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Preface

The field of RNA therapeutics has rapidly changed over the last few years. Particularly, two
mRNA vaccines for SARS-CoV-2 and a customized oligonucleotide for an z-ot-1 trial have
revolutionized the expectations in the field. Although the use of RNA-based molecules as
treatments has been investigated for several decades, this recent surge of applications has
seen more and more researchers embarking on the design and assessment of such therapies.
The main objective of this book is to provide basic knowledge and a large collection of
methods to facilitate the work of these newcomers to the field who want to exploit antisense
technology as a therapeutic intervention.

This book was conceived thanks to the network DARTER (Delivery of Antisense RNA
Therapeutics, https: //www.antisenserna.cu). DARTER is funded by the EU Cooperation of
Science and Technology (COST), which aims to enhance interaction and collaborations
between researchers in Europe and other countries (https://www.cost.eu/). Within
DARTER, we aim to exchange knowledge and protocols and explore the full potential of
antisense technology in an environment that combines academia, industry, and patient
representatives. This book depicts the variety of models, delivery systems, and approaches
that can be used to assess RNA technology and has combined the expertise of researchers
located in ten different countries.

Among the 28 chapters included in this book, we have commissioned several review
chapters that cover aspects from the historical development of nucleic acid therapeutics, the
clinical applications of antisense oligonucleotides, and considerations to include in the
preclinical evaluation of the oligonucleotide-mediated toxicology, to patent issues that
may need to be contemplated. The remaining chapters follow a classical protocol structure,
and we have divided them attending to the subject covered: the design of antisense
technology and their delivery (Part II), the description of the model systems developed to
evaluate their efficacy, both in vitro (Part III) and in vivo (Part IV), methods to evaluate
preclinically the toxicity associated with these new potential drugs (Part V), and intellectual
property considerations (Part VI).

We thank all contributing authors for their tremendous effort including their secret tips
in the notes of their protocols. We also thank COST for facilitating the cooperation between
the research groups and for making it possible for this book to be published Open Access.
We have learned a lot during the revision of this book, and we hope that readers will, too.

Bavakaldo, Spain Virginia Avechavala-Gomeza
Nijmegen, The Netherlands Alejandro Garanto
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Chapter 1

Introduction and History of the Chemistry of Nucleic Acids

Therapeutics

Michael J. Gait and Sudhir Agrawal

Abstract

This introduction charts the history of the development of the major chemical modifications that have
influenced the development of nucleic acids therapeutics focusing in particular on antisense oligonucleotide
analogues carrying modifications in the backbone and sugar. Brief mention is made of siRNA development
and other applications that have by and large utilized the same modifications. We also point out the pitfalls
of the use of nucleic acids as drugs, such as their unwanted interactions with pattern recognition receptors,
which can be mitigated by chemical modification or used as immunotherapeutic agents.

Key words Antisense, siRNA, Nucleic acid therapeutics, Oligonucleotides, Toll-like receptors, Pat-
tern recognition receptors, Gapmer, Splice switching

1 Introduction to Synthetic Antisense Oligonucleotides and siRNA

Oligonucleotides are short single-stranded sections of DNA or
RNA that contain 2’'-deoxyribo-nucleosides or ribo-nucleosides,
respectively, which are linked by 3'-5" phosphodiester linkages
(Fig. 1a). Antisense oligonucleotides are those that are complemen-
tary to a section of naturally occurring RNA, such as an mRNA or a
viral RNA, to form Watson—Crick base pairs and to thus inhibit a
biological function of that RNA. Zamecnik and Stephenson pio-
neered this concept in 1978 by utilizing antisense oligodeoxyribo-
nucleotides (ODNs) to bind and inhibit the replication of Rous
sarcoma virus (RSV) RNA [1]. This work followed much earlier
(1969) studies of De Clercq et al. on interferon induction by
synthetic polynucleotides and their phosphorothioate analogues
[2] and together these early studies heralded the new field of
nucleic acids therapeutics that began to accelerate in the mid to
late 1980s.

Many further chemistry developments since then in the use of
synthetic oligonucleotide analogues, as outlined below, as well as
advances in molecular biology, such as in the newer fields of short
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Fig. 1 Chemical structures. (a) DNA oligonucleotides (ODN), (b) phosphorothioate ODN (PS-ODN), (¢) Rp-PS-
ODN, (d) Sp-PS-ODN, (e) methylphosphonate ODN (PM-ODN), (f) phosphoramidate ODN (PN-ODN) R = H or
alkyl, (g) phosphomorpholidate, (h) phosphopiperazidate, (i) phosphorodiamidate morpholino (PMO), (j)
peptide nucleic acids (PNA). B = heterocyclic base

interfering RNA (siRNA) and non-coding RNAs, such as micro-
RNA (miRNA), have led to the widespread and convenient use of
synthetic oligonucleotides as antisense and siRNA reagents for gene
ablation or targeting of non-coding RNA, as well as their use in
animals and in humans leading to the approval of 12 drugs to date.
In this chapter we outline the history of oligonucleotide chemistry
in antisense and siRNA that has led to preclinical studies that have
guided their development with drug-like properties and hence
clinical trials (Fig. 2). We go on to discuss the development of the
principles of widely used antisense gapmers and siRNAs as well as
their immune responses by triggering pattern recognition receptors
(PRRs) and how such activities can be controlled or harnessed for
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Fig. 2 Evolution of chemical modifications during the development of antisense as therapeutic agents. In the
nineties, various modifications of ODNs and ORNs were studied and based on RNase H activation, PS-ODNs
became the choice as first-generation antisense agents. Soon it was realized that PS-ODN had off-target
activities including complement activation and also sequence specific immune activation. This led to
questions on the mechanism of action of PS-ODNs and associated safety signals, and clinical development
of most of the PS-ODN ASOs was discontinued. In parallel use of modified ORN for splicing correction in the
cells was established. Based on the early work conducted in early nineties, gapmer antisense design provided
the key attributes and became the choice as second-generation antisense agents. Studies of chemical
modifications in antisense has facilitated development of other therapeutic oligonucleotides. The key
modifications which have been identified in the development of antisense, e.g. PS-PDN and PS-ORN,
2'-modified or 2'-0-substituted ribo-nucleosides, bridged ribo-nucleosides, and PMO which are being
employed in various nucleic acid therapeutics. In the last few years, a number of drugs based on gapmer
ONs (mipomersen, inotersen, volanesorsen), 2/-MOE PS-ORN (nusinersen), PMO (eteplirsen, golodirsen,
vitolarsen), and siRNA (patisiran, givosiran) have been approved

use as drugs (Fig. 3). Readers are also referred to a recent book
edited by us on recent Advances in Therapeutic Nucleic Acids [3].

2 Oligonucleotide Synthesis

Early work in the 1960s and 1970s on phosphodiester and phos-
photriester chemistry for the synthesis of ODNs required armies of
nucleic acids chemists for painstaking oligonucleotide synthesis in
solution phase that took months to years for each synthesis (for
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Fig. 3 Pattern recognition receptors (PRRs). The number of PRRs listed in the
right-side column which is known to recognize patterns of nucleic acids and
induce appropriate immune responses. This recognition is applicable to all use of
nucleic acids for therapeutics, and depending on the engagement could affect
the mechanism of action and also safety signals. This recognition could be due
to PAMPs of the nucleic acid agent being used or due to DAMPs, due to the build-
up of administered agent in the tissues and organs, being recognized as
endogenous nucleic acids

example [4]). The revolution for molecular biologists came in the
late 1970s and early 1980s with the development of solid-phase
ODN synthesis first suggested by Letsinger and Mahadevan in
1965 [5] and later developed into working methods in the labora-
tories of Gait [6-8] and Itakura [9]. These methods were then
superseded by the more efficient phosphoramidite chemistry of
Caruthers and colleagues [10], which went on to be automated,
such as by Applied Biosystems and other companies. The rapid and
automated synthesis allowed molecular biologists to obtain syn-
thetic ODNs readily for biological purposes such as for sequencing,
cloning, and gene synthesis. The history of oligonucleotide synthe-
sis chemistry has been reviewed [11, 12]. Today standard and
modified ODNs can be obtained rapidly and efficiently on a small
to large scale through highly automated solid-phase DNA oligonu-
cleotide synthesis for many biological and diagnostic purposes.

