effects of the ASOs, the three negative
controls – untreated DM11, blocking control ASO-treated DM11 and gapmer control ASO-treated
DM11, n=2 each – were grouped for differential gene expression and differential splicing
comparisons. In addition, three independent biological replicates of untreated C25 cells were
included as a reference for gene expression and alternative splicing in unaffected cells.
To investigate off-target effects on other CUG-containing transcripts, a list of genes with ≥5 CTG
repeats was compiled based on i) a BLAST search of increasing lengths of (CTG)n sequences, starting
from (CTG)5 and ii) literature reports of CUG-containing transcripts41,253. The number of CTG repeats
in the DM11 cells was determined from the RNA-seq data using the Integrative Genomics Viewer
(IGV). Reads spanning the entire CUG triplet repeat were used to determine the repeat length. If
reads from two alleles with different CUG repeat lengths were present, we calculated the mean
number of triplets. The log2-fold change and probability thereof compared to the control group
were retrieved, applying cut-off values for significance of |log2-fold change| ≥ 1 and probability ≥
0.8. The same approach was used to determine effects of the ASOs on genes in the DMPK locus and
the main DM1-associated splice factors.
To assess effects of the ASOs on DM1-associated alternative splicing, a reference list of alternative
splicing events in DM1 was made based on i) literature reports which investigated transcriptomewide splicing changes in patient tissues and/or cell culture198,234,268 and ii) an RNA-seq data set
generated by our own group (NCBI GEO Series GSE127296)269, comparing DM11 myoblasts with
isogenic controls from which the repeat had been excised using CRISPR/Cas9180. For each splicing
event, the genomic coordinates were retrieved and the support for an event was defined as the
number of times that a certain exon or set of exons was reported to be alternatively spliced. From
the data of Batra and colleagues198, splicing events that differed between control and untreated
myoblasts were counted as one. Those events that were additionally normalized by the CTGtargeting guide RNA (not different between control and CTG-treated myoblasts) were counted as
having a support of two. All splicing events in genes in this reference list were retrieved, provided
that p<0.05 for any of the specific ASOs versus the control group, or for C25 versus DM11. Those
events that had on average ≥ 5 counts per biological replicate in at least one of the groups (controls,
ASOs or C25) were used to test for overlap in altered splicing events between conditions.
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PANTHER overrepresentation tests270 (release 2019-06-06) were performed for differentially
expressed genes (PANTHER version 14.1 release 2019-03-12; Reactome version 65 release 2019-0312). The annotation data sets “PANTHER pathways”, “Reactome pathways”, “PANTHER GO-Slim
molecular function”, “PANTHER GO-Slim biological process”, “PANTHER GO-Slim cellular
component” were assessed with a Fisher’s Exact test and Bonferroni correction for multiple testing.
ReactomePA271 and ClusterProfiler272 were used to visualize pathway enrichment.

Results
The repeat blocking ASO and both gapmers lead to
downregulation of DMPK RNA
In this study, we compared four different ASOs – blocking versus gapmer, and repeat- versus nonrepeat-targeting – with the aim to determine which ASO has the optimal balance between on- and
off-target effects in DM1. Of these four ASOs, the non-repeat-targeting blocking ASO was expected
to be the only ASO without a therapeutic effect, as it targets a region that is most likely not involved
in the sequestration of MBNL1. We tested the ASOs in immortalized myoblasts derived from a
congenital DM1 patient with a short repeat of 13 CTG triplets and an expanded repeat with
approximately 2600 repeat units. The long repeat offers many binding sites for the repeat-targeting
ASOs, whereas the short repeat offers only two binding sites per DMPK transcript. The unique, nonrepeat DMPK target sequence is only present once in each transcript. We have previously shown
that the myoblasts that we used are a good cell model for DM1, as they exhibit a number of diseasespecific features, including expression of expanded DMPK, presence of (CUG)exp RNA foci and DM1associated missplicing of various transcripts180.
An overview of the experimental set-up and a schematic representation of the DMPK transcript with
the various target sites is shown in Figures 1A and 1B. Myoblasts were incubated with polyplexes
consisting of the cell-penetrating peptide PepFect 14 and ASOs. As control ASOs, a GAC5 blocking
ASO and CAG6 gapmer were used, as described previously46,47. As additional controls, cells treated
with only peptide and untreated cells were included. After 24 hours, cells were washed, fresh
proliferation medium was applied and cells were cultured for another 24 hours. At this point, cells
were either harvested for RNA isolation to assess gene expression and alternative splicing, or fixed
for microscopy to visualize DMPK transcripts.
To assess ASO efficacy, we first stained DMPK transcripts by RNA FISH, using a fluorescently labeled
(CAG)6 probe and a fluorescent probe set of 48 probes spaced along the body of the DMPK transcript
(Figure 1B). The (CAG)6 probe only detects RNAs from the expanded DMPK allele, because a sufficient
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number of probes need to bind for a detectable fluorescence signal. We will refer to these foci as
‘(CUG)exp foci’. The probe set against the body of the transcript, on the other hand, detects both short
and expanded DMPK alleles. Based on previous findings, we assume that each focus represents one
transcript241, and will therefore refer to the FISH foci detected with the DMPK probe set as ‘DMPK
transcripts’. We assume that there is no competition between the (CAG)6 FISH probe and the repeat
blocking ASOs, as LNAs have a much higher affinity for complementary sequences than 2’OMe PS
oligonucleotides257. We found that the repeat blocking ASO and both gapmers led to a significant
reduction of nuclear (CUG)exp foci (Figure 1C; p<0.01). Compared to the repeat blocking ASO, the
gapmers tended towards a larger reduction of the total number of DMPK transcripts, which indicates
that also transcripts with a short repeat were downregulated (Figure S1), although this trend was
not significant due to the large interexperimental variation that was observed. We note that the
interexperimental variation using the DMPK probe set was much larger than that observed for the
repeat probe, which might be explained by the higher background signal that was observed for
these probes compared to the (CAG)6 probe.
We then measured DMPK expression using RT-qPCR for two amplicons on opposite ends of the
transcript, one spanning the junction from exon 1 to exon 2, and one downstream of the CUG repeat,
as previously described42 and shown in Figure 1B. In line with the RNA FISH results, we found that
both the repeat gapmer and the DMPK gapmer led to a clear and significant knockdown of total
DMPK by more than 50% (Figure 1D). It has been shown before that mRNAs from both alleles are
present in approximately equal quantities, and thus a reduction of more than 50% is indicative of
knockdown of both the short and the expanded allele241. The repeat blocking ASO also caused
reduced DMPK expression, which was not unexpected, as these ASOs have been shown before to
use an unknown, RNase H-independent pathway for target gene knockdown41,42,46. To our
puzzlement, the DMPK blocking and control gapmer ASOs appeared to slightly, though nonsignificantly, upregulate DMPK expression.
Finally, we measured DMPK knockdown in a titration series to assess the dose-dependence of our
observations. Both gapmers led to efficient knockdown of DMPK with average IC50 values for the two
amplicons of approximately 19 and 35 nM (Figure 1E). The repeat gapmer appeared to be slightly
more effective than its non-repeat counterpart (not significant for DMPK amplicon e1-e2, p=0.0028
for amplicon e15(3')). The repeat blocking ASO led to a less pronounced reduction of DMPK levels,
as shown before, but interestingly, this only appeared to hold true for the 5’ end of the DMPK
transcript. This trend was also observed in the single-dose experiments, although there the
knockdown of the 3’ end of the transcript appeared to be more pronounced than in the titration
experiment (Figures 1D and 1E). We speculate that the binding of the blocking ASO to the expanded
repeat induces decay, but at the same time may shield part of the 3’ end of the transcript from
degradation.
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Figure 1. Both gapmers and the repeat blocking ASO led to DMPK knockdown and reduced the number
of (CUG)exp foci A) Schematic overview of the experimental set-up. B) Schematic overview of the DMPK transcript
(not to scale), with relative positions of ASO target sites, RT-qPCR primer binding sites and FISH probe binding
sites. C) Number of nuclear (CUG)exp foci as determined by RNA FISH and representative images of the RNA FISH
after incubation with polyplexes containing 100 nM of the indicated ASOs. Signal of the TYE-563 labeled (CAG)6
probe is shown in grays, DAPI was used as nuclear counterstain and is shown in blue. NT = untreated. D) DMPK
expression after incubation with polyplexes containing 100 nM of the indicated ASOs, as determined by RT-qPCR
for amplicons DMPK e1-e2 and DMPK e15 (3’). Bar graphs show the mean ± SEM of three independent
experiments, unless otherwise stated. A two-way ANOVA was used to compare the effect of blocking versus
gapmer ASOs. Significance values shown in the graphs were calculated using Bonferroni posttests between rows
(target sequence). *p<0.05; ***p<0.001. E) Dose-dependent effects on DMPK expression as determined by RTqPCR for the two different amplicons on a log2 scale. Fitted lines are logarithmic dose response curves. Each point
indicates the mean ± SEM of at least two independent experiments. To test whether the IC50 values were
significantly different, extra-sum-of-squares F tests were performed. **p<0.01.
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ASO-mediated DMPK knockdown is not predictive of the extent of
splicing correction
To measure downstream effects of the ASO treatment, we assessed alternative splicing of two
transcripts that we had previously determined to be misspliced in our DM1 myoblasts: MBNL1 and

DMD. In DM1, aberrant splicing leads to increased inclusion of exons 5 and 7 in MBNL1, and to
exclusion of exon 78 in DMD22,273. As expected, based on the effects on DMPK expression and nuclear
(CUG)exp foci, the repeat blocking ASO and both gapmers led to a reduction of MBNL1 exon 5 and 7
inclusion (Figure 2A and Figure S2). MBNL1 splice correction by the repeat blocking ASO and DMPK
gapmer was confirmed in a dilution series, which additionally showed that the repeat blocking ASO

Figure 2. Dose-dependent effects of ASO treatment on alternative splicing. A) Alternative splicing of MBNL1
exons 5 and 7 and DMD exon 78 for myoblasts treated with polyplexes at an ASO concentration of 100 nM. Each
bar indicates the mean ± SEM of three independent experiments, unless otherwise stated. A two-way ANOVA
was used to compare the effect of blocking versus gapmer ASOs. Significance values shown in the graphs were
calculated using Bonferroni posttests between rows (target sequence). *p<0.05; **p<0.01; ***p<0.001. B) Dosedependent alternative splicing of MBNL1 exons 5 and 7 (left) and DMD exon 78 (right) on a log2 scale. Fitted lines
are logarithmic dose response curves. Each point indicates the mean ± SEM of at least two independent
experiments.
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had a larger maximal effect. In this case, there was no apparent splice correction of MBNL1 by the
repeat gapmer due to unexplained interexperimental variation for this condition (Figure 2B).
Correction of DMD exon 78 exclusion was less pronounced, only being significant for the DMPK
gapmer (Figure 2A). In the dilution series, the repeat blocking ASO once again showed a larger
maximal effect (Figure 2B).
We noted that there was quite large interexperimental variation with regard to both DMPK
knockdown and splice correction, especially between the single-dose and the titration experiments.
Nonetheless, there was a strong overall correlation between the read-outs that we measured (Figure
S3). DMPK expression as measured by RT-qPCR for both the 5’ and the 3’ amplicon strongly
correlated with the number of (CUG)exp foci detected by RNA FISH, as well as splicing of MBNL1. There
was also a correlation with the number of DMPK transcripts. Splicing of DMD, on the other hand, was
not correlated with DMPK expression. Overall, the repeat blocking ASO performed better than
would be expected based on the degree of DMPK knockdown, while the repeat gapmer performed
worse. From these data, we conclude that DMPK knockdown per se is not a reliable predictor of
downstream splice correction.

The repeat blocking ASO outperforms the gapmers in dispersing
MBNL1 from (CUG)exp foci
We speculated that the different mode of action of the blocking versus gapmer ASOs might explain
the difference in efficacy with regard to splice correction. Sequestration of MBNL proteins by the
expanded repeat is thought to lead to the majority of the missplicing events in DM114,18,274. By
binding to the expanded CUG repeat, the repeat blocking ASO supposedly leads to MBNL release
directly, whereas the gapmers likely lead to MBNL dispersal as a secondary effect of RNase Hmediated degradation of DMPK RNA. Differences in either kinetics of MBNL release, or in steady state
levels of free versus sequestered MBNL might explain why the blocking ASO more effectively
corrected alternative splicing. To test this idea, we treated DM1 myoblasts with ASOs for various
times up to 24 hours, after which they were fixed and MBNL1 was visualized by
immunofluorescence. As in the previous experiments, a time point at 48 hours was also included,
where cells were washed after 24 hours and then cultured for 24 hours without ASOs.
MBNL1 immunofluorescence assays showed that the number of nuclear MBNL1 foci was reduced by
all three ASOs that also reduced DMPK expression and nuclear (CUG)exp foci (Figure 3A). This
reduction was most pronounced for the repeat blocking ASO. After 16 hours, all conditions had
reached a steady state, the level of which correlated with the amount of splice correction that we
had observed previously. There was no indication for a difference in kinetics.
To further investigate the effect of the various ASOs on MBNL1 sequestration by the expanded
repeat, we combined immunofluorescence staining of MBNL1 with the RNA FISH against the
expanded CUG repeat after 48 hours. Thus, we found that while the repeat blocking ASO and both
gapmers led to a reduction of the total number of MBNL1 foci, only the blocking ASO led to a
noticeable reduction of MBNL1 signal in (CUG)exp foci (Figure 3B and 3C; p<0.1). These data suggest
that dispersal of MBNL1 is indeed a crucial step for correction of downstream splicing events in DM1.
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Figure 3. Effect of ASO treatment on MBNL1 sequestration by CUG repeat RNA. A) The number of MBNL1
foci in relation to the incubation time with ASO, as detected by immunofluorescence. Each point indicates the
mean ± SEM of two to four independent experiments. Sigmoidal dose-response curves were plotted for which
both the maxima and the logEC50 values were constrained to be equal between the data sets. Model comparisons
using the Extra Sum of Squares F test indicated that the minimum values of the curves differed between the data
sets (p=0.0549). B) MBNL1 enrichment in (CUG)exp foci, as detected by RNA FISH combined with
immunofluorescent detection of MBNL1. Shown is the mean increase of the MBNL1 signal in (CUG)exp foci
compared to the mean nuclear MBNL1 intensity. Each bar indicates the mean ± SEM of three independent
experiments. C) Representative overlay images of RNA FISH with the (CAG)6 probe (red) combined with the
MBNL1 IFA (cyan) and the nuclear counterstain (DAPI) in blue. Complete overlap of the red and cyan shows as
white (examples indicated by arrows), while lower MBNL1 signal results in predominantly red foci (example
indicated by the arrowhead).
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RNA sequencing reveals activation of the interferon response by all
ASOs, and additional off-target effects on gene expression by the
repeat gapmer
To achieve a comprehensive understanding of the effects of the tested ASOs on a transcriptomewide level, we performed RNA-seq on poly(A)-enriched samples. We included immortalized
myoblasts derived from an unaffected individual (C25) as a reference for the healthy situation. As
the DMPK blocking ASO had not shown any beneficial effects in the previous experiments, we did
not include this condition for RNA-seq. On average, 77 ± 4 million clean reads were obtained per
sample, with an average total mapping ratio of 80.6 ± 2.5% and a unique mapping ratio of 70 ± 2.3%.
Gene expression data of a total of 21,410 genes was generated. Pearson correlation and hierarchical
clustering analysis of the gene expression profiles showed that the C25 cells were clearly
distinguishable from the DM1 cells, both treated and untreated (Figure S4). To our surprise, both
control ASOs led to differential expression, and especially upregulation, of quite a large number of
genes (Table 3). The control gapmer had the larger effect on gene expression, but there was
considerable overlap between the two ASOs: 89% of the genes that were differentially expressed in
response to the control blocking ASO were also affected by the control gapmer (Figure S5). We
performed PANTHER overrepresentation tests for Reactome pathways, and found that especially
genes involved in interferon signaling were upregulated in response to treatment of DM11
myoblasts with the control ASOs (Table S2 and Figure S5). Interferon signaling appeared to be
similarly induced by all ASOs, while for the repeat gapmer and control gapmer, interleukin signaling
was also upregulated (Figure 4A). To increase the power of our analyses and to correct for these nonspecific effects, we pooled the results of the three controls: control blocking ASO, control gapmer
and untreated DM11 cells.
Table 3. Summary of gene expression changes of control ASOs versus untreated DM11 myoblasts. Number
of genes that were significantly up- or down-regulated compared to untreated control DM11 myoblasts (|log2fold change| ≥ 1 and probability ≥ 0.8). Two independent biological replicates were included per condition.

Control blocking

Control gapmer

Upregulated

551

1397

Downregulated

49

132

While the repeat blocking ASO and the DMPK gapmer had only minor effects on overall gene
expression, the repeat gapmer led to both up- and downregulation of almost 1500 genes (6.8% of
the 21,410 genes with measurable expression) compared to the control group (|log2-fold change| ≥
1 and probability ≥ 0.8; Table 4 and Table S1). Notably, many of these genes were found to be
differentially expressed only in response to the repeat gapmer, and not to the control gapmer.
PANTHER overrepresentation tests of these uniquely differentially expressed genes showed that
most of the gene expression changes induced by the repeat gapmer were related to the cell cycle
(Figure 4B and Table S2).
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Table 4. Summary of gene expression changes of repeat- and DMPK targeting ASOs. Number of genes that
were significantly up- or down-regulated compared to the control group (|log2-fold change| ≥ 1 and probability
≥ 0.8). Some of the genes overlapped with those found for the control ASOs, implying that these gene expression
changes were non-specific (see Table S1). The number of non-overlapping changes out of the total number of
changes is shown. Three independent biological replicates were included for each of the three ASOs. The control
group consisted of untreated, control blocking- and control gapmer-treated cells, with two independent
biological replicates per control condition.