Oligoribonucleotide synthesis is also now well established for
the synthesis of siRNA or for aptameric RNAs. Currently, several
oligonucleotide manufacturing plants are operational to produce
oligonucleotides under GMP conditions.

3 Synthetic Oligonucleotide Analogues in Antisense and siRNA

The early work of Zamecnik and colleagues utilized RSV since this
was the only viral RNA sequenced at this time. Zamecnik noticed
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3.1 Backbone
Analogues

3.1.1

Phosphorothioates

that both ends of the linear RNA genome bore the same primary
sequence in the same polarity and that DNA might be synthesized
from the RNA by reverse transcription via circularization of the
5-end with the 3’-end through base pairing. Zamecnik and Ste-
venson were able to block this circularization by use of a synthetic
ODN via hybridization with the 3’-end of the viral RNA. By use of
a cell-free system, translation of the RSV mRNA was impaired, thus
leading to inhibition of viral replication. This work was the birth of
the antisense concept [1, 13].

Further progress in the antisense field awaited the mid to late
1980s for the availability of genomic DNA (or RNA) sequences for
antisense targeting as well as the new automated methods of oligo-
nucleotide synthesis as described above. There was also some scep-
ticism regarding the stability and eukaryotic cell entry ability of
unmodified oligonucleotides. Nevertheless Zamecnik and Gallo
were able to employ unmodified antisense ODNs to inhibit
human immunodeficiency virus 1 (HIV-1) replication [13] and to
suppress expression of HIV-1 related markers [14]. Cellular uptake
of the ODN was not a limiting factor since experiments were
carried out in primary human cells and non-targeted control oligo-
nucleotides showed minimal inhibition of HIV-1 replication, thus
demonstrating sequence-specificity. This paper reignited the thera-
peutic potential of the antisense approach.

The next step was to provide drug-like properties to the
unmodified antisense ODNs through chemical modifications. In
this context the key consideration was to provide nucleolytic stabil-
ity to antisense ODNs without affecting their hybridization and
affinities with the RNA target. Not much was known at the time
about the in vivo characteristics of unmodified ODN, or any mod-
ified ODNSs, which could have guided the study of potential mod-
ifications. The first step was to see if modifications of the
internucleotide linkages would provide nucleolytic stability to
ODNs, while preserving the hybridization affinity to the target
RNA. Later on, discovery of PRRs further provided insights into
recognition of pathogen associated molecular patterns (PAMPs) of
nucleic acids, and how sequence of antisense and nucleic acid-based
therapeutic approaches could affect the mechanism of action

(Fig. 3).

The antisense field took inspiration from the very early work of De
Clerq, Eckstein, and Merigan [2] where phosphorothioate (PS)
modifications were studied in homopolynucleotides as stabilizing
agents. By the mid-1980s new chemical synthesis methods for the
PS linkage in ODNs became available [15]. Here, a simple sulfur
atom replaces a non-bridging oxygen atom (Fig. 1b). However,
standard automated synthesis, which in the phosphoramidite
method involves treatment with a sulfurizing agent in place of
oxidation by iodine, produced a mixture of diastereomeric
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oligonucleotide products (Rp and Sp) (Fig. 1c, d) and thus there
was found to be a lower binding affinity to target RNA compared to
phosphodiesters. However, PS-linked ODNs are much more resis-
tant to nuclease degradation than phosphodiesters. Optimization
of the synthesis methodology allowed the synthesis of milligram
quantities of PS-ODNs for use in cell and in vivo experiments.

Early studies showed dose-dependent inhibition of viral repli-
cation and antiviral activity in HIV-1 infected cells by use of anti-
sense PS-ODNs targeted to several regions of HIV-1 mRNA
[16, 17]. Surprisingly, homopolymers were also effective and anti-
viral activity depended on the base composition, suggesting that
PS-ODNs also had oft-target activity. Longer PS-ODNs were more
effective than shorter ones and cellular uptake was efficient in
primary human cells without a carrier. In addition, antisense
PS-ODNs showed potent and durable inhibition of HIV-1 replica-
tion in chronically HIV-1 infected cells [ 18-20]. Soon after, studies
with PS-ODN targeted to influenza virus showed inhibition of
virus replication [21]. Based on these early studies and promise,
PS-ODNs became the choice for first-generation antisense agents.

Following these studies, work on antisense was pursued in
many laboratories around the world for a broad range of applica-
tions [22-24]. In addition, several new companies were founded to
advance therapeutic applications of antisense, such as Gilead
Sciences, Isis Pharmaceuticals (now Ionis Pharmaceuticals), Hybri-
don (now Idera Pharmaceuticals), and others. Numerous reports
appeared on the use of antisense PS-ODNs to target viruses
[25, 26], oncogenes [24, 27], and kinases [27, 28], etc. Cellular
uptake of PS-ODN:s in transformed cells in culture was found to be
poor but could be improved substantially by use of cationic lipid
carriers. It was also shown that an antisense PS-ODN bound to its
target RNA engaged RNase H [19, 20] to excise the RNA strand
and this was therefore likely to be the mode of action and not steric
block inhibition of translation as observed with other modified
ODNs [29, 30]. Nevertheless RNase H cleavage activity was poorer
than for a PO-ASO [20].

The first in vivo study in mice of a systemically delivered
PS-ODN showed that plasma half-life was very short but that
there was a broad tissue disposition with most delivered to liver
and kidneys and the lowest amounts in the brain [31]. The
PS-ODN was stable in tissues for several days and excreted primar-
ily in urine in degraded form mostly through exonuclease cleavage
from the 3’-end. Chemical modifications at the 3’-end increased the
stability [32, 33]. The PS-ODN was bound by serum proteins,
which increased the plasma half-life and improved tissue disposition
[34, 35].

Antisense PS-ODNs showed very potent activity in animal
models of viral diseases and cancer [36, 37]. However, in some
cases a control PS-ODN also showed some activity, leading to the
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possibility of off-target effects [38]. For example, a PS-ODN tar-
geted to human papillomavirus inhibited papillomavirus-induced
growth of implanted human foreskin in a mouse xenograft model
but unexpectedly was also active in a mouse cytomegalovirus
(CMV) model [39]. Studies in immune-compromised mice
showed that the effect of the PS-ODN was largely due to immune
activation of the host. Sequence-dependent immune stimulation
was confirmed during non-clinical safety evaluations of drug candi-
dates. Repeated systemic administration of PS-ODN candidates in
mice and rats caused inflammation, splenomegaly, and histological
changes in multiple organs [40, 41]. Further in non-human pri-
mates, bolus administration of the first antisense PS-ODN
(GEM91) led to severe hemodynamic changes due to activation
of the alternative complement pathway [42]. Stimulation of the
alternative pathway complement activation cascade became the first
documented off-target effect, which was due to a plasma concen-
tration effect of the poly-anionic nature of PS-ODNS. It could be
mitigated by subcutaneous administration or by slow intravenous
infusion. Thereafter, the US Federal Drug Agency (FDA) pub-
lished guidelines and required the use of non-human primates for
non-clinical safety studies of all oligonucleotide drugs [43].

In the 1990s a number of antisense PS-ODN clinical candi-
dates were advanced to human trials [44] through intravenous
infusion, intravitreal or subcutaneous delivery [45—47]. Humans
showed similar pharmacokinetics and excretion data to those of
non-human primates [48, 49]. However, most clinical studies
were discontinued due to the lack of activity or a poor therapeutic
index [50]. For example, the subcutaneous administration of
GEMO1 in humans caused flu-like symptoms, swelling of the drain-
ing lymph nodes, prolongation of activated partial thromboplastin
time (aPTT), and thrombocytopenia [29]. Rather than suppression
of HIV-1, HIV-1 RNA levels were increased in blood [51]. How-
ever, intravenous delivery had minimal effect on these parameters.
There were a few reports of immunostimulatory properties of
DNA/ODNs containing CG nucleotides [52, 53]. It only became
clear much later that PS-ODNs containing an unmethylated CpG
motif activated the immune responses by binding to Toll-like
receptor 9 (TLRY), an innate immune receptor present in immune
cells that recognizes DNA containing CpG dinucleotide motifs
[54]. It became clear that the flu-like symptoms and injection site
reactions seen with most of the PS-ODN drug candidates in clinical
trials, such as the clinically approved drug fomivirsen, administered
intra-vitreally to treat AIDS-related CMV-induced retinitis,
contained a CpG motif [55]. Thus, the true mechanism of action
of this first-generation drug, now no longer marketed, remains
unclear. Altogether, preclinical and clinical studies have provided
important insights into the properties of PS-ODNs and its use as
drugs [35, 56, 57].
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3.1.2 Charge-Neutral
Analogues

Also of debate for some time has been whether the presence of
a mixture of Rp and Sp diastereoisomers in the synthetic PS-ODNs
(Fig. 1c, d) bears any influence on their biological properties. For
example, a 20-mer would have 2'? isomers. The stereospecificity of
enzymes that act on nucleoside phosphates was well known from
early work of Eckstein (reviewed in [58]). Since PS-ODN interact-
ing enzymes, such as nucleases, also utilize only a single diasterioi-
someric isomer [59], it was plausible that there might be a
significant biological effect in cells of utilizing mixed PS diastereo-
mers in antisense PS-ODNSs. Testing of this only awaited the solid-
phase synthesis of stereo-enriched and stereo-pure PS-ODNs. This
became possible through pioneering work of Stec and later by use
of nucleoside bicyclic oxazaphospholidinium synthons [15, 60]. It
is now known that binding strength and recognition by RNase H is
generally higher for antisense oligonucleotides containing Rp lin-
kages but depends crucially on the placement of these with respect
to Sp linkages and overall stereospecific PS-ODNs have had limited
therapeutic utility [61]. Recently certain stereo-pure antisense oli-
gonucleotides were shown to have improved activity in cell culture
and in vivo [62] but the therapeutic significance of such stereospec-
ificity is currently hotly disputed [63]. Even more recently, the
clinical development of a stereo-pure PS-ODN, WVEN-531 tar-
geted to DMD has been discontinued due to lack of clinical activity
[64]. Furthermore, dosing of this antisense ODN also led to tran-
sient increases in complement factors and C-reactive protein [65].

Two phosphate-containing, charge-neutral oligonucleotide analo-
gues that were particularly used in early antisense studies are the
methylphosphonate [66] (Fig. 1e¢) and the phosphoramidate lin-
kages [67] (Fig. 1f). They both consist of a mixture of diastereoi-
somers. Methylphosphonate ODNs (MP-ODNs) are stable at
physiological pH and are resistant to nucleolytic degradation but
are less strongly bound to target RNA compared to PO-ODNs
[66, 68]. MP-ODNs targeted to HIV-1 showed dose-dependent
inhibition of HIV-1 replication [16], but they are less active than
PS-ODNs due to their lack of RNase H activation [19] but instead
inhibit protein translation, which is generally a weaker activity in
cells. Limited in vivo studies with a MP-ODN showed that while
this modification is very resistant to nucleolytic degradation, due to
poor protein binding, there was a very poor in vivo disposition and
the majority of the administered ODN was eliminated in urine
rapidly (Agrawal, unpublished data). In addition, longer
MP-ODNs, which bind more strongly to RNA and which are
therefore more potent, are poorly soluble under physiological con-
ditions and thus have not been advanced toward clinical trials. By
contrast, a 13-mer antisense oligonucleotide containing all phos-
phoramidate linkages is more soluble. An anticancer agent
(GRN163) inhibits the enzyme telomerase [67] and did get into
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3.2 Sugar Analogues

3.2.1 2-0-Alkyl Sugars

a clinical trial, however, clinical development was discontinued due
to lack of clinical activity. In early work, phosphoramidate-linked
antisense oligonucleotides (Fig. 1g, h) targeted to HIV-1 showed
similar results in cell-based assays to an MP-ODN and were not
pursued [16].

Phosphorodiamidate morpholino oligonucleotides (PMOs)
are also charge-neutral but here a morpholino ring replaces the
sugar unit (Fig. 1i) [69]. PMOs inhibit translation by a steric
block mechanism [70] as they are not recognized by RNase H.
They are completely resistant to nucleases but are not taken up well
by cells and thus require very high doses for in vivo delivery. They
were found to be strong antiviral agents, for example, against
Ebola, Marburg, and Chikungunya viruses [71]. Three exon skip-
ping PMO drugs, eteplirsen, golodirsen, and vitolarsen designed to
induce alternative splicing and restore the reading frame of mutant
dystrophin in patients with Duchenne muscular dystrophy (DMD)
[72] have been approved but requires the use of high doses
(50 mg/kg or higher). Its therapeutic effectiveness, based on bio-
markers, is limited [ 73], but it is a safe drug at the therapeutic dose.
PMO and other chemistries used in exon skipping and other steric
block activities have been reviewed [74].

Another initially highly promising, charge-neutral analogue are
peptide nucleic acids (PNA), where the sugar-phosphate backbone
is replaced by aminoethylglycine units linked by amide bonds
(Fig. 1j) [75]. PNA binds strongly to target RNA and, like PMO,
they are also completely resistant to degradation by nucleases as
well as proteases. Also similar to PMO, duplexes with RNA are not
recognized by RNase H and thus PNA acts by a steric block
mechanism. Antisense PNAs have been broadly studied as antican-
cer [76, 77], antiviral [78, 79], and antibacterial agents [80, 81] as
well as inhibitors of micro-RNAs [82]. However, once again very
high doses are needed in in vivo applications, due to poor cellular
uptake and unfavorable pharmacokinetics. Poor in vivo biodistribu-
tion is a likely reason for why antisense PNAs have not to date
found utility as clinical candidates.

It has been long established that an RNA-RNA duplex is much
stronger than that of DNA-RNA. However, RNA (Fig. 4a) is
highly unstable to ribonucleases. Phosphorothioate analogues
(PS-ORN) showed an increased affinity to target RNA but they
were found to have lower potency as compared to PS-ODNs,
probably since RNA-RNA duplexes lack RNase H activation
ability [35].

The first sugar analogues to find utility in antisense oligonucleo-
tides are the naturally occurring 2'-O-methylribonucleosides
(Fig. 4b) first synthesized by the Ohtsuka laboratory [83]. The
phosphoramidites of 2’-O-methylribonucleosdes suitable for
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Fig. 4 Chemical structures of the ribo-nucleoside units of therapeutically useful RNA and RNA analogues. (a)
ribo-nucleoside (ORN) (b) 2'-0-methyl (2'-OMe), (¢) 2’-0-methoxyethyl (2’-MOE), (d) bridged/locked nucleic
acid (LNA), (e) 2'-0,4’-C-ethylene linked nucleic acid (ENA), (f) tricyclo-DNA (tcDNA), and (g) constrained ethyl
(cET). B = heterocyclic bases

solid-phase synthesis became available commercially in the early
1990s [29]. Studies with 2’-O-methyloligoribonucleotide phos-
phorothioates (2’-OMe PS-ORN) showed enhanced stability to
nucleases as compared to PS-ORN and showed a higher affinity
to target [84]. However, they also showed lower antisense activity
compared to PS-ODNs, demonstrating that activation of RNase H
was key for this activity [30, 51, 85, 86]. Since then, very many
additional 2'- O-alkyl analogues have been synthesized and tested in
antisense oligonucleotides (ONs), predominantly in gapmer stud-
ies (see below) to allow recognition by RNase H. From these
studies 2'-O-methoxyethylribonucleoside (2’-MOE) (Fig. 4c) has
been employed widely in clinical gapmer candidates (Chapters
3 and 4 of Agrawal and Gait [3]).

As described earlier, dose-dependent activation of complement
and prolongation of aPTT were found to be unwanted side effects
of PS-ODNs. These effects as well as strong binding to serum
proteins were thought to be due to the poly-anionic nature of the
PS linkage. However, there were found to be significantly less side
effects when PS-ORN or 2’-OMe-PS-ASO where used, suggesting
that the poly-anionic nature of the PS backbone in PS-ORN and PS
2'-OMe is not as pronounced when placed in the context of an
RNA or RNA-like sugar conformation [40, 85-87]. This became
crucial to their use in later gapmer antisense studies.