Repeat blocking

Repeat gapmer

DMPK gapmer

Upregulated

0/0

527 / 726

19 / 57

Downregulated

2/2

590 / 732

7 / 26

To cross-validate the transcriptome-wide sequencing data with our RT-qPCR analyses, we first
confirmed that both gapmers led to significant downregulation of DMPK, of up to 82% (Figure 4C
and Table S3). Again, this indicates that the gapmers targeted both short and expanded repeatcontaining RNAs. The repeat blocking ASO only led to a minor, non-significant reduction of DMPK
levels of approximately 25%, which is also in line with our previous observations. Remarkably, the
repeat gapmer additionally led to significant changes in expression of the genes immediately
adjacent to DMPK in the DM1 locus, upregulating SIX5 by a factor of 2 and downregulating DMWD
by a factor of 2.8 compared to controls. We speculate that this deregulation may be secondary to
the differential regulation of transcription factors that are known to bind to the promoters of these
genes, such as MYOD1, which was downregulated by the repeat gapmer, and STAT5A, which was
upregulated (Table S1).

Figure 4 [next page]. Effects of ASO treatment on gene expression. A) Effect of ASO treatment on genes
involved in interferon and interleukin signaling. All genes that were differentially regulated by the control
gapmer compared to untreated cells were included. Box plots were drawn using Tukey’s method and show
median and 25th to 75th percentiles; whiskers show minimal and maximum values, or 1.5 times the interquartile
range, in which case values exceeding this cut-off are indicated with black circles. Medians were compared using
a Kruskal-Wallis test by ranks followed by Dunn’s multiple comparison tests. ** p<0.01, *** p<0.001. B) Reactome
pathway enrichment analysis271 of genes that were differentially regulated by the repeat gapmer. The top 10
enriched pathways (adjusted p < 0.05) are shown. C) Gene expression changes of genes in the DMPK locus and
various DM1-associated splicing factors, compared to the control group. * significantly altered gene expression
(log2-fold change>1 and probability≥0.8). D) Effect of repeat-targeting ASOs on CUG-containing transcripts. The
log2-fold change compared to the control group is plotted against the number of CUG triplets, taking the average
if the two alleles differed in repeat length. When multiple repeats were present in one gene, the longest repeat
tract was used. Only transcripts with a mean FPKM of the control group ≥1 and for which the number of triplet
repeats could be derived from the RNA-seq data are shown. Different shades indicate the probability score of the
expression difference. Gene names of some extreme examples are indicated (see also Table S3).
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Next, we investigated expression of the splicing factors that are most prominently implicated in the
spliceopathy in DM1: MBNL1, MBNL2 and CELF1. MBNL1 has been shown to autoregulate its own
splicing and expression, and MBNL1 mRNA levels are also regulated by CELF1275,276. CELF1 protein is
stabilized by hyperphosphorylation, but its mRNA levels have also been found to be upregulated in
DM1 heart tissue due to reduced expression of certain miRNAs 277. CELF1 expression was not altered
by any of the three ASOs, but MBNL1 expression was markedly reduced by the repeat gapmer,
whereas MBNL2 levels were increased by this ASO (2.3 and 2.6-fold, respectively).
As the repeat-targeting ASOs have the potential to also target other CUG repeat-containing
transcripts, we investigated the levels of a number of transcripts other than DMPK that contain CUG
repeat tracts. From this analysis, it emerged that out of 48 genes that were expressed, the repeat
blocking ASO only led to significant downregulation of one gene, OTUD4 (Figure 4D and Table S3).
The repeat gapmer, on the other hand, led to downregulation of many other CUG repeat-containing
transcripts: 28 of the 48 genes were knocked down more than two-fold. The degree of knockdown
effected by the repeat-targeting gapmer only showed a weak linear correlation with repeat length
(R2=0.15). Two transcripts that contain an intronic CUG repeat and which are linked to various types
of corneal dystrophy, ZEB1 and TCF474,278,279, and four transcripts that contain a CAG repeat were not
significantly affected by either of the repeat-targeting ASOs (|log2-fold change| < 1), indicating that
the effect is specific for exonic CUG repeats.

The repeat blocking ASO most efficiently corrected DM1associated alternative splicing
Finally, we analyzed our RNA-seq data for effects on alternative splicing induced by the ASOs. We
first confirmed splice correction of MBNL1 exon 5 by the repeat blocking and DMPK gapmer ASOs
and of DMD exon 78 by the repeat blocking ASO (p<0.05; Table S4). To assess all DM1-associated
splicing changes, we compiled a reference list of DM1-associated splicing events from several papers
that investigated transcriptome-wide splicing changes 198,234,268, as well as from an RNA-seq dataset
generated by our group, where we compared the same DM1 myoblasts that we used here with
isogenic controls in which the repeat region was excised using CRISPR/Cas9 genome editing180.
Overall we found that, compared to the control group, the two repeat-targeting ASOs caused the
largest number of significantly altered splicing events with a false discovery rate (FDR)≤0.05 (Figure
5A; 131 and 130 events, respectively). The DMPK gapmer led to 60 significantly altered splicing
events. Intriguingly, the fraction of DM1-associated events, such as NCOR2 e45 and TPM2 e6,
compared to all altered splicing events, was vastly different between the ASOs: 6% for the repeat
gapmer, 10% for the DMPK gapmer and 27% for the repeat blocking ASO. Not only was the number
of known DM1-associated splicing changes largest in the cells treated with the repeat blocking ASO,
but the effect size was generally also larger than that of the two gapmers. We further zoomed in on
the known DM1-associated genes and found that there was considerable overlap between the
splicing events that were changed by ASO treatment, especially between the repeat blocking ASO
and the DMPK gapmer (Figure 5B). The effect was generally larger and more significant for the repeat
blocking ASO than for the DMPK gapmer, and of the top ten DM1-associated alternative
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Figure 5. Effects of ASO treatment on alternative splicing. A) Number of significantly changed alternative
splicing events (FDR≤0.05) compared to the control group. Bottom (filled): splicing events in genes that were
previously found to be misspliced in DM1; top (outline only): splicing events in other genes. B) Venn diagram of
altered DM1-associated splicing events in ASO-treated cells compared to the control group (in white FDR<0.05,
in black p<0.05). C) Top 20 altered DM1-associated splicing events in cells treated with the repeat gapmer and
D) Top 10 altered DM1-associated splicing events in cells treated with the repeat blocking ASO and the DMPK
gapmer. Gene names are indicated for each row, and the changes in absolute percentage spliced in (ΔPSI (ASO
– controls) or (C25 – untreated)) are plotted on the x-axis. Note that the change in exon inclusion in healthy
versus DM1 cells is different for each transcript. Circle sizes are inversely proportional to the p value (i.e., a higher
degree of significance correspond to larger circles). For B, C and D, only events with at least 5 counts on average
in any of the groups were included in the analyses (see also Table S4).
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splice events, six were identical between the two ASOs (Figure 5C). This indicates that, although the
extent may differ, splice correction by these ASOs is mediated through a similar pathway, which we
propose to be release of MBNL.
To determine whether the observed splicing changes were a correction of DM1-associated
missplicing, we compared the ASO-treated cells with unaffected control cells. For events altered by
the repeat gapmer, there was very little overlap with the other ASOs or the healthy control (Figure
5C and Table S4). The repeat gapmer occasionally even induced splicing changes in the opposite
direction compared to the other ASOs or to the unaffected controls, which suggests that some DM1associated missplicing events might be aggravated by this ASO. The repeat blocking ASO and DMPK
gapmer almost exclusively induced splicing changes towards the splicing pattern observed in C25
unaffected control cells, confirming our previous results that these ASOs decrease DM1-associated
spliceopathy (Figure 5D and Table S4).

Discussion
Antisense therapies have emerged as a promising new treatment option for various heritable
neuromuscular and neurodegenerative disorders280,281. For some disorders, the mode of action is
dictated by the type of mutation. In Duchenne muscular dystrophy, for instance, the aim of antisense
treatment is skipping of an exon that contains a premature stop codon or interrupts the open
reading frame, and thus steric blocking ASOs must be used282. For a number of neuromuscular and
neurodegenerative disorders that are caused by microsatellite repeat expansions, both blocking
ASOs and RNase H-recruiting gapmers show promise. For example in DM1, both ASO types can
ultimately reduce MBNL1 sequestration34,35. Increased understanding of the advantages and
disadvantages inherent to both ASO strategies is required to direct the development of effective
and safe ASO therapies. Therefore, we performed a direct comparison of 2’OMe PS ASOs against
different target sequences (repeat versus non-repeat) and using different modes of action (steric
blocking versus RNase H recruitment).
The repeat blocking ASO led to downregulation of DMPK, but the degree of knockdown was more
modest than in our previous studies, in which we generally used myoblasts derived from the DM500
transgenic mouse model41,42. DM500 cells contain only the expanded human allele, and therefore
the maximum allele-specific knockdown is 100%, as opposed to the maximum of 50% in the human
patient-derived myoblasts that we used here. As expected, we found that the two gapmers led to
the most efficient knockdown of the target transcript, as well as the largest reduction of nuclear
(CUG)exp foci. It was therefore surprising that the repeat blocking ASO in fact mediated the most
efficient correction of downstream alternative splicing events that are typical for DM1. We
investigated whether this outcome might be due to differences in kinetics, and found that the
repeat blocking ASO more efficiently displaced MBNL1 from (CUG)exp foci, thereby presumably
increasing the steady state levels of free MBNL1. This finding strongly suggests that MBNL1 release
is more important for correction of abnormal splicing than reduction of toxic repeat transcripts.
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The DMPK blocking ASO was not expected to influence DMPK expression or downstream splicing,
as it does not induce RNase H1-mediated degradation, nor is it expected to displace MBNL protein
from the repeat. This ASO rather caused a slight non-significant upregulation of the number of
(CUG)exp foci and DMPK transcript levels. It is intriguing that the DMPK blocking ASO thus appears to
have the opposite effect of the repeat blocking ASO. It was recently found that some blocking-type
ASOs induce no-go decay, which is induced by stalling of the ribosomal machinery283. Similar to
nonsense-mediated decay, this process depends on translation. Although both ASOs target
sequences that are located in the 3’ UTR, which is not translated canonically, it has been suggested
that the expanded CUG repeat is subject to repeat-associated non-AUG (RAN) translation33,284. This
might explain why the repeat blocking ASO, unlike the DMPK blocking ASO, induced knockdown of
the expanded repeat alleles. Why the DMPK blocking as well as the control gapmer ASOs led to
upregulation of DMPK is a topic of further investigation.
To our surprise, we found that all the tested ASOs led to induction of interferon signaling. Whether
this would translate into a toxic effect in vivo is difficult to predict. In line with previous reports, we
observed that genes involved in interferon signaling were already more highly expressed in
untreated DM1 cells than in unaffected control cells285,286. It could therefore be envisaged that DM1
cells are more sensitive to induction of the interferon response. As only some of the ASOs contained
CpG motifs, we surmise that this response was largely independent of CpG recognition. Interferon
signaling in response to non-CpG oligonucleotides has been reported previously, and has been
ascribed to various cellular nucleic acid sensing receptors such as toll-like receptors (TLRs) and
protein kinase receptor (PKR)287–292. Based on previous studies on PepFects, it is unlikely that the
observed immune response was induced by the cell-penetrating peptide293.
We further found that the repeat gapmer led to downregulation of not only DMPK, but a large
number of other CUG repeat-containing transcripts as well. This is in line with our previous finding
that a CAG7 gapmer showed reduced repeat-length selectivity compared to blocking ASOs42. As
only transcript levels of DMPK and other CUG repeat-containing mRNAs were assessed in that study,
it was not yet known whether this ASO caused downstream splice correction. To our surprise, the
repeat gapmer did not mediate efficient correction of splicing events, and in some cases even
aggravated DM1-associated missplicing. Based on these data, we conclude that targeting the DMPK
CUG repeat using a CAG repeat gapmer is not a feasible therapeutic option for DM1.
A disconnect between knockdown efficiency and downstream splice correction has been observed
by others as well46,49. An important lesson for the field of antisense therapeutics emerges from these
combined observations. In many early-stage studies, especially screenings for the most efficient
target sequence for RNase H-mediated degradation, only knockdown of the target transcript is
evaluated. Here, however, we show that even when comparing two gapmers, DMPK knockdown per

se is not a good predictor for downstream splicing correction. Therefore, the choice of meaningful
in vitro read-outs, as well as biomarkers in in vivo studies will be crucial for the further development
of ASO therapies. This holds true not only for DM1, but also for other RNA gain-of-function disorders,
such as C9orf72-ALS/FTD.
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We here investigated alternative splicing as a downstream effect of ASOs, based on the toxic RNA
gain-of-function model. Other disease mechanisms, such as RAN translation, RNA interference
(RNAi) and DMPK/SIX5 haploinsufficiency have also been described for DM112. With respect to the
best mode of action, RNase H-mediated degradation is expected to more effectively inhibit RAN
translation and repeat-mediated RNAi. On the other hand, haploinsufficiency would be aggravated
by this approach, as healthy transcripts also appeared to be degraded by the gapmers. As the
relative contribution of each of these different disease mechanisms to the complex manifestation of
DM1 is still enigmatic, it is difficult to weigh these considerations at this point in time.
In summary, we have shown that the repeat blocking ASO CAG5 led to mild DMPK knockdown and
most effectively corrected downstream splicing defects caused by expanded CUG repeat RNA.
Furthermore, this ASO had only limited off-target effects and is thus expected to be safe for use and
suitable for further pre-clinical development. To further corroborate these findings, these
experiments should be repeated in additional cell lines and other non-repeat ASOs should
furthermore be included. Once the most favorable ASO sequence and chemical composition has
been firmly established, crucial steps in the further pre-clinical development will involve the
improvement of in vivo pharmacokinetic properties of ASOs and the choice of suitable biomarkers
for accurate and sensitive monitoring of ASO efficacy in a clinical setting.
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Supplemental materials and methods
Workflow and FIJI macros to count FISH foci
Run macro nuclear mask
//split channels, select DAPI channel
run("Z Project...", "projection=[Max Intensity]");
setAutoThreshold("RenyiEntropy dark");
setOption("BlackBackground", false);
run("Convert to Mask");
run("Close-");
run("Open");
run("Fill Holes");
run("Analyze Particles...", "size=50-500 add");
//select FISH channel (Z stack)
Run plugin 3D objects counter (Size filter set to 15-27581040 voxels, threshold set to:
[optimized value per probe set, generally 30 or 40]).
Match the detected objects with the nuclei that were saved in the ROI manager
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Workflow and FIJI macros to count MBNL1 foci
Run macro nuclear mask
run("Median...", "radius=5");
run("Auto Threshold", "method=Huang2 white");
run("Watershed");
run("Analyze Particles...", "size=2000-Infinity pixel exclude clear add");
Save nuclear rois
Combine
Clear outside
Run macro spot counter
//create nucleus segmentation and add Rois to RoiManager;
nrRois = roiManager("count");
for(roiNr = 0; roiNr < nrRois; roiNr++)
{
roiManager("select", roiNr);
run("Find Maxima...", "noise=50 output=[Count]");
}

Workflow and FIJI macros to determine MBNL1 signal in (CUG)exp
foci
Run macro nuclear mask
//select DAPI channel, create mask based on nuclei
run("Median...", "radius=10");
run("Auto Threshold", "method=Huang white");
run("Fill Holes");
run("Analyze Particles...", "size=10000-Infinity pixel clear add");
roiManager("Combine");
Add selection to MBNL1 image
Measure mean nuclear MBNL1 signal
Add selection to FISH image
Clear outside
Select none
Run measure MBNL1 in FISH foci macro
//select FISH channel, create mask based on (CUG)exp foci
run("Auto Threshold", "method=RenyiEntropy white");
run("Analyze Particles...", "size=5-300 pixel show=Overlay exclude clear add");
//select MBNL1 channel
selectWindow("5.czi - C=1");
roiManager("Show None");
roiManager("Show All");
//Measure signal intensity in MBNL1 channel
roiManager("Measure");
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Supplemental data
Figure S1. Number of nuclear DMPK transcripts as determined by RNA FISH.
Figure S2. Representative QIAxcel images of RT-PCR for alternative splicing of MBNL1 exons 5 and
7 and DMD exon 78.
Figure S3. Correlations between RNA FISH and alternative splicing with DMPK expression.
Figure S4. Pearson correlation and hierarchical clustering analysis.
Figure S5. Venn diagram and Reactome pathway analysis.
Table S1. List of genes that were differentially expressed (|log2-fold change|>1 & probability >=0.8)
in cells treated with ASOs compared to the control group, and in untreated C25 unaffected control
cells versus untreated DM1 myoblasts.
Table S2. Number of differentially expressed genes (|log2-fold change|>1 & probability >=0.8) and
results from PANTHER overrepresentation analyses.
Table S3. Expression changes of CUG- and CAG-containing transcripts induced by repeat-targeting
ASOs.
Table S4. DM1-associated alternative splicing events that were altered by treatment with ASOs or
different between C25 and DM1 myoblasts. A cut-off of p<0.05 for at least one of the comparisons
was used. Also listed are counts, percent spliced in (PSI) and the direction of the change for each
comparison.

Supplemental tables will be made available online upon publication and are available on request.
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Figure S1. Number of nuclear DMPK transcripts as determined by RNA FISH using a Quasar-670-labeled
DMPK probe set of 48 probes spaced along the DMPK transcript, and representative images of the RNA
FISH after incubation with the indicated ASOs. Bar graphs show the mean ± SEM of three independent
experiments. A two-way ANOVA was used to compare the effect of blocking versus gapmer ASOs; none of the
comparisons was significant (p<0.05). Signal of the FISH probes is shown in grays, DAPI was used as nuclear
counterstain and is shown in blue. NT = untreated.
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Figure S2. Representative QIAxcel images of RT-PCR for alternative splicing of MBNL1 exons 5 and 7 and
DMD exon 78. Myoblasts were treated for 24 hours with polyplexes at an ASO concentration of 100 nM. Capillary
electrophoresis was then performed with the PCR products on the QIAxcel system. The 15-600 bp alignment
marker was used to align the different lanes. Schematic representations of the different splice variants at the
corresponding signals are indicated on the right. Half arrows indicate primer locations. The DM1-associated
splice variants were quantified and are indicated by the large arrows: for MBNL1 this is the splice variant that
includes exons 5 and 7; for DMD this is the splice variant that excludes exon 78.
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Figure S3A. Correlations between RNA FISH and alternative splicing with DMPK e1-e2 expression. Each
point indicates the mean ± SEM of three independent experiments. 95% confidence intervals are shown by
dotted lines and for each correlation curve, the R2 and P value for a linearity test are indicated in the graph.
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Figure S3B. Correlations between RNA FISH and alternative splicing with DMPK e15 (3’) expression. Each
point indicates the mean ± SEM of three independent experiments. 95% confidence intervals are shown by
dotted lines and for each correlation curve, the R2 and P value for a linearity test are indicated in the graph.
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Figure S4. A) Pearson correlation and B) hierarchical clustering analysis of the gene expression profiles.
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Figure S5. A) Venn diagram of differentially expressed genes in DM11 cells treated with control ASOs compared
with untreated DM11 cells. B) Reactome pathway analysis of the genes that were upregulated in response to
treatment with the control ASOs 272.
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Abstract
Antisense oligonucleotide (ASO)-based therapies hold promise for a range of neurodegenerative
and neuromuscular diseases and have shown benefit in animal models and patients. Success in the
clinic is nevertheless still limited, due to unfavorable biodistribution and poor cellular uptake of
ASOs. Extensive research is currently being conducted into the formulation of ASOs to improve
delivery, but thus far there is no consensus on which of those strategies will be the most effective.
This systematic review was designed to answer in an unbiased manner which delivery strategies
most strongly enhance the efficacy of ASOs in animal models of heritable neurodegenerative and
neuromuscular diseases. In total, 95 primary studies met the predefined inclusion criteria. Study
characteristics and data on biodistribution and toxicity were extracted and reporting quality and risk
of bias were assessed. Twenty studies were eligible for meta-analysis. We found that even though
the use of delivery systems provides an advantage over naked ASOs, it is not yet possible to select
the most promising strategies. Importantly, standardization of experimental procedures is
warranted in order to reach conclusions about the most efficient delivery strategies. Our best
practice guidelines for future experiments serve as a step in that direction.
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Introduction
A number of neurodegenerative and neuromuscular disorders are due to known genetic defects.
Examples include spinal muscular atrophy (SMA), Duchenne muscular dystrophy (DMD) and familial
amyotrophic lateral sclerosis (ALS). Neurodegenerative and neuromuscular disorders are
notoriously difficult to treat due to poor accessibility of the affected tissues and because multiple
organs need to be reached by a drug. Classical small molecule drugs can alleviate symptoms to a
certain degree. One example is Riluzole, which is used for the treatment of ALS294. However, as the
genetic defects that cause these disorders are known, drugs can be designed to specifically target
the mutations. The most complete cure would be obtained by repairing the gene, for example using
CRISPR-Cas9 technology, but practical and safety concerns still surround the use of gene therapy,
both regarding the use of viral vectors for their delivery295–297 and the risk of off-target
mutations298,299. Thus, a less permanent and less controversial option is to target the mutated
messenger RNA (mRNA).
mRNAs can be targeted in a sequence-specific manner by antisense oligonucleotides (ASOs). For the
purpose of this review, we define ASOs as short stretches of single-stranded DNA or RNA or
chemically modified versions thereof. This definition also encompasses virally delivered small
nuclear RNAs (snRNAs) and ASOs encoded by plasmids. siRNAs, on the other hand, are excluded
from our analysis, as these are double-stranded and have a markedly different mechanism of action.
Depending on their chemistry, ASOs can either sterically block (e.g., to modulate splicing) or cause
degradation of the target mRNA through RNase H activity. Comprehensive reviews of the use of
ASOs in neurodegenerative disorders have been published280,281.
Sophisticated chemical modifications of the oligonucleotide backbone or the bases in synthetic
ASOs also improve endonuclease resistance and affinity for the target mRNA, and serve to reduce
toxic effects of ASOs. Common modifications include the use of phosphorothioate (PS) linkages in
the backbone, often together with sugar modifications such as 2' hydroxyl methylation or
methoxyethylation (2'OMe and MOE, respectively) or constraints such as the 2'-O, 4'-C methylene
bridge in locked nucleic acids (LNA). Uncharged variations on the regular structure of
oligonucleotides, among which phosphorodiamidate morpholino (PMO) and peptide nucleic acid
(PNA) chemistry, are also used280.
ASOs are and have been tested in clinical trials for several neurodegenerative and neuromuscular
diseases, including SMA, familial ALS, DMD, myotonic dystrophy type 1 (DM1), familial amyloid
polyneuropathy (FAP) and Huntington's disease (HD) (clinicaltrials.gov, June 2017). Although the
pathological mechanisms of these diseases are rather different, ASO therapy is promising for all of
them. In the cases of SMA and DMD, antisense therapy is aimed at splice correction, which leads to
increased production of functional proteins280,281,300. In ALS, DM1, FAP and HD, on the other hand,
antisense treatment is designed to reduce target mRNAs levels or accessibility222,280,281,300. In ALS, FAP
and HD this then results in lower expression of the disease-causing mutant protein. In DM1, ASOs
block mRNA-protein binding or induce removal of the toxic mRNA molecule that is the cause of the
disorder.
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Despite the potential of ASOs, significant hurdles remain in translating promising preclinical data
into effective therapy. One of the greatest limitations for this class of compounds is that they are
rapidly cleared from the circulation so that only a fraction of the ASOs reaches tissues other than the
kidney and liver. Therefore, high doses need to be administered to reach effective concentrations in
target tissues such as skeletal muscle and the central nervous system. Tissue specificity can be
increased to some extent by using specific administration routes. For example, intrathecal injection
increases the delivery efficiency of therapeutic compounds to the central nervous system. This
strategy has been employed successfully for SMA using the antisense drug nusinersen, which was
recently approved by the FDA301–304,39,305. Another intrathecally administered antisense drug, which
targets SOD1 (IONIS-SOD1Rx) for the treatment of ALS306, is now in phase 1/2a clinical trial
(www.ionispharma.com, December 2017). Unfortunately, local delivery is not a viable option in a
multi-organ or systemic disease. Therefore, there is a pressing need for better delivery strategies, as
has also been stressed recently by a group of researchers in the field201.
Carriers that more efficiently deliver ASOs to the target tissues are under wide preclinical
investigation57. Some of these carriers can be administered systemically, which allows for the
targeting of a variety of tissues with a single injection. The carrier strategies that are applied the most
can be broadly subdivided into four categories: polymeric, peptide, lipid and viral delivery systems.
In the first three categories, ASOs are either covalently attached to a carrier or assembled into
nanoparticles. In the viral delivery strategies, ASOs are encoded by a viral genome.
To our knowledge, clinical studies have thus far been performed mainly with naked ASOs. This may
at least partly be attributed to the lag time between definition of a study protocol and analysis of
the clinical outcome. When the current clinical studies were initiated, the delivery technologies that
show promise today were still in their infancy. With limited efficacy being reported in first clinical
studies on systemically delivered naked ASOs for treatment of DMD307,308 and DM1 (myotonic.org,
January 2017), the importance of delivery strategies is becoming increasingly clear. However, any
decision towards this unexplored terrain carries an enormous risk of failure. Therefore, the question
arises which delivery strategies may hold the greatest promise, but also whether sufficient
preclinical data has been presented to make such a decision. By investigating a range of disorders
with comparable – though not identical – target tissues, we reasoned that we would be able to gain
the most comprehensive overview of the state of the field, even if certain promising delivery agents
have only been used in one specific disease context so far.
Some excellent reviews have been published on assisted delivery of ASOs using cell-penetrating
peptides203,309,310, lipid nanoparticles311 and adeno-associated virus (AAV) vectors312, as well as on the
preclinical and clinical use of ASOs for neurodegenerative280,313 and neuromuscular disorders314,315.
So far, however, these were classical, narrative reviews. As a consequence, an objective evaluation
of the added value of the various delivery strategies has been missing. In contrast, a systematic
review, as presented here, formulates a clear-cut research hypothesis. Such a systematic review is an
excellent tool to evaluate the studies that have been performed in a manner that is as unbiased as
possible through the use of transparent and reproducible methodology, which is defined prior to
the execution of the research316,317.
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In this systematic review, we investigated which delivery strategies are the most promising for ASO
treatment of heritable neuromuscular and neurodegenerative diseases. To this end, we analyzed
animal intervention studies that use agents for the delivery of ASOs in genetic animal models of
these diseases. In total, 95 studies complied with our inclusion criteria. These studies cover a range
of ASO modifications, as well as various delivery strategies. Study characteristics, biodistribution and
toxicity are discussed. In addition, a meta-analysis317 was performed to assess the efficacy of the
different delivery strategies. Finally, we address reporting quality and present a guideline for
preclinical studies on antisense drugs, which will contribute to improved comparability of studies.
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Methods
Literature search strategy, inclusion and exclusion criteria
The present systematic review was structured to answer which delivery strategies are most effective
to enhance the efficacy of ASOs in animal models of heritable neurodegenerative and
neuromuscular diseases. The structure of this study was pre-specified in a review protocol316 which
is published on the SYRCLE website. The PRISMA checklist318 was used as a guideline for reporting
(File S2).
An extensive comprehensive search strategy was designed for Pubmed, Embase and Web of
Science, based on the SYRCLE step-by-step guide319. The search strategy consisted of three main
components: 1) intervention, which comprised antisense treatment and delivery vector, 2) disease
models, which included all heritable neuromuscular and neurodegenerative disorders, and 3)
animal population, using SYRCLE's search filters for animal studies for Pubmed and Embase320,321.
The full electronic search strategies are available in File S3. The search was performed last on May
18, 2017 in PubMed (all years), Embase via Ovid (1974 to present) and the Web of Science Core
Collection (1945 to present). No restrictions regarding language or publication date were applied.
All retrieved records from the three databases were combined in an EndNote X7 file (Thomson
Reuters (Scientific) LLC, Philadelphia, USA) for automatic and manual removal of duplicates. The
unique records were exported to EROS (Early Review Organising Software; Institute of Clinical
Effectiveness and Health Policy, Buenos Aires, Argentina), to be screened by title and abstract by two
independent reviewers (MLB and OPSF), based on predefined inclusion and exclusion criteria.
Studies included by at least one reviewer during the title/abstract screening were screened full text
for eligibility. Exclusion criteria were: a) not a primary study, b) not an animal study and/or not a
genetic animal model of a heritable neuromuscular or neurodegenerative disorder, c) not a
vectorized antisense treatment, d) not a peer reviewed article, and e) not accessible. Differences in
eligibility classification between the reviewers were discussed until consensus was reached.
Additional inclusion criteria for the meta-analysis were i) direct comparison between vectorized and
non-vectorized ASOs, and ii) quantification of the mean number or percentage of dystrophin
positive fibres in animal models of DMD, including standard deviation (SD) or standard error of the
mean (SEM).

Study Characteristics & Risk of Bias analysis
Of all the eligible studies, the study characteristics were extracted by one of the two reviewers and
crosschecked by the other reviewer (MLB or OPSF). The extracted data was compiled into the study
characteristics table (Table S1). The reliability of the included articles at the study level was assessed
using an adaptation of SYRCLE's risk of bias tool for animal studies322. Additional items were added
to detect possible conflict of interests in the included studies. A complete overview of items and
scores per study is given in Table S2. This data was used only for the qualitative data synthesis.
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Meta-analysis
A meta-analysis was performed when at least two studies with the outcome measure of dystrophinpositive fibres in animal models for DMD were retrieved. Other outcome measures that were
originally formulated in the protocol were not suited for meta-analysis. For each study, the mean
and variance were extracted by one reviewer and were crosschecked by the other reviewer (MLB or
OPSF). In case these quantitative data were not explicitly mentioned in the article, digital ruler
software (A Ruler For Windows; http://www.arulerforwindows.com/) was used to extract the data
from the presented graphs. If the SEM was reported, the SD was calculated using the reported
number of animals per group.
The statistical analysis was performed using Review Manager 5.3 (Cochrane Reviews, London, UK).
Subgroups were predefined and based on ASO chemistry. Due to the high degree of correlation
between ASO chemistry and delivery vector, no separate subgroup analysis could be performed for
delivery strategies. The remaining subgroup analyses that were originally formulated in the protocol
could not be performed because of the low number of studies per subgroup and high correlation
between factors. To avoid including the same control animals more than once, only the outcome of
the vector that gave the highest mean effect was included if multiple delivery vectors were
compared within an experiment. In most cases, these comparisons were between different variants
of a certain delivery vector.
From the mean and SD values extracted from the studies, the standardized mean difference (SMD)
and 95% confidence interval (CI) were calculated. We used the SMD as a measure for the effect size
to control for the fact that different measurement scales were used to quantify the amount of
dystrophin-positive fibres (number versus percentage). The SMD is the difference in effect between
naked and vectorized ASOs, divided by the pooled SD. A random effects inverse variance model was
then used to calculate the summary effect estimates, because of the large variation between studies
(e.g., administration route and dosing regimens)317. Heterogeneity was assessed using I2.

Data availability
All data generated or analyzed during this study are included in this published article and its
supplemental information files.
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Results
Study search and selection
A comprehensive literature search, based on the SYRCLE step-by-step guide319, was performed with
the following main components: 1) intervention (antisense treatment and delivery vector), 2)
disease models (heritable neuromuscular and neurodegenerative disorders), and 3) animal
population. A detailed description of our literature search strategy, as well as the in- and exclusion
criteria can be found in the Methods and File S3.
The results of the various stages of the comprehensive search are shown in Figure 1. The search
resulted in 1330 retrieved articles, of which 15% (194/1330) were duplicates or triplicates. Studies
were excluded from this systematic review if they were a) not a primary study, b) not an animal study
and/or not a genetic animal model of a heritable neuromuscular or neurodegenerative disorder, c)
not a vectorized antisense treatment, d) not a peer reviewed article, or e) not accessible. Screening
and subsequent eligibility assessment based on these exclusion criteria resulted in inclusion of 95
studies in the systematic review. We were able to include 20 of these studies in our meta-analysis on
the basis of the following inclusion criteria: i) direct comparison between vectorized and nonvectorized ASOs, and ii) quantification of the mean number or percentage of dystrophin-positive
fibers in animal models of DMD, including statistical analysis (SD or SEM). A reference list of the
included studies is presented in File S1.

Study characteristics
Study characteristics were extracted for all of the 95 included studies. The number of studies that
investigated delivery strategies for ASO delivery increased steadily from 2001 to 2008, after which it
has remained at approximately the same level (Figure 2A). An overview of the characteristics of each
study is presented in Table S1.

Animal models
Out of the 95 included studies, 81 were based on models of DMD (85%), eight on SMA (8%) and two
on DM1 (2%). Additionally, single studies for FAP, HD, facioscapulohumeral muscular dystrophy and
Fukuyama congenital muscular dystrophy were included.
Mouse models were used in 91 studies and four studies reported the use of dog models for DMD.
Two-thirds of the studies (65/95) neglected to report animal sex. In 23 studies (24%), male mice were
used, two studies used female mice and five studies used both male and female mice. The fact that
most studies appear to use male mice can probably be explained by the fact that DMD is an X-linked
recessive disorder and therefore rarely affects females.
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Figure 1. PRISMA flow diagram. Overview of the number of studies that were in- or excluded in each phase of
the study selection procedure, as outlined in the PRISMA Statement (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses)318.
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Figure 2. Characteristics of the included studies. A) Number of studies per year. B) Delivery strategies used for
each ASO chemistry. In case a study investigated multiple ASO chemistries or delivery vectors, it was included
multiple times in this graph.

ASO chemistry and delivery characteristics
Seven types of ASO chemistries were used in the included articles. Five of these were synthetic ASOs.
Phosphorodiamidate morpholino oligomers (PMO) were used in the majority of studies (48/95;
51%). The next most common chemistry was 2'-O-methylated RNA (2'OMe; 20%), either with or
without a phosphorothioate (PS) backbone (17 and 3 studies, respectively). One of these studies
used 2'OMe PS with 5-methylcytosine. Four studies used peptide nucleic acid (PNA) type ASOs (4%).
Two studies used all three of these chemistries (PMO, 2’OMe PS and PNA) and two studies compared
PMO and 2'OMe PS. A single study used DNA with some PS linkages. For the non-synthetic ASOs, 14
studies used virally encoded snRNAs (15%) and three studies investigated plasmid-encoded ASOs
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(3%). Two studies used both virally encoded snRNA and synthetic 2'OMe PS or PMO.
The type of ASO chemistry largely drives the type of delivery systems that can be used. The neutral
PMO and PNA chemistries are more easily covalently conjugated to a carrier, whereas the negatively
charged 2'OMe PS type ASOs and plasmid DNA are more amenable to formation of non-covalent
polyplexes with cationic polymers or peptides. This is also reflected in the studies that we reviewed.
Out of 95, 47 studies (49%) used carriers that were covalently coupled to the oligonucleotides
(Figure 2B). In this class, 36 studies used peptides as carriers, ten studies used octa-guanidine
dendrimers and one study used an antibody conjugate. Peptides were covalently coupled to PMO
oligonucleotides in 32 studies, to PNA in three studies, and 2’OMe PS in one study. One study
compared the efficacy of peptides covalently bound to all three of these ASO chemistries. Octaguanidine dendrimers were always covalently coupled to PMO oligonucleotides. This combination
is also called vivo-morpholino. One study used an antibody in combination with a PNA-type ASO.
Non-covalent delivery strategies also correspond to 49% (47/95) of the included studies (Figure 2B).
Polymers were explored for 2’OMe PS and 2'OMe (17/22), PMO (3/22) and plasmid DNA (3/22)
delivery, thus in a total of 23/95 studies (24%). Two studies compared the use of polymers for 2'OMe
PS and PMO, or 2'OMe PS, PMO and PNAs; in another study, polyethylene glycol-polyethylenimine
(PEG-PEI) co-polymers with or without peptide conjugate were used for the delivery of 2'OMe PS
ASOs. Five studies used a lipid carrier, of which four for PMO and one for 2’OMe ASOs. ASOs were
delivered using a recombinant AAV in 16 studies, in one of which mice were pre-treated with
peptide-conjugated PMOs. Single studies used carbohydrates for PMO and 2’OMe PS delivery, or a
protein for delivery of a DNA oligonucleotide with a partial phosphorothioate backbone.