Uniformly 2’-O-alkyl modified PS-RNA has also found very
high therapeutic use in splice switching (exon skipping or exon
inclusion) and other steric blocking applications due to their high
binding strength to nuclear pre-mRNA [88, 89]. However, the
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exon skipping 2’-OMe PS-ORN antisense drisapersen drug candi-
date failed to show clinical benefit in patients with DMD and also
caused significant adverse side effects and was, therefore, not
approved for clinical use [90]. By contrast, the 18-mer 2’-MOE
phosphorothioate (2’-MOE PS-ORN, nusinersen), which redirects
the splicing of the SMN-2 gene to generate active SMN protein
(exon inclusion), administered intrathecally only few times a year
was approved by the FDA for the treatment of spinal muscular
atrophy (SMA) [91, 92]. The thrombocytopenia and renal toxicity
observed with the use of drisapersen could be largely due to the
need for repeated subcutaneous dosages of 2’-OMe PS-ORN,
which is very stable to nucleolytic degradation and therefore may
accumulate in tissues due to its long half-life and potentially interact
with PRRs. Nusinersen, a 2’-MOE PS-ORN, is also quite stable to
nucleolytic degradation, but its intrathecal administration and need
for infrequent and lower doses minimizes the impact of tissue
accumulation and avoids the need for passage into the brain and
spinal cord from the circulation.

A major step forward in the design of antisense ONs was the
development in the laboratories of Wengel and also of Imanishi of
bicyclic sugar analogues known as locked or bridged nucleic acids
(LNA/BNA). Here the conformational flexibility of nucleotides is
significantly reduced by linkage of the 2’-oxygen atom to the 4-
'-carbon atom in the ribose ring (Fig. 4d). This results in a signifi-
cant increase in the binding affinity of ONs to complementary RNA
targets with an increase in the melting temperature of 2—-8 °C per
residue [93]. Unfortunately, LNA oligomers of 8 units or longer
tend to self-aggregate. Therefore they became more useful as mix-
mers with 2’-deoxynucleotides and here miravirsen, the first
microRNA-targeting drug, which acts by sterically blocking
microRNA-122, highly expressed in liver, was developed for the
treatment of hepatitis C virus infection, a debilitating liver disease
[94]. Unfortunately, this drug’s clinical development was discon-
tinued because of safety issues. LNA has also been used as mixmers
with 2’- OMe nucleotides targeting various RNAs in cells (e.g. [93])
and has also found utility in the flanking sequences of gapmers. This
had the effect also of modulating the binding strength of the ON
and increasing the specificity of the interaction (reviewed in
Chapter 3 of Agrawal and Gait [3]).

Another bicyclic analogue that became useful is 2'-0,4'-C-
ethylene linked nucleic acid (ENA) [95] (Fig. 4e¢). In a recent
study an antisense ON DS-5141, containing segments of 2’-OMe
PS-RNA and ENA, showed good activity in an mdx mouse model
of DMD and a phase 1/2 clinical trial was carried out in Japan
[96]. A further analogue useful in steric block applications is
tricyclo-DNA (tcDNA) [97] (Fig. 4t). However, perhaps the
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most important bicyclic derivative of LNA that has found consider-
able therapeutic utility is the methylated analogue known as “con-
strained Ethyl” (cET), which is being employed in shorter gapmers
[98] (Fig. 4g) and being evaluated in preclinical and clinical studies
by Ionis Pharmaceuticals Inc. All these types of bridged nucleic
acids have shown very strong affinity to target RNA and increased
nucleolytic stability, but none of them are substrates for RNase H.
Thus, these types of bicyclic sugar analogues are mostly used in
steric block/splicing modulation approaches and in the flanking
sequences of gapmers.

3.3 Heterocyclic In early antisense studies it was thought that increased antisense

Base Analogues activity might be achievable by improving the affinity of an ODN to
target RNA through modification of the heterocyclic bases, for
example, by adding an extra hydrogen bond in the base pairing
between an ODN and its RNA target or by increasing the base
stacking potential in a DNA-RNA duplex. Chemically this was
simplest through modifications in the pyrimidine rings, for exam-
ple, by modifications at positions C-2, C-4, C-5 or at C-6, and
many of these base analogues were incorporated into antisense
ODNs. However, few of these proved to be of significant value.
Incorporation of modified purines generally resulted in a reduced
binding affinity of an antisense ODN. Perhaps the most useful
study of antisense activity was of incorporation of various heterocy-
clic bases in ODNGs including the increased base stacking analogues
C-5 propynyl and 5-methyl cytosine (5-MeC) and the increased
hydrogen-bonding analogues phenoxazine, and G-clamp. These
studies showed that the increased hydrogen-bonding analogue
G-clamp had potent dose-dependent antisense activity [99]. Unfor-
tunately, these antisense ODNs containing G-clamps were found to
be highly toxic in in vivo studies. Currently, the only significantly
used nucleoside base analogue in antisense ODNs is 5-methyl-
2’-deoxycytidine (5-MedC) [100]. This methylated base analogue
is used mainly to mitigate immune activation in CpG dinucleotide
sequences rather than for changing binding strength [101].

4 RNase H Active Gapmer Chemistry for Use as Drugs

Early studies conducted with various modified ODNs, ORNs, and
2’-substituted ORNs as antisense agents provided great insights
into what is important for providing drug-like properties to anti-
sense oligonucleotides [3]. Studies with PS-ODNs showed that
increased nucleolytic stability and activation of RNase H were key.
However, polyanion-related side effects and sequence-dependent
immune activation were limiting factors in their broad applicability
[50, 57]. Studies with MP-ODNs showed that polyanion-related
side effects could be completely mitigated (Agrawal, unpublished



Introduction and History of the Chemistry of Nucleic Acids Therapeutics 15

data), and had significant nucleolytic stability. However, with lower
affinity and lack of RNase H activation, there was a loss in antisense
potency [16]. These observations led to the concept of combining
desirable properties of the two modified ODNs to provide drug-
like properties to antisense oligonucleotides [29]. The first studies
were carried out with antisense containing segments of PS-ODN
and PM-ODN or PN-ODN referred to as mixed backbone anti-
sense ONs. These antisense designs showed increased nucleolytic
stability and RNase H activation [19, 40]. However, reduced affin-
ity limited their potency. Further insight was obtained from in vivo
studies in which a mixed backbone ON containing PS-ODN and
PM-ODN showed wide tissue disposition and increased stability
and longer half-life in tissues [102].

This led Agrawal and colleagues to design antisense oligonu-
cleotides in which the segments of PS-ODN and 2'-substituted
PS-ORN were combined at the appropriate positions [29, 84,
85]. These types of antisense oligonucleotides were referred to as
Hybrid ONs, now commonly referred to as gapmers (Fig. 5). In the
original design of antisense, a segment of PS-DNA was placed in
the middle and segments of 2'- O-alkyl PS-ORN or a combination
of PO- and PS-linkages were placed at both 3’- and 5’-ends [29, 84,
85, 87, 103]. This design of antisense combined the desirable
properties of PS-DNA and 2’-O-alkyl PS-ORN, and provided
increased affinity to targeted RNA, activation of RNase H,
increased nucleolytic stability, and reduced polyanion-related side
effects. Furthermore, inflammatory responses were also reduced
[35,40, 56]. In vivo administration in mice showed similar plasma
half-life and tissue disposition similar to that observed with
PS-ODNs, and with increased in vivo stability and retention in
tissues [ 104 ]. Also, due to increased in vivo stability, oral and rectal
delivery of gapmer antisense was possible [34]. It was postulated
that the increased stability and in vivo persistence may allow less
frequent dosing to obtain therapeutic benefits.

There was also a concern that increased retention of gapmer
antisense in tissues may lead to tissue build up following repeated
dosing, which would induce local inflammatory responses and side
effects, thereby limiting its therapeutic potential.

Other configurations of gapmer antisense were also evaluated,
including the configuration in which a segment of 2'-O-alkyl
PS-ORN was placed in the center and segments of PS-DNA were
placed at both 3'- and 5’-ends. This design of gapmer antisense
showed increased potency compared to PS-DNA and reduced
polyanion-related side effects. In general, the specificity of RNase
H mediated cleavage and its efficiency and excision sites were
dependent on the position of the PS-DNA in gapmer antisense
ONs [105].