Route of administration
Different routes of administration were used. In total, 41% of the studies (39/95) investigated local
injections, against 42% investigating systemic administration (40/95). The remaining 17%
investigated both types of administration (16/95).
For local administration, 43 studies (45%) used intramuscular injection and seven studies reported
direct injection into the brain, by intracerebroventricular (5%) or intrahippocampal injection (2%).
Single studies reported transendocardial injection and liver injection. For systemic administration,
36 studies (38%) used intravenous injection, nine studies used intraperitoneal injection (9%) and
two studies used a subcutaneous route of administration (2%). In four studies, multiple systemic
routes of administration were compared or combined and in one study oral administration was
investigated.

Biodistribution
For any drug, uptake and clearance by off-target organs such as the liver and kidneys are a major
concern. Biodistribution was assessed in ten of the studies that were included in this systematic
review, which is equal to 18% of the studies that investigated systemic administration. Five of these
studies performed a quantitative analysis. In general, off-target organs accounted for most of the
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uptake of ASOs, even with the use of a delivery strategy (Figure 3). However, our analysis showed
that uptake of ASOs in target organs was usually more efficient when administered with a delivery
vector.
Two of the studies that provided quantitative data examined peptide-conjugated PMOs (PPMOs).
Burki et al. found higher uptake of PPMOs in all examined tissues. Furthermore, there seemed to be
a shift towards less kidney and more liver uptake for the PPMO compared to the naked PMO323. Yin
et al. compared two versions of a PPMO, each conjugated to two peptides. The order in which the
two peptides were conjugated appeared to be important, with one variant showing more efficient
uptake in muscles, and slightly less uptake in liver than the other variant324.
Han et al. described that addition of glucose-fructose to the formulation enhanced uptake of both
PMO and 2'OMe ASOs in muscles. For 2'OMe, the distribution to the liver and kidney did not change
compared to saline. For PMO, there seemed to be more uptake by the kidney, although this was not
significant325. Jirka et al. found significantly higher uptake of a peptide-conjugated 2'OMe PS ASO
compared to naked ASO in heart, an organ that is generally difficult to reach. In all other tissues that
they examined, the uptake of the peptide-conjugated ASO was also increased compared to naked
ASO326.
Finally, Lee et al. investigated an antibody-conjugated PNA for which they observed the highest
concentrations in spleen, liver, kidney and lung (in that order) of a mouse model of HD. They found
that the antibody enhanced uptake in the brain of healthy mice compared to unconjugated PNA.
Interestingly, uptake of the antibody-PNA conjugate was higher in transgenic mice than in healthy
littermates. The authors argued that this is due to sequence-specific sequestration by the target
mRNA327.

Figure 3. ASO biodistribution using various delivery strategies. Schematic overview of in vivo
biodistribution, based on quantitative data described in323–327. Colors indicate ASO levels reached in various
organs. Numbers between brackets indicate the number of studies that reported on each organ.
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Toxicity
Fifty percent of the papers discussed toxicity of the antisense treatment (48/95). In the majority of
cases, no overt signs of toxicity were observed (Figure 4A). Parameters that were assessed include
histological examination for tissue damage in for example the liver, levels of liver and kidney
inflammatory markers – such as alkaline phosphatase (ALP) and blood urea nitrogen (BUN) – in the
serum, and production of specific antibodies against the therapeutic compound (Figure 4B).
For four delivery strategies, toxicity was reported. For AAVs, an immune response was reported in
one article328. This immune response was elicited upon re-administration of the vector. Other than
that, no toxic effects were noted for AAVs. Octa-guanidine dendrimer-coupled PMOs (vivomorpholinos) were reported to cause severe toxicity when administered via intracerebroventricular
injection in newborn mice329,330.
Twice weekly intravenous administration of 20 mg/kg vivo-morpholinos to four-week-old mice also
led to toxicity. Reducing the dose to 15 mg/kg for the first two weeks, however, eliminated this toxic
effect331. The remaining studies that used vivo-morpholinos administered lower doses and did not
observe overt toxicity. One study using a peptide-conjugated PMO performed a dose escalation and
reported a LD50 of 85 mg/kg. No toxicity was observed for the lower doses of 6 and 30 mg/kg332.
Finally, PEI was described to have local toxic effects upon intramuscular injection, specifically high
molecular weight-PEI333,334. For copolymers with PEI or Tween-85 grafted PEI, no obvious toxicity was
observed.

Figure 4. Toxicity assessment. A) Reported toxicity for the various delivery strategies as specified by number
of studies. B) Use of different read-outs to assess toxicity. Some studies used multiple read-outs.
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Reporting quality and risk of bias assessment
The quality and risk of bias assessment, based on the SYRCLE risk of bias tool for animal studies322, is
shown in Figure 5. As additional item, conflict of interest (both reporting and risk of bias) was
included. An overview of the risk of bias and reporting quality assessment for each individual study
is presented in Table S2.
Of the 95 included studies, three studies reported that their experiments were randomized at any
level and eight studies mentioned that parts of their experiments were blinded. Even then, blinding
was only addressed at the level of the outcome assessment. None of the studies showed a power
calculation or otherwise explained the size of their experimental groups. Competing financial
interests were reported more frequently, with 58 out of 95 studies (61%) stating whether there was
a conflict of interest. In 21 studies (22%), the risk of bias was classified as high due to a potential
conflict of interest (Figure 5B). This was the case if a potential conflict of interest was reported by the
authors, or if there was no statement about conflicts of interest, whereas at least one of the authors
was affiliated with a company that develops ASO- based therapy. The risk of bias on most of the
remaining items was unclear, which can be attributed for a large part to the low reporting quality.

Meta-analysis
Prior to performing the comprehensive search, it was not clear which disorders would be
represented sufficiently to be used in a meta-analysis. Therefore, in the systematic review protocol,
a number of possible outcome measures were mentioned. In the end, only DMD was well
represented in our data set and only one outcome measure was frequently described and
quantified: the number or percentage of dystrophin-positive fibers. Therefore, only this outcome
measure qualified for meta-analysis.
Twenty studies quantified the amount of dystrophin-positive fibers and compared vectorized with
naked ASOs. For these studies, the reported values were extracted and subsequently used to
calculate the effect size expressed as the standardized mean difference (SMD; Figure 6). By pooling
these effect sizes in a random-effects model, we found that vectorization increases the effect of ASOs
on dystrophin restoration in animal models of DMD (SMD: 2.70 with a 95% confidence interval (CI)
of [1.75, 3.66]). The effects per subgroup show that significant effects are found for PMO (SMD: 3.57,
CI: [2.45, 4.70]) and 2'OMe chemistry ASOs (SMD: 2.57, CI: [1.00, 4.13]). Only for PNA-type ASOs, no
statistically significant effect of vectorization was observed (SMD: 0.54, 95% CI: [-1.57, 2.64]).
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Figure 5. Reporting quality and risk of bias assessment. A) The reporting quality and B) risk of bias were
assessed for all included studies. Allocation refers to the assignment of an animal to a treatment group. Random
selection of animals refers to the order in which animals are picked for the outcome assessment (OA).

Figure 6 [next page]. Forest plot of the effect of vectorization of ASOs on dystrophin restoration in DMD
models. Results of the meta-analysis of studies that compared dystrophin restoration after treatment with
vectorized and non-vectorized ASOs in genetic animal models of DMD. All values were obtained from tibialis
anterior or, if data for this muscle was not reported, quadriceps. If multiple vectors were assessed in the same
experiment, the vector with the highest mean was used. An overall beneficial effect of vectorization was
observed. For PNA-type ASOs, this effect was not significant. Data are presented as Standardized Mean
Difference and 95% confidence interval (CI). im=intramuscular, iv=intravenous, sc=subcutaneous,
ip=intraperitoneal.
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Discussion
Over the past years, the development of antisense-based therapeutics has seen an increase in
research efforts in a variety of neuromuscular and neurodegenerative disorders, such as Duchenne
muscular dystrophy282, myotonic dystrophy type 1222, spinal muscular atrophy335, spinocerebellar
ataxia type 2336 and type 3 (also known as Machado-Joseph disease)159,337, Huntington's disease338,339,
spinal and bulbar muscular atrophy340,341 and ALS and frontotemporal dementia342,343. Excitingly,
multiple antisense drugs are in advanced clinical trials, and antisense therapies for Duchenne
muscular dystrophy and spinal muscular atrophy have been approved by the FDA. Unfortunately,
not all clinical trials have had equally promising results, especially when systemic delivery is needed,
for example in Duchenne muscular dystrophy307,308 and myotonic dystrophy type 1 (myotonic.org,
January 2017). Most of this lack of efficacy can be attributed to low delivery efficiency of ASOs after
systemic delivery201. It is therefore more than timely to critically and objectively evaluate the
potential benefit of delivery strategies.
In this systematic review, we identified 95 studies that used vectorized antisense therapeutics in
animal models of neuromuscular and neurodegenerative disorders. Although our search aimed to
identify studies in a range of disease models, we unexpectedly found that the vast majority (81 out
of 95) of these studies were performed on mouse models of Duchenne Muscular Dystrophy.
Nevertheless, we decided to maintain the broad scope of the review, in order to have the
opportunity to also include findings from other neuromuscular and neurodegenerative disorders
that would be relevant for other fields. Twenty studies that quantified the amount of dystrophinpositive fibers in DMD models after treatment with naked and vectorized ASOs conformed with our
inclusion criteria for a meta-analysis. Thus, we found that assisted delivery increases efficacy of
antisense therapy, especially for 2'OMe PS- and PMO-type oligonucleotides.
The strength and novelty of our systematic review derives from the fact that it is based on a welldefined hypothesis and search strategy and therefore provides an assessment of the results
presented by the current literature that is as unbiased as possible. Using an elaborate search
strategy, we strove to include literature on all available delivery strategies and ASO chemistries in a
range of disease models. To our knowledge, this is the first quantitative comparison of different
delivery vectors for ASOs. Unfortunately, low comparability between studies limited the possibilities
for meta-analysis, as is further discussed below.
A question that begs to be answered is why, thus far, the focus of research has been mostly on DMD.
One factor that likely contributes is the high efficiency of ASO treatment in DMD models, which has
been hypothesized by Hoffman and colleagues to be up to 100-fold higher than in other disease
models due to two factors344. Firstly, they argue that the more permeable plasma membranes in
DMD muscles may lead to up to 10-fold more efficient delivery of ASOs. Secondly, the authors reason
that it is easier to achieve effective upregulation of a target protein, as effected by exon skipping,
than it is to have complete knockdown. These characteristics could explain the promising preclinical and clinical results that have been obtained for DMD, especially compared to previous
endeavors such as Alicaforsen, which downregulates the immune adhesion molecule ICAM-1 in
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inflammatory diseases345. Another possible factor is that multiple well-characterized animal models
of DMD exist346. Likely due to the same reasons, DMD research is also on the front line when it comes
to the assisted delivery of antisense therapy. However, the number of studies on SMA (8/95) in which
ASOs also cause splice correction is likewise increasing. Hopefully, the insights provided by the DMD
research will allow the rest of the neuromuscular and neurodegenerative field to follow.
Our meta-analysis of the DMD studies that compared naked with vectorized ASOs and quantified
dystrophin restoration clearly shows that delivery vectors enhance the efficacy of ASO treatment.
This holds true for systemic as well as local administration. Although only a single outcome measure
could be used in this meta-analysis, this immunohistochemical assessment of the amount of
dystrophin-positive fibers is probably the most indicative of functional dystrophin, as compared
with other methods such as Western blotting, which rely solely on intensity measurements347.
Interestingly, ASO chemistry seems to dictate the extent to which a delivery vector provides added
value. Specifically, PNA does not seem to benefit from peptide carriers. This might be explained
partly by the fact that PNA-type ASOs had a quite large effect when administered without delivery
vehicle. Charge of the ASO backbone is apparently not the driving force for the high efficacy of
naked PNAs, as this effect is not observed for the PMO chemistry. The route of administration did
not appear to influence the effect size for any of the chemistries. Unfortunately, the high degree of
correlation between the type of oligonucleotide and the type of delivery vector used preclude
conclusions about the type of delivery vector that is the most potent.
Based on the available data on biodistribution and toxicity, it is not possible to point out the most
promising candidate delivery strategies either. Biodistribution was only reported in a handful of
studies, and no single delivery vector appears to effectively decrease accumulation in off-target
organs. In some cases, the liver/kidney ratio was changed by the use of a delivery vector, but none
of these papers report a selective increase in uptake in the target organs. Although a number of
studies reported on toxicity, it is likely that toxic doses were often not included in the study design.
Additionally, most studies only included a limited set of toxicity markers. Therefore, it is not possible
to gauge the therapeutic windows of the various vectorization strategies. The scarcity of
biodistribution and toxicity data might in part be explained by the fact that we have chosen only to
include experiments that were performed in genetic animal models of heritable neurodegenerative
and neuromuscular disorders. We reasoned that this would be the closest to the clinical situation
and that only in such models a clinically relevant effect could be measured. Therefore, we did not
include studies and experiments that were performed on wild type mice, which might have
presented more biodistribution data.
Based on the number of studies that have been performed with certain combinations of delivery
vectors and ASOs, it would appear that PMO conjugates with peptides or dendrimers are the most
promising. This combination is closely followed by polymeric nanoparticles with 2'OMe PS ASOs and
AAV-delivered snRNAs. However, the number of studies performed with any particular ASO
chemistry or class of delivery vectors is probably also influenced by other factors, such as
sponsorship by holders of intellectual property. The fact that few studies directly compared different
delivery strategies or aimed at reproducing studies that were done with a certain delivery vector
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makes it very difficult to draw conclusions about the most promising delivery vector at this point in
time.
Favorable properties of covalent conjugates are their relatively easy production, their stability and
the fact that they can be well characterized. Covalent conjugates are considered as a single active
pharmaceutical ingredient (API), which means that only a single compound needs to be thoroughly
tested for toxicity. On the other hand, if non-covalent carriers were used, these would be seen as
excipients, meaning that they are not part of the API. Provided that they have been approved
beforehand, this would eliminate the need for toxicology tests for the carrier. Except for the AAV
vectors, certain polymers and the TAT peptide, however, mostly experimental carrier systems have
been used.
Although the number of studies in the meta-analysis was quite substantial, the variety of different
delivery vehicles, ASO chemistries and other experimental factors such as route of administration
and dosing regimen precluded any definitive conclusions about the most promising delivery
vehicles. Furthermore, several factors limited the number of studies that could be included in the
meta-analysis. One of the inclusion criteria for the meta-analysis was the use of naked ASOs as a
control group. We reasoned that only if this control was present, it would be possible to determine
the added value of a delivery vector. However, this control group was only included in about 40
percent of the studies (40/95). The use of different (primary) outcome measures between studies on
the same disease made it difficult to compare results. In addition, results such as the number of
dystrophin-positive fibers or the degree of splice correction were often not quantified, and therefore
not usable for meta-analysis. Finally, the use of a very disease-specific outcome measure, in this case
dystrophin-positive fibers, made it very difficult to compare results between models of different
diseases. If a more general, upstream outcome measure, such as splice correction, had been used
and quantified more frequently, this would have increased the number of possible comparisons for
the meta-analysis.
During our review, it became clear that the reporting quality of the majority of the studies was low.
With an ongoing discussion on the predictive value of preclinical animal studies, the issue of
reporting quality and reproducibility of preclinical animal studies has received considerable
attention348,349. Still, despite the fact that there are various guidelines for more rigorous reporting of
methods and results350, they nevertheless still receive little attention. We feel that this is a critical
factor that should be addressed in order to be able to better compare different studies, which will
ultimately benefit the field as a whole.
Therefore, we would like to stress again the importance of adhering to such guidelines, and want to
highlight the following points for better comparability of preclinical animal studies on antisense
drugs specifically:
•

Study design and reporting should conform with existing guidelines, such as the NINDS rigor
guidelines and ARRIVE guidelines348,351. This includes randomization, blinding, sample size
calculations based on expected effect size and appropriate handling of the data.
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•

Use of appropriate control groups, including a control group that receives naked ASOs in cases
when the effect of a delivery vector is investigated.

•

Use of a standard, broad set of outcome measures and quantification thereof. The following
outcomes should be taken into account:
o

Biodistribution (including target tissues and common off-target tissues such as liver,
kidney and spleen).

o

Direct effect of the ASO (e.g., splice switch or knock-down of the target mRNA).

o

Downstream effect of the ASO on the molecular level (e.g., protein expression,
splicing of downstream targets).

o

Downstream effect of the ASO on the physiological level (e.g., motor function,
behavioral effects, survival).

In conclusion, our systematic review demonstrates that the application of ASOs in heritable
neuromuscular and neurodegenerative disorders is not ready yet to make a decision for the most
promising delivery strategies. What has become clear is that PMOs conjugated to peptides or
octaguanidine dendrimers have been studied most intensively, followed by polymeric nanoparticles
with the charged 2'OMe PS-type of ASO and adeno-associated viruses encoding snRNAs. Hopefully,
future studies in animal models of a wider range of neuromuscular and neurodegenerative disorders
will shed more light on this issue. It is then crucial that these studies implement a rigorous study
design and more transparent reporting and also compare delivery strategies.
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Abstract
Targeted delivery of antisense oligonucleotides (ASOs) upon systemic administration is one of the
hurdles that remain to be taken for antisense therapies to fulfill their potential. For multisystemic
disorders such as myotonic dystrophy type 1, systemic administration will be crucial for reaching all
affected organs and tissues. These include not only the skeletal muscles, but also the central nervous
system, the heart and the intestine. We have previously shown that peptide-ASO nanoparticles can
enhance cellular uptake and ASO trafficking to the nucleus. Here, we investigated whether such
nanoparticles can be functionalized with targeting peptides to enhance uptake in target organs and
to reduce clearance by and accumulation in off-target organs. We found that functionalization of
nona-arginine (R9)-based nanoparticles did not lead to noticeable improvement in biodistribution
in mice, although the relative distribution between liver and kidney was altered. Compared to
functionalized R9 nanoparticles, functionalized PepFect14 (PF14) nanoparticles led to several fold
higher accumulation in off-target as well as target organs. Although incidences of acute toxicity limit
our conclusions at this point in time, our results indicate that PF14 nanoparticle functionalization
has promise and deserves further investigation.
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Introduction
Three antisense oligonucleotide (ASO) therapies for neuromuscular disorders have recently been
approved by the FDA: eteplirsen for the treatment of Duchenne muscular dystrophy (DMD),
nusinersen for the treatment of spinal muscular atrophy (SMA) and inotersen for the treatment of
hereditary transthyretin-mediated amyloidosis (hATTR)40,45. All these drugs are delivered as ‘naked’
ASOs, that is, without any delivery agent. Eteplirsen is administered systemically via intravenous
infusion, which leads to sufficiently high ASO concentrations in skeletal muscle due to increased
muscle membrane permeability in DMD352. Nusinersen is also administered without any delivery
vehicle, but in this case, the drug is introduced directly into the central nervous system through
intrathecal injection, thus circumventing the clearance problems that are otherwise observed for
naked ASOs301. Finally, inotersen is administered subcutaneously, and inhibits production of the
transthyretin protein in the liver, which is the organ that is reached most efficiently by most ASOs,
as it is involved in clearing drugs from the circulation353.
ASOs also show promise for the treatment of other neuromuscular disorders, such as myotonic
dystrophy type 1 (DM1)200. DM1 is a multisystemic disorder, affecting skeletal muscle, heart, brain
and a number of other organs. We and others have previously identified effective ASOs for the
treatment of DM141,42,46,50, but there is a pressing need for better systemic delivery vehicles34,37,354.
Systemic administration is necessary to reach all of the affected organs with minimal burden for the
patient. Until now, however, efficient targeting to organs other than the liver upon systemic
injection has not been achieved57,201. To determine which delivery strategies are the most promising,
we performed a systematic review and meta-analysis of the literature on in vivo use of ASOs in
combination with delivery agents in animal models of neuromuscular and neurodegenerative
disorders355. The field of targeted ASO delivery is rapidly developing, and formulation with delivery
vectors showed enhanced activity over naked oligonucleotides. At this point, though, none of the
delivery strategies clearly outperformed any of the others, illustrating that there is still ample room
for optimization355.
DM1 is caused by the expansion of a CTG repeat in the 3’ untranslated region (UTR) of the DM1
protein kinase (DMPK) gene. Transcripts that contain the expanded repeat are toxic to the cell,
mainly through the sequestration of RNA-binding proteins such as muscleblind-like protein 1
(MBNL1)34. We have obtained promising in vitro and in vivo results with CUG repeat-targeting 2’OMe
PS ASOs, which are amenable to nanoparticle formation with cationic cell-penetrating peptides254.
Such peptide nanoparticles can be further functionalized using targeting peptides, which can help
cargo to cross biological barriers such as the blood-brain barrier (BBB) by receptor-mediated
transcytosis228. Examples of targeting peptides described in the literature include a retro-inverse
enantiopeptide that targets the transferrin receptor TfR356 and a peptide that targets the low-density
lipoprotein receptor-like protein 1 (LRP1), called Angiopep-2 (ANG)357.
We first combined the well-characterized cell-penetrating peptide (CPP) nona-arginine (R9) with
these two targeting peptides, as oligo-arginines have been used extensively for complexation of
oligonucleotides both in vitro and in vivo224–226. We show that, at high concentrations, small and
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monodisperse populations of polyplexes could be obtained by using gelatin as a stabilizing agent
and sonicating the samples. Compared with R9 only, the targeting peptide Angiopep-2 slightly
altered the distribution to off-target organs such as liver and kidney in mice, but this approach
yielded no clear improvement of brain or muscle targeting. The promising in vitro results that we
obtained for the cell-penetrating peptide PF14254 prompted us to extend the functionalization
strategy with Angiopep-2 to PF14 nanoparticles. Unfortunately, the used dose of PF14-based
polyplexes led to acute toxicity. One mouse, which had received a lower dose, nonetheless showed
promising biodistribution, with up to six-fold higher Cy5-ASO accumulation in target organs
compared to R9-Angiopep-2 polyplexes. These preliminary results indicate that targeted PF14
polyplexes can be used to improve the biodistribution of ASOs in vivo and serve as a basis for
optimization and further development of this strategy.

Materials and methods
Cell-penetrating peptides and antisense oligonucleotides
All peptides were synthesized by EMC Microcollections (Tübingen, Germany). Peptide sequences,
including N- and C-terminal modifications, are listed in Table 1. Cy5-labeled repeat-targeting
blocking-type ASOs, with sequence 5’-CAGCAGCAGCAGCAG-3’, consisted entirely of 2'-O-methyl
ribose nucleosides with phosphorothioate linkages. ASOs were synthesized and purified by HPLC
followed by a Na+ salt exchange at Integrated DNA Technologies (IDT, Leuven, Belgium).
Table 1. Overview of peptides used in this study. Ac: N-terminal acetylation; NH2: C-terminal amidation; Ado:
1-Amino-3,6-dioxaoctanoic acid linker.

Name

Sequence

R9

Ac-RRRRRRRRR-NH2

R9-ANG

Ac-RRRRRRRRRTFFYGGSRGKRNNFKTEEY-NH2

R9

Ac-rrrrrrrrr-NH2

R9-TFR

Ac-rrrrrrrrrpwvpswmpprht-NH2

PF14

Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2

PF32

Stearyl-LLOOLAAAALOOLLTFFYGGSRGKRNNFKTEEY-NH2

C18-ANG

Stearyl-TFFYGGSRGKRNNFKTEEY-NH2

TG1

Ac-EEEEEE-Ado-Ado-TFFYGGSRGKRNNFKTEEY-NH2
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Cell culture
Immortalized human DM1 myoblasts (DM11 cl5 - (CTG)13/2600) have been derived from primary
myoblasts from a DM1 patient. This cell line was kindly provided by Dr. D. Furling and Dr. V. Mouly
and described previously180,232. Myoblasts were grown in a 1:1 mix of Skeletal Muscle Cell Growth
Medium (PromoCell, Heidelberg, Germany) with 1x GlutaMAX (Gibco; ThermoFisher Scientific,
Landsmeer, Netherlands) and Ham's F-10 Nutrient Mix with GlutaMAX (Gibco), supplemented with
20% (v/v) HyClone Bovine Growth Serum Supplemented Calf (GE Healthcare, South Logan, UT). All
tissue culture vessels were coated for at least 30 minutes prior to cell seeding with 0.1% gelatin
(Sigma G2500) in milliQ. Cells were incubated at 37°C in humidified incubators with 7.5% CO2.
Routine testing showed that cells were free of mycoplasma.

Polyplex formation, characterization and storage
Polyplexes were formed at a nitrogen to phosphate ratio of 5 (N/P, corresponding to the number of
positive charges of the peptides and the number of phosphorothioate bonds in the
oligonucleotides, respectively), unless otherwise specified. This corresponded to a molar ratio of
peptide:ASO between 9:1 and 15:1, depending on the peptide. Peptides and ASOs were pre-diluted
to 20x the final concentration in 5% glucose solution. To the peptide pre-dilutions, a 5x excess of
gelatin to peptide (w/w) was added. Then, polyplexes were formed by pipetting peptides and ASOs
simultaneously against the wall of a PCR tube with the pipette tips in close contact. Polyplexes were
allowed to stabilize at room temperature for approximately 1 hour. To reduce the size of the
polyplexes and to increase homogeneity of the solution, polyplexes were subsequently sonicated
using the Bioruptor (Diagenode, Seraing, Belgium). In general, 2x 10 cycles of 30" on/30" off at high
intensity were performed, unless otherwise specified. In between cycles, solutions were shortly spun
down to collect all the liquid at the bottom of the tube.
Size and polydispersity of polyplexes were assessed by dynamic light scattering (DLS) on a Zetasizer
instrument (Malvern Panalytical, Eindhoven, Netherlands), using automatic attenuator selection. In
general, 2 to 3 measurements of ten 10-second runs were performed at 25°C.
To test different storage conditions, polyplexes formed at a concentration of 30 µM ASO and diluted
ten-fold for DLS measurements were divided into three aliquots. One aliquot was stored at 4°C, one
at -20°C and one was left for several days with the lid open at room temperature to dry, and then
stored at room temperature. After two weeks, dried polyplexes were reconstituted and all stored
aliquots were used for DLS measurements to assess the effect of the storage on polyplex size and
polydispersity.

In vitro polyplex incubation and live cell confocal microscopy
For microscopy, cells were seeded one day prior to the experiment at 2.5x104 cells per well in 8-well
ibiTreat µ-Slides (Ibidi, Martinsried, Germany) or 1.0x104 cells per well in black 96-well plates (Greiner,
Alphen a/d Rijn, Netherlands). Polyplexes were pre-diluted to 2x the final concentration in serumfree Ham's F-10 Nutrient Mix (Gibco). Medium on cells was replaced with half the final volume
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Skeletal Muscle Cell Growth Medium (PromoCell) supplemented with 1x GlutaMAX (Gibco) and 20%
(v/v) HyClone Bovine Growth Serum Supplemented Calf (GE Healthcare). To this, an equal volume of
pre-diluted polyplexes in serum-free Ham's F-10 Nutrient Mix was added.
For R9 polyplexes, cells were washed with PBS after 24 hours. Then cells were used for live cell
confocal microscopy on a Leica TCS SP5 at 37°C (Leica Microsystems, Wetzlar, Germany), using either
a 40x 0.75 NA dry objective or a 63x 1.2 NA water objective. Z-stacks were obtained at an excitation
wavelength of 633 nm and emission wavelengths of 650 – 750 nm. For PF14 polyplexes, cells were
washed for 5 minutes with PBS containing 5 μg/mL Hoechst 33342 (Invitrogen; Merck, Darmstadt,
Germany) to stain the nuclei after 24 hours incubation. Then cells were imaged on a Leica TCS SP8
(Leica Microsystems), using a 40x 0.85 NA dry objective. Frame sequential tile scans were acquired
in a single confocal plane, for which fluorescence was excited at 405 nm (Hoechst) and 633 nm (Cy5),
and emission collected between 410 – 585 nm (Hoechst), and 650 – 750 nm (Cy5).

Transwell assay
To measure transcytosis, transwell assays were performed. Transwell inserts (3.0 µm pore size,
Corning, Amsterdam, The Netherlands) were coated with collagen, after which 5.0x104 conditionally
immortalized human brain microvascular endothelial cells (HBMEC/ciβ358) were seeded per insert in
Complete Classic Medium With Serum and CultureBoost (Cell Systems, Kirkland, WA, USA). As
negative controls, collagen-coated inserts without cells were included. Inserts were placed in a 12well plate and incubated overnight at 33°C. Medium was changed every other day, and when cells
were confluent, medium containing 200 nM hydrocortisone was added and cells were moved to
37°C to induce differentiation. After 1 week, polyplexes, naked ASOs or fluorescent tracers
(rhodamine-dextran and sodium fluorescein) were applied to the apical side of the membrane, and
100 μL samples were taken from the basolateral side after 15 minutes, 30 minutes, 1 hour, 2 hours,
4 hours, 6 hours, 8 hours and 24 hours, each time adding fresh medium to compensate for the
removed volume. After 24 hours, a sample from the apical side was also collected. Samples were
stored at 4°C in a black 96-well plate (Greiner). To record standard curves, 2log serial dilutions of the
fluorescent tracers and Cy5-ASOs (starting from 5 μM tracer and 0.6 μM Cy5-ASO) were prepared.
Fluorescence was measured using a Tecan Spark M10 plate reader (Tecan, Giesen, The Netherlands).

Transgenic mice, in vivo application of polyplexes and
biodistribution measurements
In vivo experiments were performed under RU-DEC-2013-123 and RU-DEC-2017-0016, in
accordance with Dutch regulations on animal experimentation. Homozygous DMSXL mice (a
transgenic model of DM1) and wild type littermates were used359. For R9 polyplexes, homozygous
DMSXL mice were used, as we had intended to assess efficacy of the ASOs as well as biodistribution.
For PF14 polyplexes, we only aimed to investigate biodistribution, and therefore used surplus mice
from the breeding to minimize the number of animals that had to be bred for this experiment.
Polyplexes were injected in the tail vein at a final dose of 2.5 mg Cy5-labeled ASOs per kg body
weight by trained personnel of the animal facility. Mice were euthanized approximately 24 hours
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after the injection by cervical dislocation. The following organs were isolated for fluorescence
measurements: liver, kidneys, spleen, lungs, heart, diaphragm, soleus, quadriceps, tongue, jejunum,
gastrocnemius, tibialis anterior and brain. Mice that died prematurely were kept at -20°C, after which
necropsy was performed and kidneys, liver, lungs and heart were isolated. Organs were placed in a
square petri dish and fluorescence was measured using the IVIS Spectrum in vivo imaging system
(PerkinElmer, Groningen, The Netherlands) using the 640/20 nm excitation filter and the Cy5.5
emission filter (695-750 nm). Autofluorescence images were obtained using the 570/20 nm
excitation filter and the same emission filter. All samples within an experiment were measured using
the same settings.

Data analysis and statistics
All statistics were performed using GraphPad Prism software (GraphPad Software, La Jolla, CA). Data
shown in graphs are from two independent experiments and represent the mean ± standard error
of the mean (SEM), unless otherwise specified.
Microscopy images were analyzed using FIJI215. Maximum intensity projections were obtained from
confocal slices and the mean Cy5 fluorescence was measured. To determine the fraction of cells
containing a positive nucleus, nuclear masks were made based on the Hoechst staining; Cy5
fluorescence intensity and standard deviation were measured for each nucleus in the field of view.
In both cases, the mean background fluorescence intensity measured in untreated cells was
subtracted. Positive nuclei were counted as those that had a background corrected mean
fluorescence intensity that was larger than the standard deviation in that area. Thus, areas that
showed highly fluorescent spots from other focal planes than the nucleus were distinguished from
those nuclei that had a homogeneous fluorescence distribution. Dependence of Cy5 fluorescence
intensity on the percentage of targeting peptides in DM1 myoblasts treated with R9 polyplexes were
fitted by linear regression, testing whether the slope was significantly different from zero.
Fluorescence measurements of each sample of the transwell assay were corrected for the mean
background intensity measured in empty wells and for dilution due to repeated sampling. Cy5
concentrations were derived from the standard curves. Transcytosis was expressed as the
percentage of Cy5-ASO molecules at the basolateral side after 24 hours, relative to the number of
Cy5-ASO molecules added at the apical side at t=0.
DLS data were analyzed using Zetasizer software (Malvern Panalytical). Z-average and polydispersity
index (PdI) were retrieved for each sample. Dependence of sample size and heterogeneity on
sonication were fitted by linear regression, testing whether the slope was significantly different from
zero.
IVIS fluorescence image data of the in vivo experiments were analyzed using FIJI. Autofluorescence
images obtained at excitation 570/20 nm were subtracted from the 640/20 nm excitation images.
ROIs were drawn around each organ based on the brightfield image and the mean fluorescence
intensity in each organ was measured. These values were further corrected for background
fluorescence by subtracting the mean fluorescence intensity of the same organ in the vehicle
control. For the kidneys, the mean of both kidneys was determined.
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Results
In vitro results of R9 polyplexes containing targeting peptides
To assess the feasibility of targeted polyplex delivery, we first used an R9-based system, as argininerich CPPs are well-characterized and have been used extensively in vitro and in vivo before224–226.
Chimeric peptides consisting of either R9 and Angiopep-2 (R9-ANG), or of the D-peptide r9 and the
TfR-targeting retro-enantiopeptide (r9-TFR), were synthesized (Table 1), and the chimeric CPPtargeting peptides were mixed with the regular CPPs at various ratios.
To determine whether the presence of targeting peptides in polyplexes affected cellular uptake, we
first incubated DM1 myoblasts with polyplexes containing various amounts of targeting peptides.
Cells were incubated with polyplexes for 4 hours, then washed and returned to the incubator for
another 20 hours, at which point confocal images were obtained and the relative fluorescence
intensity was determined (Figure 1A). We observed a negative trend between the amount of
targeting peptide in the polyplexes and the uptake by DM1 myoblasts, both for R9-ANG and for r9TFR (p=0.065 and p=0.205, respectively).
To assess whether the targeting peptides were capable of mediating transcytosis, we then tested
the polyplexes in a transwell assay358. In this assay, the blood-brain barrier is mimicked in vitro by
culturing brain microvascular endothelial cells on top of a porous membrane in a transwell insert.
Subsequently, the amount of compound that is transcytosed from the apical to the basolateral side
of the insert is measured.