Based on these encouraging results, gapmer antisense became
the choice for second-generation antisense agents. In 2001, a
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Fig. 5 Design of gapmer antisense oligonucleotides. In a gapmer antisense,
segments of PS-DNA and modified RNA are appropriately placed to combine
desirable characteristics for antisense agent with both of these modifications.
PS-DNA segment provides RNase H activation, and modified RNA segments
provide increased nucleolytic stability, affinity to target RNA, decreased poly-
anionic characteristics and inflammatory responses

licensing agreement between the companies allowed the technol-
ogy to be widely available [44]. Over the years, studies have been
carried out to establish the optimal size of the window of a central
PS-DNA segment [ 105]. Similarly, studies have been carried out to
optimize the size of the modified ORN wings at both 3’- and
5’-ends. In the wings of the gapmer antisense, various modified
ORNSs have been incorporated and evaluated (see Chapter 3 of
Agrawal and Gait [3]). To date, most promising results have been
obtained with gapmer antisense containing segments of 2'-O-
methyl or 2’- O-methoxyethyl at both 3’- and 5’-ends. Over 30 gap-
mer antisense drug candidates containing 2’- O-methoxyethyl or
LNA segments have been advanced to clinical evaluations following
systemic delivery. To date, three candidates have been approved for
clinical use. These include inotersen [106], volanesorsen [107],
and mipomersen [108]. Clinical development of several gapmer
antisense drug candidates have been discontinued, due to lack of
clinical activity and or safety signals. These include ISIS-FXIRx,
ISIS-EIF4ERx, ATL1103, ATL1102, ISIS-GCGRRx, ISIS-
PTBRx, ISIS-APOARx, ISIS-SODI1Rx, ISIS-FGFR4Rx, ISIS-
405879, OGX-011, OGX-427, LY2181308, ATL1103,
ATL1102, etc.

As discussed above, many of the bicyclic sugar analogues
including locked /bridged nucleic acids have been studied as anti-
sense agents. These analogues have also been studied as part of the
wings in gapmer antisense. These include LNA (Fig. 2d) [109],
constrained ethyl 2’-4’ bridged nucleic acid (cEt) (Fig. 2g) [110],
anhydrohexitol [91], fluorocyclohexenyl (F-CeNA) [111], altritol
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nucleic acids [112], and tricyclo-DNA (tcDNA) (Fig. 2f)
[97]. These modifications provide very high affinity and have
allowed the length of the gapmer antisense to be reduced. A few
of these shorter gapmer ASOs are being employed to achieve allele
specific knockdown [113]. While the use of shorter antisense may
be cost effective, it increases the possibility of off-target eftects by
binding to non-targeted RNA [114, 115]. Also selected LNA and
cET ASOs have been associated with liver toxicity [116, 117].

Several gapmer antisense drug candidates employing LNA in
the wings have advanced toward the clinic but development of most
of these candidates have been discontinued, primarily due to safety
issues and lack of therapeutic index.

Other modifications in the gapmer antisense studies include
2’-deoxy-2'-fluoro-beta-p-arabinonucleic acid (FANA) [118], 3'-
fluorohexitolnucleic acid (FHNA) [119], 2’-thiothymine,
5-modified pyrimidine bases, etc. These studies are limited to pre-
clinical evaluations.

5 siRNA Chemistry for Use as Drugs

The lessons learned in the development of antisense ONs have
allowed the development of siRNA therapeutics to be speeded
up. siRNAs have a well-defined structure: a short double stranded
RNA of 20-25 base pairs with phosphorylated 5'-ends and hydro-
xylated 3’-ends and also usually containing two 3’-overhanging
nucleotides, although blunt ends are sometimes used. While the
key requirement is to provide nucleolytic stability to a siRNA
candidate, it requires an understanding of the function of each
strand. One strand is called the passenger strand and the other is
the active component and is called the antisense or guide strand. It
is the guide strand that is incorporated into the enzyme complex
called RISC in order to be directed to cleave the target RNA strand,
while the passenger strand is displaced.

Studies of various chemical modifications in antisense and their
impact on providing drug-like properties have allowed the use of
some of these modifications in development siRNA therapeutics.
These include PS-linkages, various modified ribose sugars such as
2’-O-methyl, 2’-fluoro 2'-deoxy (2'-F), LNA as well as the sugar
ring-opened analogues unlocked nucleic acid (UNA), and glycol
nucleic acid (GNA). In siRNA chemical modifications are intro-
duced strategically to provide nucleolytic stability. In addition the
passenger strand is usually heavily modified in order to block pas-
senger strand entry into RISC, while to promote RISC loading of
the guide strand only light modification is used, such as 2’-F
replacement of 2’-OH groups in pyrimidines. At the same time
modifications must not be placed centrally in the guide strand so
as to block RISC-associated cleavage of the target RNA. The exact
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locations of such modifications in guide and passenger strands are
generally closely guarded secrets by reagent suppliers. In addition,
the 5'-phosphate of a siRNA guide strand is essential for recogni-
tion by RISC. Phosphatase-resistant analogues of the 5'-end phos-
phate have been shown to improve the in vivo efficacy and are used
in clinical candidates [120].

In siRNA candidates, chemical modifications provide nucleo-
lytic stability, however, delivery to a desired tissue or cell type
requires use of carrier or conjugation with delivery moieties
[121]. To date, two main delivery platforms—ionisable lipid nano-
particles (iLNPs) and trivalent N-acetylgalactosamine (GalNAc)
conjugates—have been employed for delivery to liver hepatocytes.
To date, two siRNA drugs have been approved for clinical use
patisiran, which uses lipid delivery, and givosiran, which uses a
GalNAc conjugation. Third siRNA drug candidate, inclisiran, a
GalNac conjugate has shown positive results in phase 3 trial
[122]. Details of these structure activity relationship studies have
been discussed in two chapters from a previous book [123, 124].

6 Immune Responses to Nucleic Acids

Over the last five decades there have been several reports on obser-
vations that certain nucleic acid sequences showed immune stimu-
latory properties [52, 125, 126]. In the mid-1990s subcutaneous
administration of an antisense PS-ODN targeted to HIV-1
(GEM91) in HIV-1 infected individuals caused flu-like symptoms
and systemic immune responses [51]. This observation alone could
not be explained until the discovery of PRRs. These receptors are
part of the immune system and PAMPs and host-derived damage-
associated molecular patterns (DAMPs). These PRRs play an essen-
tial role in establishing antiviral and antibacterial responses by
recognizing PAMPs. However, PRRs could also induce develop-
ment of autoimmune and inflammatory diseases by recognizing
DAMPs [127,128].

PAMPs are highly conserved motifs in pathogens, such as
bacteria and viruses. There are several PRRs that are known to
recognize motifs, sequences, and patterns of nucleic acids and
induce receptor-mediated immune responses. These include mem-
bers of Toll-like receptors (TLRs), of which four TLRs respond to
nucleic acids. TLR3, TLR7/8, and TLR9 recognize double-
stranded RNA (dsRNA), single-stranded RNA with certain
sequence composition and modified bases (ssRNA), and DNA
containing unmethylated CpG sequences (CpG DNA), respectively
(Chapter 13 of Agrawal and Gait [3]; [129]). These TLRs are
localized in endosomes and expressed on various cell types. The
type of immune response induced varies dependent on the receptor
and the nature of the nucleic acid [130]. In addition to TLRs,
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additional receptors are present in the cytoplasm known to recog-
nize nucleic acid-based PAMPs. These include retinoic acid-
inducible gene-I (RIG-I), melanoma-associated gene-5 (MDA-5),
absent in melanoma 2 (AIM2), cyclic-AMP synthase (cGAS), and
stimulator of the interferon gene (STING) (Chapter 13 of Agrawal
and Gait [3]).

Following the discovery of TLRY, it became clear that immune
activation observed with administration of GEM91 was due to the
presence of unmethylated CpG dinucleotides in the antisense
sequence [131]. This also provided insights into many of the
preclinical studies that the chosen antisense may be exerting anti-
viral or anticancer activity due to immune activation and not by an
antisense mechanism [51, 57]. Interestingly, most of the antisense
PS-ODNs in clinical development contained unmethylated CpG
motifs, raising questions on the intended mechanism of action
[51, 57]. Clinical development of all these antisense drug candi-
dates was discontinued due to lack of activity but also due to safety
signals. Similar observations have been made with a few initial
siRNA candidates and once again mechanisms of action have been
correlated with activation of immune responses [ 132, 133].