Figure 1. Effect of targeting peptides on uptake and transcytosis of ASOs via polyplexes. A) DM1 myoblasts
were incubated for 4 hours with Cy5-ASO-containing polyplexes (final ASO concentration 0.6 µM), then washed
and incubated for another 20 hours, after which live cell confocal microscopy was performed. The mean
fluorescence intensity of the image was determined for each condition and normalized to the mean intensity of
cells treated with R9 polyplexes without targeting peptides. Linear regressions were performed for the uptake
of Cy5-ASOs by DM1 myoblasts (dashed lines). B) Polyplexes were applied to the apical side of transwell inserts
seeded with differentiated hBMEC/ciβ cells (final ASO concentration 0.6 µM). Transcytosis capacity is expressed
as the percentage of Cy5 at the basolateral side, relative to the amount of Cy5 added at the apical side at t0. Each
point in the graphs indicates an independent biological replicate, and means are connected by a solid line.
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Transcytosis positively correlated with the percentage of targeting peptides, with an approximately
logarithmic dependence (Figure 1B). The interexperimental variation was large, and the suitability
of this model system is questionable, as we were unable to show that tight junctions were formed.
However, based on the combination of the data on uptake and transcytosis, we decided to use 25%
CPP-targeting peptide for the in vivo experiment.

Optimization of R9 polyplex formation at high concentrations
For in vivo application, polyplexes needed to be formed at high concentrations, as the injection
volume for intravenous administration in adult mice is limited to approximately 200 µL. To obtain a
final injected dose of 2.5 mg/kg, we formed polyplexes at an ASO concentration of 130 µM and a
peptide concentration of 1083 µM in water, and then diluted the polyplexes two-fold in 10%
glucose. This is 13 times higher than the highest concentration that we typically used for in vitro
applications. To our dismay, however, forming polyplexes at such high concentrations in water led
to the formation of large aggregates, clearly visible with the naked eye. We therefore first set out to
optimize the polyplex formation protocol for in vivo use.
Several variables needed to be considered. First, injection solutions need to be iso-osmotic. Sugars
and/or salts can be used to ensure this. As we knew that phosphate-buffered salt solutions can lead
to aggregation of polyplexes, we decided to form the polyplexes in 5% glucose, a solution that is
also iso-osmotic and can be injected directly 226,325. Second, we expected that a stabilizing agent
would be needed to prevent polyplex aggregation. Gelatin was selected based on prior testing of
several compounds (data not shown) and proved to be an effective stabilizer in our system as well,
clearly reducing both polyplex size and polydispersity, especially when gelatin was added to the
peptides before polyplex formation (Figure 2).

Figure 2. Effect of gelatin and sonication on polyplex size and heterogeneity. Polyplexes of R9 with
unlabeled ASOs were formed at a concentration of 25 µM ASO (N/P 5). Gelatin was either added to the peptides
prior to polyplex formation, or after polyplex formation, prior to sonication. A) Z-average and B) PdI of polyplexes
after different numbers of sonication cycles (30” on/30” off). Each point in the graphs indicates an independent
biological replicate, and means are connected by a solid line. Linear regression was performed to test the
dependence of polyplex size and polydispersity on sonication (dashed line).
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Third, for reproducibility and further pre-clinical development, it was important to obtain solutions
containing a homogeneous population of polyplexes. Therefore, we investigated whether we could
use sonication to homogenize our polyplexes. We measured polyplex size of the same batch before
sonication, after 10 cycles of sonication (30 seconds on/30 seconds off per cycle), and after 20 cycles
of sonication (Figure 2).
Especially in polyplex solutions to which gelatin had been added after polyplex formation, both size
and polydispersity were drastically reduced after sonication (p=0.159 and p=0.007, respectively).
Also, in solutions to which the gelatin had already been added prior to polyplex formation, the
polyplexes became more monodisperse as a result of sonication (p=0.046).

In vivo biodistribution of functionalized R9 polyplexes
For injection in mice, we formed polyplexes with Cy5-labeled ASOs at an N/P ratio of 5 in 5% glucose
solution containing 0.4% gelatin. The gelatin was added to the peptide solution before polyplex
formation. The final ASO concentration was 65 µM, and the injection volumes were adjusted to the
body weight of each individual mouse, such that the injected dose corresponded to 2.5 mg/kg ASO.
We confirmed that the polyplexes were in the expected size range (approximately 100-120 nm in
diameter) and monodisperse (PdI between 0.2 and 0.25) prior to injection (Figure S1).
Approximately 24 hours after injection, mice were euthanized and organs isolated for fluorescence
measurements on the IVIS system (Figure 3 and Figure S2). Liver, kidney, spleen and lungs were
isolated as off-target organs; a number of skeletal muscles, the heart, intestine and brain were
isolated as target organs. The difference between R9 and R9-ANG was only minor, but some changes
were apparent.

Figure 3. Fluorescence intensity in various organs 24 hours after polyplex administration. Polyplexes were
injected via the tail vein of homozygous DMSXL mice (one mouse per condition). After 24 hours, mice were
sacrificed and organs were isolated. A) Mean Cy5 fluorescence intensity in various off-target organs. B) Cy5 signal
in DM1 target organs, including heart, skeletal muscle and brain. Fluorescence intensities were corrected for
organ-specific autofluorescence.
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Most notably, the relative distribution to the off-target organs was altered by the targeting peptide,
with clearly less signal deriving from the kidney, whereas the signals in the spleen and lungs were
slightly higher. The absolute amount of fluorescence in the brain was the same, although relative to
the total signal, the brain-associated signal was slightly increased with the targeting peptide.
Among the target organs, for R9 and R9-ANG the diaphragm stood out with a signal that exceeded
that of the other muscles by a factor two. Remarkably, this was not the case for the r9-TFRfunctionalized polyplexes, providing further evidence that peptide functionalization had distinct
effects on the biodistribution of polyplexes. Unexpectedly, the total Cy5 signal in the mouse treated
with r9-TFR polyplexes was much lower than that observed for R9 only and R9-ANG.

In vivo biodistribution of functionalized PF14 polyplexes
Promising in vitro results with PF14 prompted us to extend the targeting peptide functionalization
approach to PF14 nanoparticles254. Srimanee et al. have described two targeting approaches with
PF14 for in vitro targeting of glioblastoma cells228. In one approach, they made a fusion peptide
consisting of a truncated version of PF14 on the N-terminus and the targeting peptide Angiopep-2
on the C-terminus, which they called PF32. In the other approach, PF14 nanoparticles were formed
first, and these were then functionalized with targeting peptides containing an N-terminal
hexaglutamate sequence. The combination of an N-terminal hexaglutamate with Angiopep-2 was
referred to as TG1. We here compared these two approaches, and additionally included a third
approach, where we mixed PF14 with stearylated Angiopep-2 (C18-ANG) before making polyplexes.
We had found previously that unmodified PF14 was capable of mediating nuclear uptake of ASOs in
myoblasts254. We tested various ratios of the three targeting peptides to PF14 in vitro to determine
at which ratio of targeting peptide to CPP the nuclear ASO uptake in myoblasts was preserved
(Figure S3). The highest efficiency of nuclear ASO targeting was obtained at a 3:1 ratio of CPP to
targeting peptide. Higher ratios of targeting peptide reduced the efficiency. Uptake also decreased
for a ratio of 9:1, an observation that we cannot explain at this point. Based on these data, we
decided to use a 3:1 ratio of CPP to targeting peptide, the same ratio that we used for the R9
polyplexes.
In addition to optimizing the polyplex formation, we also tested several storage conditions, as these
will be important when translating this approach to more advanced pre-clinical and clinical settings.
We found that both size and homogeneity of the polyplex solutions were conserved up to two
weeks at 4°C, as well as when the solutions were frozen at -20°C. Drying of the polyplexes led to
increased size and polydispersity and is therefore not preferred (Figure S4).
For in vivo use, polyplexes were formed one day prior to injection and size and polydispersity were
confirmed using DLS (Figure S5). The polyplexes were stored overnight at 4°C. Wild type mice were
injected with 2.5 mg/kg Cy5-ASO-containing polyplexes. After injection, unanticipated acute
toxicity of three of the five polyplex conditions led to death of the animals within minutes. Based on
the fact that the Cy5-ASOs in these deceased animals mainly distributed to the lungs, and on the
breathing difficulties that were observed in one of the mice that did not survive, we surmise that
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aggregation and subsequent blockage of the lung capillaries was the underlying cause of the
toxicity (Figure S6).
Due to technical problems with loading the syringe, the animal that was injected with the PF14:PF32
polyplexes received a lower dose, which we estimated to be about half of the intended volume. This
mouse did not show any outward signs of toxicity. Even though this mouse received a lower
polyplex dose, the Cy5 signal in all organs was higher compared to the animal that received R9:R9ANG polyplexes (Figure 4 and Figure S6). In the off-target organs, the higher accumulation in spleen
and lungs was striking. In the target organs, 1.5 to 6-fold higher Cy5 signal was measured, notably
also in the brain. Thus, it appears that PF14 polyplexes with targeting peptides more effectively leave
the circulation to enter various tissues compared to R9 polyplexes.

Figure 4. Fluorescence intensity in various organs 24 hours after polyplex administration. Polyplexes were
injected via the tail vein of wild type mice (one mouse per condition). After 24 hours, mice were sacrificed and
organs were isolated. A) Mean Cy5 fluorescence intensity in various off-target organs. B) Cy5 signal in DM1 target
organs, including heart, skeletal muscle and brain. Fluorescence intensities were corrected for organ-specific
autofluorescence.
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Discussion
In this pilot study, we have shown the feasibility of functionalizing peptide nanoparticles with
targeting peptides. In vitro, increasing amounts of targeting peptides generally led to less efficient
uptake and localization of ASOs to the nucleus. On the other hand, targeting peptides appeared to
increase the rate of transcytosis of polyplexes. We established a protocol to form small polyplexes
reproducibly at high concentrations by using gelatin as stabilizing agent and sonicating the
samples. Two types of polyplexes were tested in pilot experiments in mice: R9-based polyplexes with
two different targeting peptides, and PF14-based polyplexes with the targeting peptide Angiopep2. For R9 polyplexes, the addition of Angiopep-2 led to small changes in biodistribution. PF14-based
polyplexes unfortunately turned out to be quite toxic at the used concentrations. However, in one
case, a lower dose was administered, and we observed a higher accumulation of Cy5-ASOs in both
target- and off-target organs, indicating that this approach might nonetheless have merit.
Functionalization of R9 with the targeting peptide RVG has been shown to be feasible for systemic
delivery of siRNAs to the central nervous system226. The two targeting peptides that we tested here,
Angiopep-2 and a TfR-targeting retro-enantio peptide, have both been described in the literature as
peptides mediating targeting across the blood-brain barrier356,357. Of these two, Angiopep-2 is the
most advanced in the clinic. In a conjugated form with the chemotherapeutic compound paclitaxel,
it received FDA orphan drug status for the treatment of glioblastoma multiforme and is expected to
soon enter phase 3 clinical trials (Angiochem.com)360. In our experiment, R9-ANG polyplexes
outperformed r9-TFR polyplexes. This was unexpected, as the D-peptide is more stable and it has
been previously found that the D-variant of oligoarginines is more efficiently taken up, although in
that case biodistribution of the peptides was assessed361. The r9-TFR polyplexes could have
accumulated in an organ that was not isolated, but based on previous biodistribution studies and
the range of organs that we isolated, this appears unlikely. Alternatively, the r9-TFR polyplexes were
either cleared more rapidly, or somehow caused quenching of Cy5 fluorescence.
PF14 polyplexes were tested in combination with Angiopep-2. We compared three ways of
functionalizing the polyplexes with the targeting peptide: using Angiopep-2 with either a lipid tail
(C18-ANG) or six negatively charged glutamic acids at the N-terminus of the targeting peptide (TG1),
or by using a chimeric peptide consisting of a truncated version of PF14 at the N-terminus and the
targeting peptide at the C-terminus (PF32). Unfortunately, at a charge ratio of 5 and a Cy5-ASO dose
of 2.5 mg/kg, these polyplexes showed acute lethal toxicity to the mice, which was not anticipated.
Accumulation in the lungs and breathing difficulties clearly pointed towards blockage of the lung
capillaries as the cause of death. One mouse survived the experiment, most probably because it had
received a lower dose due to technical problems with the injection. From this observation, we
conclude that at least two times lower doses should be used, but preferably even lower.
Furthermore, a lower injection speed might reduce such toxicity, as this would be expected to
reduce the local concentration and therefore circumvent aggregation problems.
The PF14:PF32 polyplexes in the surviving mouse led to a higher accumulation of Cy5-ASOs in offtarget as well as target organs compared to R9:R9-ANG polyplexes. Taking into account that this
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mouse received approximately half the dose of the R9:R9-ANG-treated animal, the difference in the
capacity of both formulations to deliver ASOs can be assumed to be even larger. Therefore, it
appears that PF14:PF32 polyplexes extravasate more efficiently to accumulate in various tissues,
including skeletal muscles and the brain. Due to the toxicity in the other conditions, we cannot be
sure whether the addition of PF32 leads to improved biodistribution compared to PF14 alone, nor
whether the other two ways of functionalizing the polyplexes might be more efficient on this
account.
The data presented here are still preliminary and further validation is needed. In future experiments,
the toxicity should be reduced by decreasing the dose and injection speed, and lowering the charge
ratio as much as possible so that less (free) peptide is present in the polyplex solutions227.
Furthermore, it should be investigated whether different administration routes, such as
intraperitoneal or subcutaneous injection, might lead to reduced toxicity and/or improved
biodistribution. Spreading the administration over several days is expected to allow for the use of
lower doses for each individual injection, while still potentially reaching sufficiently high doses of
ASOs in target cells362,363. Fluorescence correlation spectroscopy measurements of tissue lysates
could yield more quantitative data in terms of tissue accumulation. In future experiments,
intracellular distribution and activity of ASOs should subsequently be assessed to be able to draw
conclusions on the efficacy of any delivery vehicle. For such validation experiments, we strongly
recommend the inclusion of a control group that receives only ASOs, as this will be absolutely
necessary to draw any conclusions about the added value of a delivery vehicle355.
For hepatocyte targeting, next to formulation into lipid nanoparticles, conjugation of siRNAs and
ASOs to N-acetylgalactosamine (GalNAc) is a very promising strategy364,365. Various delivery
strategies are being developed for ASO delivery in neuromuscular and neurodegenerative
disorders200,280,355. Impressive muscle and CNS targeting has been shown for Pip-peptides
conjugated to PMOs in mouse models of DMD, SMA and DM166,366,367. Non-covalent alternatives
include viral delivery, which show inherent tissue tropism, and functionalized peptide- or lipid
nanoparticles (LNPs)203,368–371. In comparison to covalent ligand conjugates, non-covalent particles
provide more flexibility to vary the characteristics of the formulation and the oligonucleotide
sequence. However, they are also less stable, and therefore potentially need more characterization
with respect to incorporation of targeting ligands and change of size and polydispersity, both during
nanoparticle formation and storage.
In summary, we have shown that PF14-based polyplexes might improve uptake of ASOs in various
organs, although more work is needed for definitive conclusions. The development of improved
delivery strategies for systemic administration of antisense drugs is of utmost importance to
advance antisense therapeutics into the clinic for multisystemic disorders such as DM1, and we have
here provided the foundations for further optimization of targeted peptide nanoparticles.
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Figure S1. Size and polydispersity of polyplexes used for intravenous injections. Polyplexes were formed
at an ASO concentration of 65 µM and an N/P ratio of 5 in 5% glucose with 0.4% gelatin (5x w/w of peptide). After
1 hour, samples were sonicated 2 x 10 cycles (30” on/30” off) and a sample was taken for DLS measurements. A)
Z-average and B) PdI. Individual points are independent measurements of the same sample, error bars indicate
the SEM.
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Figure S2. IVIS images of isolated organs from DMSXL mice treated with polyplexes containing Cy5-ASOs.
Overlays of photograph (grays) and autofluorescence-corrected fluorescence intensities (lookup table ‘fire’, color
scale as shown in calibration bar). Organs isolated from mice treated with indicated polyplexes or vehicle only
(5% glucose). From left to right are shown: liver, kidneys, spleen, lungs (top row); heart, diaphragm, soleus,
quadriceps (middle row); tongue, jejunum, gastrocnemius, tibialis anterior, brain (bottom row). Scale bar
indicates 5 cm.
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Figure S3. Nuclear uptake of PF14-based polyplexes in DM1 myoblasts. Polyplexes of PF14 and targeting
peptides were formed at various ratios at a Cy5-ASO concentration of 1 µM and N/P ratio of 3 or 5, in 5% glucose
containing 5x w/w gelatin relative to CPP. Samples were sonicated 2 x 10 cycles of 30" on/30" off at high intensity.
DM1 myoblasts were incubated with polyplexes for 24 hours, then washed. Nuclei were counterstained and
confocal live cell imaging was performed to measure the percentage of Cy5-positive nuclei. Nuclei were scored
positive if the mean background-corrected Cy5 fluorescence intensity (MFI) was higher than the corresponding
standard deviation (SD). Bars indicate the mean of two independent biological replicates.
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Figure S4. Effect of storage conditions on PF14 polyplex size and homogeneity. PF14 polyplexes were
formed at an ASO concentration of 30 µM and an N/P ratio of either 1.25 or 5. After stabilizing for approximately
1 hour, half of the solution was sonicated (S) while the other half was not sonicated (NS). Polyplexes were diluted
10x for DLS measurements, then aliquoted and stored for two weeks under various conditions. A) Z-average and
B) PdI. Bars with error bars show mean and SEM of two independent biological replicates. Remaining bars
represent single biological replicates.
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Figure S5. Size and polydispersity of polyplexes used for intravenous injections. Polyplexes were formed
at an ASO concentration of 65 µM and an N/P ratio of 5 in 5% glucose with 0.4% (R9 polyplexes) or 1.2% gelatin
(PF14 polyplexes; 5x w/w of CPP). After 1 hour, samples were sonicated 2 x 10 cycles (30” on/30” off) and a sample
was taken for DLS measurements. A) Z-average and B) PdI. Individual points are independent measurements of
the same sample, error bars indicate the SEM.
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Figure S6. IVIS images of isolated organs from mice treated with polyplexes containing Cy5-ASOs.
Overlays of photograph (grays) and autofluorescence corrected fluorescence intensities (lookup table ‘fire’, color
scale as shown in calibration bar on the left). Top panel: organs isolated from mice treated with indicated
polyplexes or vehicle only (5% glucose). From left to right: liver, kidneys, spleen, lungs (top row); heart,
diaphragm, soleus, quadriceps (middle row); tongue, jejunum, gastrocnemius, tibialis anterior, brain (bottom
row). Bottom panel: mice that had died as a result of acute toxicity, treated with indicated polyplexes. Next to
the mice, isolated organs are shown, from top to bottom: liver, kidney (only for center and right-hand panel),
heart and lungs. Scale bar indicates 5 cm.
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SUMMARY, GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Summary
This thesis describes our studies on the use of peptides to improve cellular uptake and in vivo
biodistribution of therapeutic antisense oligonucleotides in the context of myotonic dystrophy type
1 (DM1). In chapter 1, we reviewed the molecular characteristics and disease mechanisms that
underlie various repeat expansion disorders, among which DM1. Furthermore, we provided an
overview of the molecular therapies that are currently being developed to specifically target toxic
expanded repeats.
We then focused on antisense oligonucleotides (ASOs), starting with the in vitro optimization of ASO
treatment in cell models of DM1. In chapter 2, we described the experimental protocols to form
peptide-ASO nanoparticles and to determine the intracellular fate of ASOs using live cell
fluorescence imaging modalities, including confocal laser scanning microscopy (CLSM),
fluorescence lifetime imaging microscopy (FLIM) and fluorescence correlation spectroscopy (FCS).
We found that it was possible to distinguish between Cy5 fluorophores that were bound to ASOs
and those that were free in solution, due to differences in diffusion times as well as fluorescence
lifetimes. In chapter 3, we then applied these fluorescence microscopy methods to compare
assisted ASO uptake using two cell-penetrating peptides (CPPs), R9 and PepFect14, with unassisted
uptake of ASOs in vitro. We showed that PepFect14 increased nuclear uptake of ASOs compared to
R9 and uptake of naked ASOs. Using FLIM, we confirmed that fluorescently labeled ASOs inside the
nucleus were intact, and found that PepFect14 most efficiently shielded labeled ASOs from cleavage.
Using a combination of FCS, immunofluorescence and RNA fluorescence in situ hybridization, we
then determined that a nuclear ASO concentration of approximately 340 nM, corresponding to
about 200,000 molecules per nucleus, was necessary to displace half of the MBNL1 protein from
nuclear repeat RNA foci. In chapter 4, we compared on- and off-target effects of ASOs with different
modes of action, as well as two different target sequences – the CUG repeat versus a unique DMPK
sequence upstream of the repeat. We found that gapmers most effectively downregulated DMPK
expression and the number of nuclear foci, but that the repeat blocking ASO more efficiently
displaced MBNL1 from these foci and subsequently led to the most pronounced correction of DM1associated missplicing. Furthermore, RNA sequencing revealed that the repeat-targeting gapmer
led to changes in expression of many other transcripts, whereas the repeat blocking ASO and the