The discovery of PRRs has provided key insights into many of
the observations made with use of PS-ODN antisense. For exam-
ple, TLRY is a receptor for synthetic ODNs containing unmethy-
lated CpG motifs [131]. Activation of TLRY leads to induction of
Thl type immune responses in mice, primates, and in humans
(Chapter 14 of Agrawal and Gait [3]). Inductions of Thl type
immune responses, which include type interferon (IEN) and inter-
leukin 12 (IL-12), have shown therapeutic potential as antiviral and
anticancer agents. This explains the activity of a PS-ODN antisense
containing the CpG motif targeted to HPV, also showing activity
for CMV and loss of activity in immune compromised mice
[39]. This also explains the reason for flu-like symptoms with
administration of GEM91, a PS-ODN antisense containing the
CpG motif target to HIV-1 [55]. Interestingly, most of the
PS-ODN antisense that were advanced to clinical development in
the early 1990s contained unmethylated CpG motifs [51]. Thus,
their mechanisms of action could be largely due to immune activa-
tion or side effects were caused by immune activation.

Detailed structure activity relationships have been carried to
elucidate the interaction of PS-ODNs with TLR9. These studies
have provided great insights. For example, (a) the presence of
unmethylated CpG motif is required, although its position in the
sequence is equally important [134], (b) accessibility of the 5'-end
is required [111, 135], (c) modifications of the flanking sequence
on the 5’-end impacts the immune activity [136], (d) methylation
of C in the CpG motif neutralizes immune activation and causes it
to act as an antagonist, and (e) certain modified bases could be used
in the CpG motif without inducing immune responses. These
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insights have been very helpful in designing antisense candidates.
These lessons have provided the basis for the creation of optimized
agonists and antagonists of TLR9. These classes of compounds
have been studied extensively in preclinical models of cancer
[106], vaccines [137], viral infection [138], and autoimmune dis-
eases [139], and clinical proof of concept has been established in
multiple diseases [3]; Chapters 5 and 14 of Agrawal and Gait [3].

Detailed structure—activity relationship studies have been car-
ried out for TLR3 [134], TLR7 and TLRS8 [127, 140], RIG-I
[141], and AIM2 [142]. It is important to take these insights
into consideration when selecting a sequence and prioritizing
chemical modification for use in therapeutic applications.

7 Conjugates and Delivery

The in vivo efficacy of ONs is defined by plasma half-life, tissue
uptake, nucleolytic stability, and elimination. Systemic administra-
tion of several gapmer ASOs has shown a similar profile, i.e., short
plasma half-life, wide tissue dispositions, and the presence of intact
ASO for longer durations [121]. Even though the delivered gap-
mer ASO is present in targeted tissues including liver, for sustained
clinical activity weekly dosing has been employed. This suggests
that the administered ASO is not present in the right cells or cell
compartment. Further insights came from intrathecal delivery of
the 2’-O-methoxyethyl PS-ASO nusinersen (Spinraza) to treat
SMA. Patients are being treated with IT delivery, administered
only four to five times a year. This suggests that in a local compart-
ment, a delivered ASO exerts pharmacodynamic activity for a lon-
ger duration and thereby requires less frequent dosing. In recent
studies, both preclinical and clinical, conjugation of gapmer ASO
with a GalNac cluster has been shown to improve potency and
frequency of treatment for liver targeted RNA/gene targets.
Efforts are being made to improve delivery of ASOs to muscles to
treat muscular disorders employing antibody conjugates
[143, 144].

Peptide conjugation has been researched extensively in recent
years in efforts to increase the delivery of oligonucleotides. Numer-
ous cell-penetrating peptides (CPPs) have been developed, which
are beyond the scope of this Introduction. Readers are referred to a
book describing methods that use cell-penetrating peptides
[145]. However, the only peptides that have reached clinical devel-
opment are Arginine-rich CPPs. These are not suitable for conju-
gation with negatively charged oligonucleotides because of the
tendency of such conjugates to aggregate due to charge—charge
interactions between the positively charged peptide part and the
negatively charged oligonucleotide part. Instead they have found
clinical utility for use as conjugates with charge-neutral PMOs.
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Here the company AVI Biopharma (now called Sarepta) developed
a series of Arginine-rich CPPs that were taken to toxicological
testing in monkeys but were found to have renal toxicity at elevated
doses leading to a poor therapeutic index [146]. Recently Sarepta
has advocated use of an alternative and shorter Arg-rich peptide,
which is (Arg)s-Gly, as a PMO conjugate as a treatment for the
neuromuscular disease DMD. This gave rise to significant improve-
ments in delivery of an attached PMO and increased exon skipping
[147]. The peptide-PMO conjugate is currently in Phase 2 clinical
trials. Similar Arg-rich peptides, eg ones known as Pip having a
short internal hydrophobic domain, have given rise to increased
exon skipping for an attached PMO in muscles as well as in heart in
an mdx mouse model of DMD [148]. Pip peptides and similar
derivatives are currently being evaluated as potential therapeutics
for other neuromuscular diseases, for example, in myotonic dystro-
phy [149]. Once again, shorter Arg peptide derivatives as PMO
conjugates are likely to be the future clinical candidates in neuro-
muscular and neurodegenerative diseases.

Delivery of siRNA has been facilitated by the use of lipid com-
plexes or as conjugates with GalNAc, mainly to the liver. Use of
lipids provides stability to an siRNA candidate by encapsulating
them, along with preferential delivery to the liver. Several lipid
encapsulated siRNA candidates have advanced to clinical develop-
ment. For example, patisiran formulated with lipid nanoparticles
(LNP) has received regulatory approval. It is important to note that
lipid-nucleic acid mixtures form complexes that create virus-like
particle structures and engage PRRs to induce immune responses.
In the case of patisiran, subjects were pre-treated with steroids to
mitigate inflammatory responses.

The application of the use of GalNAc to hepatocytes has been
known for some time and was employed for oligonucleotide deliv-
ery more than two decades ago [150]. GalNAc is a ligand for the
asialoglycoprotein receptor 9 (ASGPR), which is very abundant on
the surface of hepatocytes [151]. Conjugation with GalNAc gener-
ally leads to preferential delivery to the liver. However, depending
on the nature of modifications of ONs, delivery to other compart-
ments including the kidney has been observed. An siRNA-GalNAc
conjugate givosiran has been approved for clinical use, another
GalNAc conjugate. Inclisiran has shown positive results in a phase
3 clinical trial (Chapter 11 of Agrawal and Gait [3]).

8 Further Developments in Therapeutics

Over the years many other applications of nucleic acid-based thera-
peutics have been pursued. These include aptamers, CRISPR/
Cas9, and use of modified mRNA for protein overexpression.
While the construct and sequence of DNA or RNA employed in
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these uses may differ, one common aspect is the need to provide
drug like properties to the selected agent. Most of the lessons
learned in the development of chemistry in antisense field have
facilitated the development of these approaches. In aptamers, mod-
ified nucleosides, such as 2’-O-methyl, 2’-fluoro or 2’-amino, and
modified internucleotide linkages such as PS-linkages or borano-
phosphate are regularly employed [152, 153]. In the case of mRNA
therapy, considerations of use of chemical modifications are differ-
ent than in other approaches. The 5'-cap and 3’-poly(A) tail are the
key contributors to provide long half-life and for efficient transla-
tion. New capping agents such as 1,2-dithiodiphosphonate mod-
ified caps have been shown to improve RNA translation
[154]. Several modified nucleosides including N*'-methyl-pseu-
douridine and others have been useful in increasing efficiency of
translation, and also mitigating immune stimulatory activity
[155, 156]. The positional incorporation of modified bases in
mRNA affects the secondary structure of the mRNA, which in
turn influences its translation. Further stability to mRNA is
provided by formulation with LNPs [157].

In studying CRISPR /Cas9-based therapeutic applications, sev-
eral modifications are being evaluated. These include PS linkages
and 2'-fluoro, LNA, c-Et [158], 2'-O-methyl [159], 2',4-BNA
(NC) [N-Me] [160], etc. These chemical modifications not only
provide stability but also mitigate interactions with PRRs. CRISPR-
based technologies have been described in a recent book [161].

9 Summary

Nucleic acid-based therapies are now entering into their fifth
decade (see Fig. 2 for a timeline of developments). Since the first
report of the antisense principle in 1978 using unmodified ODNss,
the technology has evolved, and drugs are now being approved.
Based on the progress to date and the promise of the results, nucleic
acid therapeutics are now being recognized as the third major drug
discovery and development approach in addition to small molecules
and protein/antibody approaches.

Nucleic acid therapeutic agents are built of A, C, G, T, and U
nucleotides and connected through internucleotide bonds. Early
work on chemical modifications to provide drug-like properties to
antisense and lessons learned have been of tremendous value not
only in creating antisense drugs but also in developing therapeutics
using synthetic nucleic acids with other mechanisms of action
(Fig. 4). Nucleic acid therapeutics could be broadly divided into
two classes, the first in which an agent is created to target RNA or
DNA and modulate its expression, and in the second an agent is
created to bind to proteins or cellular factors. In both of these
categories, agents could be recognized by PRRs thereby inducing
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immune responses, either unintended or intended affecting the
mechanism of action.

The work on the chemistry of antisense has provided us with a
few key modifications that have become important tools in nucleic
acid therapeutics. The most important of these include PS linkages
in ODN and ORN, gapmer design, selected 2'-O-sustituted
nucleosides, and various bridged/locked nucleic acids, etc. The
art of creating a nucleic acid agent lies in the understanding of
putting together the nucleotide sequence and various modifica-
tions for its intended mechanism of action without interacting
with PRR (Fig. 3).

SA is indebted to Mike Gait for his mentorship during his postdoc-
toral training in Mike’s laboratory and over the last three decades.
SA is also grateful to all the colleagues and collaborators whose
names appear in the references cited from his laboratory in this
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Antisense RNA Therapeutics: A Brief Overview

Virginia Arechavala-Gomeza ® and Alejandro Garanto

Abstract

Nucleic acid therapeutics is a growing field aiming to treat human conditions that has gained special
attention due to the successful development of mRNA vaccines against SARS-CoV-2. Another type of
nucleic acid therapeutics is antisense oligonucleotides, versatile tools that can be used in multiple ways to
target pre-mRNA and mRNA. While some years ago these molecules were just considered a useful research
tool and a curiosity in the clinical market, this has rapidly changed. These molecules are promising strategies
for personalized treatments for rare genetic diseases and they are in development for very common
disorders too. In this chapter, we provide a brief description of the different mechanisms of action of
these RNA therapeutic molecules, with clear examples at preclinical and clinical stages.

Key words RNA therapy, Antisense oligonucleotides, Clinical trials, Splicing, Personalized medicine

1 Introduction

Nucleic acid therapeutics is still a growing field. With the irruption
of the mRNA vaccines against SARS-CoV-2 special attention has
been given to this type of therapies but other types of nucleic acid
therapeutics, coined antisense oligonucleotides (AONs), have been
studied for many years. Although only a dozen therapeutic oligo-
nucleotides have been formally approved for clinical use, there are
many new such drugs in the pipeline for a plethora of (mainly rare)
diseases. These AON molecules interact with different nucleic acids
(mRNA, non-coding RNA, and DNA) thanks to sequence specific
Watson—Crick base pairing. Their mechanism of action, that may be
designed to bind specific targets, makes these drugs easy to design,
less likely to cause side effects and, therefore, potential candidates
to lead the next wave of precision medicine. In this chapter, we
describe the most frequently used AON-based therapeutic strate-
gies, their mechanisms of action (Fig. 1), and the results of several
clinical trials, with special emphasis in eye and muscle diseases.

Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular
Biology, vol. 2434, https://doi.org/10.1007/978-1-0716-2010-6_2, © The Editor(s) (if applicable) and The Author(s) 2022

33


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-2010-6_2&domain=pdf
https://orcid.org/0000-0001-7703-3255
https://orcid.org/0000-0001-5721-1560
https://doi.org/10.1007/978-1-0716-2010-6_2#DOI

34 Virginia Arechavala-Gomeza and Alejandro Garanto

:_:-' splicing modulation NMD-mediated
¥ RNA degradation
DNA F ] premmna AON AON t
I NN N A~ — |

mutant or non-productive transcript

; / l +ADN \:_A_gh_l_ \-AUN
5 | »
\z J‘, (\’? normal transcript exon exclusion exon inclusion splicing redirection,
pre-mRNA A
= N

ltrunscrip'.mn

psevdoexon skipping

transcript degradation

pre-mRNA gapmer AON
lup..c.nu TN N B e~
gapmer / \. ADN
mRNA
e s ————— cut-ol-frame transcript
l:mnsl,-.-..ou 1 l l
E [~

protein A¥ A
RMase Hi-mediated NMD-mediated RNA
RMNA degradation degradation

Fig. 1 Schematic representation of the multiple mechanisms of action of antisense oligonucleotide (AON)
molecules. AONSs can act at pre- and mRNA levels of the synthesis of a functional protein (left panel). They can
be used to modulate splicing (upper right panel) or to degrade (pre-)mRNA (lower right panel). Splice-
modulating AONs bind to pre-mRNA and promote the insertion or skipping of regular exons. In addition,
they can redirect splicing when mutations in a gene lead to splicing defects (such as pseudoexon insertions).
This splicing modulation causes the degradation of the transcript and a consequent reduction of protein levels.
Alternatively, transcript degradation can also be achieved by using AONs binding to the pre-mRNA to disrupt
the open reading frame and degrade transcripts via nonsense-mediated decay (NMD). Gapmers, in contrast,
can bind to both pre-mRNA and mRNA and activate RNase-H1 RNA degradation. (Created with BioRender.
com)

2 Mechanisms of Action

2.1 Splicing The majority of existing therapeutic AONs are designed to alter the

Modulation splicing pattern of specific pre-mRNAs [1]. This can be used to
treat disorders caused by splicing alterations, which with the cur-
rent widespread availability of better and cheaper sequencing
options are being identified more easily and can be specifically
targeted [2].

2.1.1  Exon Exclusion In many genes, deleting an exon would result in the production of'a
(Shortened Proteins) non-functional protein, as their structure and function would be
compromised. However, there are some cases in which internally
“trimmed” proteins could be partially functional due to the exis-
tence of less-vital structures within a large protein. Mutations in the
DMD gene disrupt the open reading frame (ORF) and the expres-
sion of the dystrophin protein, leading to Duchene muscular dys-
trophy (DMD). In contrast, in the much milder Becker muscular
dystrophy mutations in the same gene that maintain the ORF
produce an internally deleted but functional protein. This real-life
example was rapidly seized as an opportunity to achieve the same
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effect using therapeutic AONs, and several of the recently approved
AON molecules target different DMD exons [3-9]. Because there
are many different DMD mutations, the skipping specific exons
would be therapeutic for different subsets of patients.

This concept has also been employed in the development of
new AONs to skip in-frame exons carrying single-nucleotide
changes generating premature stop codons in large genes. Muta-
tions in USHZ2A cause either Usher syndrome (deafness combined
with blindness) or isolated blindness in the form of retinitis pig-
mentosa. Exon 13 of USH2A is prone to carry truncating variants
and by deleting it, a protein with residual function is potentially
produced [10, 11]. This is also the case of a stop codon introduced
by a variant in exon 36 of CEP290, which is naturally skipped at low
levels in the retina and involved in retinal dystrophy. AONs
designed to skip exon 36 restored the reading frame and produced
a functional protein able to rescue the cellular phenotype in patient-
derived cells [12]. Following the same strategy, AON molecules to
skip different exons of COL7A1 have been developed for dystro-
phic epidermolysis bullosa, a skin disease inherited in both domi-
nant and recessive fashion [13-16].

A seemingly opposite mechanism of action is at the core of nusi-
nersen, an AON approved for the treatment of spinal muscular
atrophy (SMA). In this case, mutations in the SMNI gene cause
low or lack of SMN protein production. However, SMN protein
can be produced by two nearly identical genes, SMNI and SMN2.
The latter, however, contributes at very low levels due to the high
rate of exon-7 skipping that disrupts the ORF. Nusinersen is used
to alter the splicing of SMNZ2 and include exon 7, and therefore
produce sufficient amounts of SMN protein to ameliorate the
patient’s disease [17, 18].

Variants close to the splice sites result often in either exon skipping
or exon elongation. In the second scenario, mutations decrease the
recognition of the original splice site and a cryptic splice site present
in the intron is recognized; in the most extreme case, the entire
intron is retained. Exonic variants may cause a synonymous or a
predicted non-deleterious missense change at protein level, and in
addition they can have a dramatic effect at RNA level by creating a
novel splice site. In any case, these splicing defects are also amenable
for AON intervention. For instance, a mutation in exon 3 of
USHIC linked to deafness generates a novel splice donor site
(SDS) upstream the regular SDS of the exon. This new SDS is
preferentially used by the cells, leading to a disrupted reading
frame. By using AONs to block the newly generated SDS, the
normal transcript can be produced [19]. A similar approach has
been used to target the exon elongation caused by near-exon
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2.1.4  Deep-Intronic
Variants

2.2 Transcript
Degradation

2.2.1 RNase H1-
Activating Antisense
Oligonucleotides (Gapmers)

intronic variants in ABCA4 linked to Stargardt macular degenera-
tion. This study showed that by blocking the newly created SDS the
normal splicing can be restored. However, this approach turned out
to be not that successtul when targeting exon elongations caused by
variants in the splice acceptor site (SAS) [20].