DMPK gapmer affected only a handful.
We then moved on to study approaches for improved ASO delivery to target tissues in vivo. In
chapter 5, we systematically reviewed the literature on assisted delivery of ASOs in animal models
of neurodegenerative and neuromuscular disorders, and additionally performed a meta-analysis on
a subset of the available data. The most studied delivery systems were peptide or octaguanidine
dendrimer conjugation to PMOs, closely followed by polymeric nanoparticles with 2’OMe PS ASOs
and adeno-associated viruses coding for small nuclear RNAs. We concluded that most delivery
systems improved in vivo efficacy of ASO treatments, but that, based on the available literature, it
was not yet possible to select any one most promising strategy. In addition to our systematic review
of the literature, we formulated a set of guidelines for in vivo studies on ASO delivery that may serve
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to improve comparability of this type of studies in the future. Finally, in chapter 6, we performed
pilot experiments for the use of targeting peptides to functionalize peptide-ASO nanoparticles. We
first optimized polyplex formation at high concentrations in physiological solutions and studied
uptake and transcytosis of polyplexes with targeting peptides in vitro. Our preliminary in vivo data
showed that peptide nanoparticle functionalization is feasible and shows promise, although further
optimization of the administration protocol is required to avoid acute toxicity of PepFect14
polyplexes.
In summary, polyplexes of repeat-targeting ASOs and PepFect14 showed promise in vitro, and are
furthermore amenable to functionalization with targeting peptides for in vivo application. The
findings presented in this thesis thus can serve as a basis for the design of ASO therapies for other
neuromuscular and repeat expansion disorders. Further optimization of our delivery strategy will
hopefully contribute to the development of an effective ASO therapy for DM1.
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General discussion and future perspectives
Recent developments in the field of ASO therapies
At the outset of this thesis work in 2015, the first clinical trial for ASO therapy in DM1 was ongoing,
as well as more advanced clinical trials for Duchenne muscular dystrophy (DMD) and spinal muscular
atrophy (SMA). Since then, a number of major breakthroughs have been achieved in this field.
With the aim of increasing affinity, specificity and to some extent also uptake and biodistribution of
ASOs, several new ASO chemistries have been described in the past two decades. One of the most
promising new chemistries appears to be the 2’-O-constrained ethyl (cEt) ribose modification
described by IONIS pharmaceuticals372. This modification confers a higher affinity for
complementary RNA compared to IONIS’ 2’-O-methoxyethyl (MOE) modification, which leads to
increased efficacy of cEt-modified ASOs in models of multiple disorders, among which DM151.
Perhaps equally interesting is the tricyclo-DNA (tcDNA) modification, which was first described in
the late nineties, but has recently received increasing attention. In addition to having a high affinity
for complementary DNA and RNA targets, the tcDNA modification has been reported to greatly
enhance uptake of ASOs in several extra-hepatic tissues, even crossing the blood-brain barrier after
systemic administration373.
In addition to chemical modification of the ASOs, uptake and biodistribution may also be improved
through the use of delivery systems. A successful strategy to target hepatocytes is the conjugation
of oligonucleotides to N-acetylgalactosamine (GalNAc). Promising clinical study results of GalNAc
conjugates have been presented for the treatment of patients with ATTR amyloidosis374, elevated
lipoprotein(a) levels364 and various other liver-related disorders375. Efficient delivery can also be
achieved using lipid nanoparticles (LNPs), which have long been approved for clinical use as carriers
of chemotherapeutic or antifungal cargoes in various types of cancer and infectious diseases369.
More recently, LNPs are also increasingly being used in the context of oligonucleotide therapies,
especially in combination with siRNAs. An example is patisiran, an LNP-encapsulated siRNA against
hereditary transthyretin amyloidosis, which has been approved for clinical use in 201840. LNPs have
inherent hepatocyte-targeting properties due to their association with ApoE in the circulation,
although efforts to use LNPs to target extrahepatic tissues are also ongoing376. For application in
neuromuscular disorders, very promising results have been obtained using peptide-PMO
conjugates, especially with the Pip6-series peptides of the Gait laboratory. In DMD, SMA and DM1
mouse models, these peptide conjugates have shown impressive biodistribution to skeletal muscle,
heart and the central nervous system upon systemic administration377.
The absolute highlights for ASO therapy have been the FDA approvals of two antisense drugs in
2017 – eteplirsen and nusinersen – and a third in 2018 – inotersen40,45. Promising results for an
antisense therapy for Huntington’s disease (HD), which is now in phase 3 clinical trial, likewise bode
well for the field of antisense therapeutics378. Nonetheless, the trials that were not successful, such
as IONIS’ DMPKRx for DM1 and Prosensa/Biomarin’s drisapersen for DMD, underline the need for
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increased ASO efficacy through improved mechanistic insight, better delivery and targeting, or all
of these.

Highlights of this thesis
In this thesis, we provided novel insight into the efficacy and delivery of antisense oligonucleotides.
We here focused on DM1, but this prototypical RNA gain-of-function disorder can serve as a model
for other repeat expansion disorders such as C9orf72-ALS/FTD and HD.
In terms of mechanistic insights, our comparison of ASOs with RNase-H dependent and independent mode-of-actions showed that the repeat blocking ASO has the most favorable activity
profile in terms of on- and off-target effects. It will be interesting to study whether the differential
patterns that we observed with respect to target RNA knockdown and downstream splice correction
for blocking ASOs compared to gapmers will also be observed for higher affinity ASO chemistries
such as cEt and LNA. Our study furthermore revealed the importance of investigating multiple readouts as well as off-target effects, which I strongly advise to be implemented in future studies.
Using the CPP PepFect14, we were able to efficiently transfect cells with ASOs in vitro. In
combination with state-of-the-art microscopy modalities, this allowed us to determine the absolute
number of nuclear repeat blocking ASOs needed for a therapeutic effect in DM1 muscle cells. The
cell model that we used had a relatively long repeat of approximately 2,600 triplets. We hypothesize
that the amount of repeat blocking ASOs that is needed for a therapeutic effect is dependent on the
number of ASO binding sites, and therefore that a lower ASO concentration will be needed to shield
shorter repeats. As repeat length is a very heterogeneous feature in the DM1 patient population,
future research should focus on repeat-length dependence of repeat blocking ASO treatment, and
the obtained insights will be crucial towards providing personalized healthcare. Knowledge on the
intracellular concentration that is needed can furthermore help to determine whether a sufficiently
high concentration is reached in target tissues in vivo, which may aid both pre-clinical and clinical
studies on ASO biodistribution and efficacy.
Finally, our preliminary in vivo data suggest that using targeting peptides to functionalize peptide
nanoparticles is a feasible approach to improve biodistribution. These results serve as a basis for
further improving this in vivo targeting approach. Future research on targeted PepFect14
polyplexes should now focus on administration and dosing protocols to improve the safety of the
formulations. Furthermore, systematic comparisons of the different approaches to functionalize
peptide nanoparticles – using chimeric cell-penetrating/targeting peptides or mixing the CPPs with
either stearylized or hexaglutamate-coupled targeting peptides – should show which of these
strategies leads to the most favorable pharmacokinetic and pharmacodynamic profile.

New tools and models will facilitate the preclinical development of
novel therapies for DM1
Several tools and models have been developed in the past years that I expect to further assist the

175

SUMMARY, GENERAL DISCUSSION AND FUTURE PERSPECTIVES
preclinical development of therapeutic strategies for DM1. For in vitro screening of potential drugs,
mini-genes can be used to visually assess splice correction in living cells379,380. Likewise, GFP-tagged
dCas9 can be used to visualize expanded repeat transcripts in live cells, as shown recently by Batra
and colleagues in an overexpression system198. These live cell imaging techniques can yield kinetic
data and can easily be combined with fluorescence correlation spectroscopy to determine the
effective dose of ASOs at the single-cell level, as we have described in chapters 2 and 3. The use of
live cell imaging to measure downstream ASO effects would eliminate the need for fixation of cells
that was necessary to perform fluorescence in situ hybridization, and thus would simplify FCS-based
determination of the required ASO concentration. By combining microscopy-based read-outs, such
as nuclear uptake of ASOs, reduction of nuclear RNP foci and correction of alternative splicing, ASO
activity can be assessed at multiple levels in a single experiment. This will allow for more
comprehensive high-throughput screenings of potential drugs.
New cell models can be generated using CRISPR/Cas9-mediated gene editing, a technique that has
become commonplace in cell biology. Our group, followed by several others, applied CRISPR/Cas9
gene editing to excise the repeat region in DM1 cells, and thus isogenic control cells without the
expanded DMPK CTG repeat were generated for a range of different cell types180,185,381–383. Such
isogenic control cells can be used to study the specific effect of the expanded repeat in DM1 and are
superior to control cells from healthy volunteers, as isogenic control cells have the same genetic
background as the DM1 cells. Using gene editing approaches, it should also become possible to
generate DM1 cells with different repeat lengths, which will facilitate the study of repeat-length
dependence of therapeutic approaches, as we have suggested in chapter 3.
For in vivo screening of therapeutic compounds, a number of DM1 animal models exist, ranging
from Caenorhabditis elegans and Drosophila melanogaster that do not produce MBNL protein, to
mouse models that are transgenic for the human DMPK locus with an expanded CTG repeat242. Each
model has its advantages and disadvantages, and none of them completely recapitulates the human
DM1 phenotype. While worms and flies are easy to work with, they are also evolutionarily farthest
removed from humans. The mouse models are closest in that sense, but most of these exhibit a
tissue-specific phenotype: for instance, the HSALR model only shows a phenotype in skeletal muscle,
the EpA960/CaMKII-Cre model is brain-specific, and although the DMSXL mouse shows more of a
multisystemic phenotype, this model appears to have less prominent skeletal muscle
involvement242. Furthermore, all these models differ in other aspects as well, such as repeat length,
interruption of the repeat, expression levels of the transgene and onset of expression241,242. One of
the most recent mouse models is based on splicing of a minigene that codes for Atp2a1 exon 22,
followed by dsRed and GFP in different frames384. This bi-transgenic mouse is the result of a cross of
mice that express the bi-chromatic construct with HSALR mice, in which Atp2a1 is misspliced. The

Atp2a1 mini-gene is alternatively spliced depending on the relative activities of MBNL1 and CELF1,
which leads to predominant production of either dsRed or GFP. The ratio between these two
fluorophores can be used as a read-out for therapeutic efficacy and can be monitored over time in

vivo. This model therefore allows for longitudinal studies of splice correction with low burden for
the animals, and even though the transgene is only expressed in skeletal muscle, I believe that it will
be an extremely valuable addition to the existing animal models for DM1. While the DMSXL model
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remains the best model to study uptake and efficacy of ASOs in the brain, the bi-transgenic mouse
model would be my model of choice to study uptake and efficacy in skeletal muscle, as well as
pharmacodynamics and pharmacokinetics.

The intricacy of DM1 molecular pathogenesis offers many
opportunities for therapeutic intervention
Current care standards for DM1 are mostly based on careful disease management as well as the
treatment of symptoms. Examples include assisted nighttime ventilation for patients with
respiratory problems, and implantation of defibrillators against heart arrythmia for patients with
cardiovascular symptoms. A novel approach that has recently been tested clinically is the use of
cognitive behavioral therapy, which appears to be quite successful to increase activity and social
participation of patients36. Although these interventions can ameliorate DM1 symptoms and quality
of life, no curative treatment is available yet.
Due to the fact that the molecular pathogenesis of DM1 is mediated through multiple pathways,
potential new therapies for DM1 can target a variety of downstream events. As described in the
previous chapters of this thesis, the expanded repeat in the 3’ UTR of DMPK transcripts sequesters
RNA-binding proteins, leading to altered homeostasis of these proteins and subsequent
downstream effects, for example on alternative splicing. Preventing DMPK transcription would
relieve the toxic RNA gain-of-function effects in DM1, and it has been shown that this may for
instance be achieved by using dCas9192. Transcription may also be inhibited using ASOs, as has been
shown for example in HD, but this has not yet been demonstrated in DM1151. As described in this
thesis, RNA-targeting ASOs can furthermore be used to reduce RBP sequestration, either through
steric hindrance or by targeting expanded repeat transcripts for degradation. An alternative strategy
to restore RBP balance is to increase the pool of available MBNL1 by direct upregulation of this
protein, as shown by Kanadia and colleagues. These authors demonstrated that AAV-mediated
overexpression of Mbnl1 in the HSALR mouse model leads to (partial) rescue of alternatively splicing
and myotonia385.
Further downstream in DM1 pathophysiology, some of the splicing changes that are the result of
the RBP imbalance have been directly linked to DM1 symptoms. For instance, SCN5A missplicing has
been found to contribute to cardiac conduction defects and arrythmia386,387; disrupted splicing of
the insulin receptor is linked to insulin resistance19 and splicing alterations of the chloride channel

CLCN1 are implicated in the myotonia that DM1 patients experience20,21. These splicing events can
be targeted directly to alleviate some of the symptoms of DM1. This has been shown by Wheeler
and colleagues, who described the use of splice-switching oligonucleotides to ameliorate CLCN1
splicing in a DM1 mouse model221.
For all of these steps in DM1 pathophysiology (transcription, RBP sequestration and missplicing),
small molecules that have a beneficial effect have also been described for DM1388. Many of these
target the higher order structure of the expanded CUG repeat, and examples include cugamycin and
furamidine. Other pathways relating to DM1 pathophysiology have also been targeted with small
molecules. For example, the small molecule tideglusib, which is in advanced clinical trials, is used to
177

SUMMARY, GENERAL DISCUSSION AND FUTURE PERSPECTIVES
inhibit the kinase GSK3β. Thus, it prevents hyperphosphorylation of CUGBP1 through cyclin D3389,390.
Another example is manumycin A, which was described to improve Clcn1 splicing through a less
well understood mechanism that involves H-Ras, although this pathway has not been previously
linked to DM1391.
Several ASO therapies have been approved for clinical use, but there are still limitations to using
ASOs. One of these, as studied in this thesis, is the current lack of efficient delivery and targeting,
which for instance led to the discontinuation of the ASO that was in a clinical trial for DM1392. Second,
more research should be done on off-target effects and toxicity, as well as strategies to mitigate
these. The long-term clinical results with the now approved ASOs will be invaluable to this end. A
third and potentially crucial limitation of ASO therapies are the costs, which should be seen in the
context of the larger ongoing debate about pricing of orphan drugs in general393. For DMD and SMA,
antisense therapy costs between $400,000 per patient per year in the USA39. Even taking into
account that price negotiations by governments will lower this price, healthcare systems are
increasingly burdened with extremely expensive (orphan) drugs. These costs can severely limit the
access of patients to these drugs, as governments will not be able to reimburse them for the entire
patient population. Due to the investments needed for late stage clinical trials, it is nigh impossible
to bring a new drug to the market without an industry partner, unless the funding system for this
type of research would radically change. Therefore, I think it is crucial that pharmaceutical
companies take their social responsibility in asking fair prices for orphan drugs. I also see a possible
role for the European Union in this, by way of co-financing clinical trials and in return demanding
fair and equal pricing of new drugs.
Small molecule drugs generally have the advantage of superior biodistribution due to their size and
easier tunability of membrane permeability, compared to ASOs. Small molecules also have the
advantage of being generally cheaper to produce, are amenable to high-throughput library screens,
and have more possibilities for existing drugs to be repurposed, which can greatly accelerate the
drug marketing process388. In my view, however, one of the major drawbacks of small molecules that
are identified by high-throughput screens as modulators of DM1 is that their mechanism of action
is often either very broad (e.g., histone deacetylase inhibitors) or poorly understood, which makes it
more difficult to predict and subsequently identify and prevent off-target effects.
The further downstream the target in the pathogenesis, for example specific splicing events, the less
likely it becomes for a therapy to solve all the symptoms that are observed in DM1. The most
complete cure would in fact be achieved by genome editing. In vivo genome editing has some clear
drawbacks, including the risk of irreversible off-target effects and ethical concerns regarding
possible germ line editing. This ethical debate is illustrated by the worldwide uproar caused by the
report of the first CRISPR-edited children in 2018, which also underlines the need for clear,
international guidelines and legislation for genome editing in humans394–396. Furthermore, delivery
and targeting are at least as challenging for gene therapy approaches as they are for ASO delivery.
Viral delivery would be an option for a one-time injection, as shown for example by the now clinically
approved AAV-based gene replacement therapy Zolgensma for SMA, but adverse immune
responses remain an important issue, even for single administrations397,398. Ex vivo approaches, for
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example autologous stem cell therapy with gene-edited cells might therefore be a more feasible
approach, which is supported by the fact that the first phase 1/2 clinical trials for autologous
CRISPSR/Cas9 modified cell therapy for the treatment of β-thalassemia, sickle cell disease and
various types of cancer have recently been initiated (clinicaltrials.gov; November 2019).
Alternatively, it would be possible to repair the gene in the embryonic stage. This would bypass
many of the in vivo delivery problems, but would still be subject to the ethical and safety issues that
are associated with (germ line) genome editing. For known carriers of the DM1 mutation, my view is
that it would be safer and more effective to perform embryo selection after pre-implantation genetic
diagnosis during an in vitro fertilization trajectory, which is already being implemented quite
successfully for DM1399,400.

Patient organizations and collaborations between clinicians and
basic researchers are key to developing more effective therapies for
rare diseases
Something that has become clear especially from the DMD clinical trials for eteplirsen is the
importance of patient organizations, both in (clinical) research and in the drug review process by
the authorities. For DM1, clear efforts are also being made by patient organizations. A recent
example is the Patient-Focused Drug Development meeting that was hosted in 2016 by the
Myotonic dystrophy foundation Myotonic in collaboration with the FDA to assess which clinical
features are most debilitating to patients, what treatment options are now available, and what
patients think will be the most important clinical outcome of a drug. This meeting emphasized on
the patient perspective and among other things, it emerged that while muscle weakness is the
dominant symptom reported to affect daily life, some less studied symptoms are often perceived by
patients as even more debilitating, including neurological symptoms (fatigue, daytime sleepiness
and cognitive dysfunction), as well as gastrointestinal problems and respiratory issues401. Myotonic
has furthermore lobbied extensively, leading for example to DM1 now being one of the topics of the

Peer-reviewed Medical Research Program of the US Ministry of Defense. This yielded an approximate
$3M in grants in 2018 (cdmrp.army.mil; accessed November 2019). Patient organizations such as the
Dutch Prinses Beatrix Spierfonds and the American Myotonic furthermore provide their own
research grants, thereby enabling more research to be done and directly exerting influence on the
topics that are being investigated.
Basic researchers can derive both rationale and motivation from collaborations with clinicians and
patient organizations, and these parties can furthermore play a pivotal role in clinical studies,
especially in the case of rare diseases. On the one hand they are ideally suited to inform patients
about the value of clinical studies, and on the other hand they can help managing the load and
number of studies in which patients are asked to participate. Therefore, I strongly support the
current development of it becoming standard practice for researchers to discuss their research
proposals with clinicians and patient organizations when applying for grants.
To accelerate scientific and clinical progress in therapy development, it is finally crucial that
researchers share not only the positive, but also the negative results. This, of course, is an ongoing
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discussion within the field, as lower impact papers are not very attractive for researchers to invest
energy into402. I am of the opinion that the societal responsibility of researchers should have more
weight in such decisions, as compared to strategic or financial arguments.

Conclusions
I have described several studies in this thesis with the aim of improving an ASO-based therapy for
DM1. The combination of ASO sequence and mode-of-action dictates not only therapeutic effects,
but also off-target effects. These effects cannot be observed in screenings that rely on a single readout, and I therefore strongly advise the community to implement multi-factorial assays, for example
by combining several imaging-based read-outs. In our hands, the cell-penetrating peptide
PepFect14 showed promise, both in vitro, where it mediated efficient nuclear uptake of ASOs, and

in vivo, where preliminary data showed that functionalization of the nanoparticles with targeting
peptides may improve ASO delivery to disease-relevant tissues. The important and difficult next step
will be to successfully translate these findings into a therapy that shows in vivo efficacy, and that in
turn translates into the clinic. To that end, I believe it is crucial to remain critical, especially with
regards to off-target effects and toxicity, and to ensure that limitations are also shared with the
scientific community. This approach will pave the way towards more successful clinical trials, and
thereby help reducing the cost of new drugs.
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Nederlandse samenvatting
Dit proefschrift beschrijft mijn onderzoek naar het gebruik van peptiden om cellulaire opname en

in vivo biodistributie van therapeutische antisense oligonucleotiden te verbeteren, in de context
van myotone dystrofie type 1 (DM1). In hoofdstuk 1 wordt een overzicht gegeven van de
moleculaire eigenschappen en ziektemechanismen die ten grondslag liggen aan verschillende
aandoeningen die worden veroorzaakt door de verlenging van microsatellietsequenties, waaronder
DM1. Daarnaast geven wij in dit hoofdstuk een overzicht van de moleculaire therapieën die specifiek
tegen dit type pathologische verlengingen worden ontwikkeld.
Hierna heb ik gefocust op antisense oligonucleotiden (AONs), om te beginnen op het optimaliseren
van AON-behandeling in celmodellen van DM1. In hoofdstuk 2 worden verschillende
experimentele protocollen beschreven om nanodeeltjes van peptides en AONs te vormen en om
het intracellulaire lot van de AONs te bepalen door middel van verschillende typen microscopie met
levende cellen. Hiervoor heb ik gebruik gemaakt van zogenaamde confocal laser scanning
microscopy (CLSM), fluorescence lifetime imaging microscopy (FLIM) en fluorescence correlation
spectroscopy (FCS). We hebben aangetoond dat er onderscheid kan worden gemaakt tussen vrij in
oplossing aanwezige Cy5-fluoroforen en Cy5-fluoroforen die zijn gebonden aan AONs, aan de hand
van verschillen in diffusietijd en fluorescentielevensduur. In hoofdstuk 3 hebben we deze
microscopie-technieken vervolgens toegepast om opname van AONs met behulp van twee
celpenetrerende peptiden, R9 en PepFect14, te vergelijken met opname van kale AONs in vitro. We
hebben aangetoond dat opname van AONs in de kern wordt bevorderd door PepFect14, vergeleken
met R9 en met de opname van kale AONs. Met behulp van FLIM hebben we bevestigd dat de
fluorescent gelabelde AONs in de kern intact waren en dat PepFect14 de AONs het best beschermde
tegen afbraak. Tot slot hebben we door middel van een combinatie van FCS, immunofluorescentie
en fluorescentie in situ hybridisatie vastgesteld dat een AON-concentratie rond de 340 nM in de kern
nodig is om de helft van het MBNL1 eiwit van de verlengde microsatelliet te verdringen, wat
overeenkomt met ongeveer 200.000 AON moleculen per kern. In hoofdstuk 4 hebben we de
gewenste en ongewenste effecten van AONs met verschillende werkingsmechanismen en
verschillende targetsequenties vergeleken. We hebben geconstateerd dat zogenaamde gapmers
tot de meest efficiënte afname van DMPK-RNA-niveaus leidden, maar dat de microsatellietblokkerende AON het meest efficiënt MBNL1 verdrong, wat vervolgens leidde tot de meest
uitgesproken verbetering van DM1-geassocieerde splicingdefecten. Bovendien hebben we met
behulp van RNA-sequencing laten zien dat de gapmer tegen de microsatelliet leidde tot
veranderingen in de niveaus van vele andere transcripten, terwijl dit niet het geval was voor de
microsatelliet blokkerende AON en de DMPK-gapmer.
Vervolgens heb ik twee studies beschreven naar het verbeteren van gerichte afgifte van AONs in de
beoogde organen in vivo. In hoofdstuk 5 hebben we een systematische review en meta-analyse
uitgevoerd van de literatuur over geassisteerde afgifte van AONs in diermodellen van
neurodegeneratieve en neuromusculaire aandoeningen. De conclusie uit dit review was dat de
meeste systemen de effectiviteit van AON behandelingen in vivo verbeterden, maar dat het nog niet
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mogelijk was om te bepalen welke strategie het meest veelbelovend was. Daarnaast hebben wij een
set richtlijnen geformuleerd voor het uitvoeren van in-vivo-studies naar AON-afgifte, die kunnen
helpen om de overeenstemming tussen dergelijke studies te vergroten. Tot slot heb ik in
hoofdstuk 6 onze voorstudie beschreven naar het gebruik van targetingpeptiden om peptideAON-nanodeeltjes te functionaliseren. Hiervoor heb ik eerst de formulering van de nanodeeltjes bij
hoge concentraties en in fysiologische oplossingen geoptimaliseerd en in vitro het effect van de
targetingpeptiden op cellulaire opname en transcellulair transport bestudeerd. Onze preliminaire

in-vivo-data laten zien dat functionalisatie van peptidenanodeeltjes mogelijk is en potentie heeft,
hoewel aanvullende optimalisatie van het toedieningsprotocol nodig is om acute toxiciteit van de
PepFect14-nanodeeltjes te voorkomen.
Samengevat stel ik dat AONs gericht tegen de verlengde microsatelliet, in combinatie met het
peptide PepFect14, veelbelovend zijn voor in-vitro-gebruik. Bovendien kunnen deze nanodeeltjes
worden gefunctionaliseerd met targetingpeptiden voor in vivo toediening. De bevindingen die in
dit proefschrift zijn gepresenteerd kunnen dienen als basis voor het ontwerp van AON-therapieën
voor andere neuromusculaire en microsatelliet-expansie-aandoeningen, en verdere optimalisatie
van onze afleveringsstrategie zal hopelijk bijdragen aan de ontwikkeling van een effectieve AONbehandeling voor DM1.
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List of non-common abbreviations
2'OMe
AAV

2'-O-methyl
adeno-associated virus

FCS

fluorescence correlation
spectroscopy

ALP
AM

alkaline phosphatase
acetoxymethyl

FDR
FECD

false discovery rate
Fuchs' endothelial corneal

ANG
AOBS
AOTF

Angiopep-2
acousto-optical beam splitter
acousto-optical tunable filter

FISH
FLCS

dystrophy
fluorescence in situ hybridization
fluorescence lifetime correlation

API
AR

active pharmaceutical ingredient
androgen receptor

FLIM

spectroscopy
fluorescence lifetime imaging

ASO
ATN1

antisense oligonucleotide
atrophin 1

FMR1

microscopy
fragile X mental retardation 1

ATXN
BBB
BUN

ataxin
blood-brain barrier
blood urea nitrogen

FRDA
FXS
FXTAS

Friedreich's ataxia
fragile X syndrome
fragile X tremor/ataxia syndrome

C9orf72-

C9orf72-linked

ALS/FTD

G-quadruplex
N-acetylgalactosamine

GEO
hATTR

gene expression omnibus
hereditary transthyretin-mediated

Cas9

amyotrophic lateral sclerosis and
fronto-temporal dementia
calcium voltage-gated channel
subunit alpha1 A
CRISPR-associated protein 9

G4
GalNAc

cEt
CI

2'-O-constrained ethyl
confidence interval

HBMEC/
ciβ

amyloidosis
conditionally immortalized
human brain micro-vascular

CLSM
CNS

confocal laser scanning microscopy
central nervous system

HD

endothelial cells
Huntington's disease

CPP
CRISPR

cell-penetrating peptide
clustered regularly inter-spaced
short palindromic repeat

CTG
CUG

cytosine-thymine-guanine
cytosine-uracil-guanine

dCas9
DLS

deactivated Cas9
dynamic light scattering

DM1/2
DMD
DMPK

myotonic dystrophy type 1/2
Duchenne muscular dystrophy
DM1 protein kinase

DRPLA

dentato-rubro-pallido-luysian
atrophy

FACS
FALCON

fluorescence activated cell sorting
fast lifetime contrast

FAM
FAP

carboxyfluorescein
familial amyloid polyneuropathy

CACNA1A

HEPES

4-(2-hydroxyethyl)-1piperazineethanesulfonic acid

HKR
HTT
HyD

HEPES-buffered Krebs-Ringer
huntingtin
hybrid detector

IC50

half maximal inhibitory
concentration

IFA
IGV
im

immunofluorescence assay
integrative genome viewer
intramuscular

i-motif
ip

intercalated motif
intraperitoneal

iPSC
iv

induced pluripotent stem cell
intravenous

LNA
LNP
LRP1

locked nucleic acid
lipid nanoparticle
low-density lipoprotein receptorlike protein 1
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MALAT1

metastasis associated lung
adenocarcinoma transcript 1

RAN
translation

repeat-associated non-AUG
translation

MBNL
MHC

Muscleblind-like protein
myosin heavy chain

RBP
RISC

RNA-binding protein
RNA-induced silencing complex

miRNA
MOE

microRNA
2'-O-methoxyethyl

RNAi
RNA-seq

RNA interference
RNA-sequencing

mRNA
N/P
NA

messenger RNA
nitrogen over phosphate
numerical aperture

RNP
RT-PCR
RT-qPCR

ribonucleoprotein
reverse transcription PCR
real-time quantitative polymerase

NRT
NTC

no reverse transcriptase control
no template control

SBMA

chain reaction
spinal bulbar muscular atrophy

OA
OPMD

outcome assessment
oculopharyngeal muscular

sc
SCA

subcutaneous
spinocerebellar ataxia

ORF
PAM

dystrophy
open reading frame
protospacer adjacent motif

SD
SEM
shRNA

standard deviation
standard error of the mean
short hairpin RNA

PBS
PdI

phosphate-buffered saline
polydispersity index

siRNA
SMA

short interfering RNA
spinal muscular atrophy

PEG
PEI

polyethylene glycol
polyethylenimine

SMD
SMD

single molecule detector
standardized mean difference

PF14
PFA
PIN

PepFect 14
paraformaldehyde
protease inhibitor I2 N-terminal

SMG6
SNP

suppressor with morphological
effect on genitalia homolog 6
single-nucleotide polymorphism

PMO
PMT

phosphorodiamidate morpholino
photomultiplier tube

snRNA
ss-siRNA

small nuclear RNA
single stranded siRNA

PNA
polyQ

peptide nucleic acid
polyglutamine

SUPT4H
TALEN

suppressor of Ty 4 homolog 1
transcription activator-like effector

PPMO
PRISMA

peptide-conjugated PMO
preferred reporting items for
systematic reviews and meta-

TALE-TA

nuclease
transcription activator-like effectortranscription activator

PKR

analyses
protein kinase R

tcDNA
Tet1

tricycloDNA
ten-eleven translocation 1

PS
PSF

phosphorothioate
point spread function

TFR
TLR

transferrin receptor
toll-like receptor

PSI
PUF

percentage spliced in
Pumilio and feminization 3 protein
binding factor

Tm
TMPyP4
UTR

melting temperature
tetra-(N-methyl-4-pyridyl)porphyrin
untranslated region

PUM1

Pumilio RNA binding family
member 1

WLL
ZFN

white light laser
zinc finger nuclease

R9

nona-arginine

ZFP

zinc finger protein
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Radboud Research Rounds ^
RIMLS Seminars
Symposia & congresses
Radboud Science Days
Third BBBNedwork Meeting
Spierziektecongres *
Oligonucleotide Therapeutics Society Meeting *
RIMLS New Frontiers
International Myotonic Dystrophy Consortium Meeting *
Annual meeting of the Netherlands Society of Gene and Cell
Therapy
Myotonic Dystrophy Foundation Annual Conference *
Neuromuscular Young Talent Symposium Muscles2Meet *
Science Meets Business together with LivingLab Nanomedicine
Dutch Biophysics *
Festival of Biologics
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2015
2015
2015
2015
2015
2015
2015-2018
2016
2016
2016
2016
2017
2018
2018

2
3
0.25
1.5
1
0.25
4
1
1.5
1.5
0.5
2
1
1.5

2018

1

2015-2016
2015-2017
2015-2018

0.5
1.35
0.9

2015
2015
2015
2015, 2016
2015, 2017
2015, 2017
2016

0.25
0.25
0.5
2.75
2
3
0.5

2016
2016, 2017
2018
2018
2018

1.25
0.75
0.2
0.75
0.75

Other
Journal Club ^
Peer Review Scientific Paper
Organization Neuromuscular Young Talent Symposium
Muscles2Meet
TEACHING ACTIVITIES
Lecturing
BSc courses “Basics of the cell” and “Nanobiotechnology”
Supervision of internships
BSc student Jeroen Kuiper (BMS)
MSc student Charlotte Olde Hanhof (MMD)
MSc student Oliver Schäffers (MMD)
BSc student Rozemarijn van der Veen (Medical Biology)
TOTAL
* poster presentation(s), ^ oral presentation(s)

2015-2018
2017
2017

1
0.2
2

2015-2018

3.2

2016
2017
2018
2018

1.3
2
2
1
50.4
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