Another elegant way to modulate splicing using AONSs is by
targeting the non-productive transcripts. These transcripts often
are generated by (a) alternative splicing causing insertion or skip-
ping of exons; (b) using alternative cryptic splice sites; and
(c) retaining the introns. In any case, these splicing events lead to
a disrupted ORF being the transcript degraded via nonsense-
mediated decay (NMD). A very recent study has shown that 1246
potentially disease-associated genes present at least one of these
non-productive transcripts. By targeting these splicing events to
insert or skip an exon, exclude a retained intron, or redirect splicing
when a cryptic splice site is used, the overall protein levels can be
increased and this might be a promising therapeutic tool for hap-
loinsufficiency cases [21].

For many years intronic variants have been ignored. This is mainly
because they lay in the non-informative regions of our genome, the
introns. However, the implementation of novel and more robust
sequencing tools has contributed to solve the missing heritability in
several diseases by discovering deep-intronic mutations with a det-
rimental effect on pre-mRNA splicing. The study of these variants is
complex but with the help of novel bioinformatic (e.g. SpliceAl
[22]) and molecular tools (mini/midi/maxi-genes [23]), it is pos-
sible to predict the effect at pre-mRNA level. These variants often
result in the insertion of a pseudoexon, a piece of the intron that it is
recognized as an exon and leads to a disruption of the ORF and
consequently the generation of a premature stop codon. Pseu-
doexon exclusion can be achieved by using AONs. In the ABCA4
gene, AONs have shown splicing correction for most of the
35 intronic variants identified as cause of Stargardt disease [24-30].

Antisense technology can be extremely useful to degrade transcripts
and cause gene silencing (knockdown). From the therapeutic per-
spective, this might be a potential tool to treat autosomal dominant
diseases caused by dominant-negative mutations. In this case, by
degrading specifically the mutant allele, the correct protein can
perform its function properly.

These antisense molecules are characterized for being able to
actively reduce the levels of the mRNAs in the nucleus and cyto-
plasm [31], therefore they are very useful to downregulate gene
expression. These RNase H1-activating AONs or gapmers are chi-
meric molecules linked using a phosphorothioate (PS) backbone
that usually present a conformation 5-10-5, where the two arms



2.2.2 Disrupting
Reading Frame

Antisense RNA Therapeutics: A Brief Overview 37

consist of five modified RNA nucleotides (2’-O-methoxyethyl
(2’MOE), 2'-O-methyl (2’OMe) or locked nucleic acid (LNA))
flanking ten DNA nucleotides [32]. The first-ever AON approved
by the FDA was fomivirsen, a first-generation RNase H1-activating
AON [33-36] (see Subheading 3). However, this is the only RNase
H1-activating AON that does not have the chimeric RNA/DNA
structure. So far, four molecules using this mechanism of action
have received FDA and/or EMA approval to treat different disease
conditions [32].

Gapmers can be used to downregulate genes in allele-
independent and allele-specific manner. Below, we review some
examples of each case.

Allele-independent mRNA degradation is often used to target
genes or pathways that are overexpressed in certain disease condi-
tions or can worsen the disease progression. Thus, reducing the
levels of particular genes can be very beneficial. This is the case for
two of the approved AON drugs: mipomersen and volanesorsen.
These molecules target the mRNA of the apolipoprotein B-100 in
familial hypercholesterolemia or apolipoprotein C3 in familial chy-
lomicronaemia syndrome, hypertriglyceridemia and familial partial
lipodystrophy, respectively, to lower the levels of specific lipids
increased in these diseases [37—41].

In contrast, allele-specific mRNA degradation aims to target
only the mutant allele. This way, specific mutations that cause a
dominant-negative effect can be targeted. This is the case of ino-
tersen, a gapmer designed to target the mRNA encoding the trans-
thyretin (TTR) protein in autosomal dominant hereditary
transthyretin amyloidosis [42, 43]. A single-nucleotide change in
the gene produces misfolding of the TTR protein. As TTR protein
needs to tetramerize in order to conduct its function, the addition
of mutant monomers into the tetramer affects the overall function.
Systemic amyloid depositions are formed, leading to progressive
polyneuropathy of the sensory and motor systems with multiorgan
dysfunction in late-disease stages. The therapeutic gapmer targets
the mutant allele to reduce the amount of tetramers containing the
mutant protein, and therefore prevent the aforementioned deposi-
tions [42, 43]. Another recent example is the use of gapmers to
specifically degrade the mutant allele introduced by a mutation in
the COCH gene, which causes autosomal dominant hearing
impairment [44]. In this study, two strategies were used to degrade
the mutant transcript: directly targeting the mutation or other
single-nucleotide polymorphisms (SNPs) in cis with the mutation
that are part of the mutant haplotype.

Splice-switching AONSs can also be used to induce transcript deg-
radation. Skipping regular exons can also be used to knockdown
the function of an undesired gene, by creating mRNA isoforms that
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encode non-functional proteins or trigger degradation of the
mRNA by NMD [45]. For instance, exon skipping of hepatic
APOB100 was able to sustainably reduce LDL cholesterol levels
in mice [46], downregulation of MAPT gene has been proposed as
a possible treatment for tauopathies [47], and skipping exon 2 of
ALKS5 may modulate the TGF-p signaling cascade, reducing the
components related to the overproduction of extracellular matrix in
hypertrophic scar [48].

3 Therapeutic Potential

3.1 Examples of
Clinical Trials for
Muscle Diseases

While years ago oligonucleotides were considered a useful research
tool and just a curiosity in the clinical market, this has rapidly
changed into approved therapeutic strategies for several diseases
and promising personalized treatments for many other (rare inher-
ited) diseases. In this section, we will focus on the development of
AON:-based therapeutic strategies for two particular tissues: muscle
and retina.

The use of AONSs to treat neuromuscular disorders has been at the
forefront of the clinical development of AON-based therapies and
more than half of the AONs currently in the market target either
Duchenne muscular dystrophy (DMD) or spinal muscular atrophy
(SMA). As previously described, AONs targeting the DMD gene
aim to skip specific exons to restore the reading frame. This gene
has 79 exons and patients present a large variety of mutations,
mostly deletions and duplications, that require the design of specific
AONs to treat a small subset to patients. The first such drug,
eteplirsen, targeted exon 51 of DMD. Skipping this exon could
potentially be therapeutic for 13% of DMD patients [3, 6]. Since
then, golodirsen, viltolarsen, and casimersen have been approved,
all applicable to decreasing percentages of patients [9, 49, 50].

All DMD exon-skipping drugs currently in the market are
phosphorodiamidate morpholino oligomers (PMO). In contrast,
the development of the first AON drug in clinical trials for this
disorder, drisapersen (a 2’OMe /PS oligonucleotide) [51] as well as
that of many others targeting DMD with the same chemistry were
halted due to side effects [52]. Despite the apparent success of
PMO chemistries to reach the market, these drugs are yet not
very efficient, and their clinical outcomes are still poor. This is the
main reason why they are yet to be approved in Europe, while in the
USA and Japan have been given “accelerated approval” based on
dystrophin protein expression as a surrogate endpoint, which is
very low and there is debate about its clinical relevance [53]. Cur-
rently, several efforts are driven toward increasing the delivery
efficacy of these drugs to the target tissue [32, 54]. Several next
generation AONSs targeting the same exon as eteplirsen (exon 51)
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have been or are being developed. This is the case of the stereopure
suvodirsen, which was halted after poor results in a phase I clinical
trial (NCT03907072) or the peptide-conjugated PMO currently in
Phase I/11 clinical trials (MOMENTUM, NCT04004065).

While AONs for DMD do not offer yet the clinical benefits that
were hoped to achieve at initial stages, the journey to their devel-
opment has provided very valuable lessons to stakeholders inter-
ested in developing these drugs, particularly in the context of
orphan drugs [55]. A drug that benefited from some of the previ-
ous knowledge was nusinersen, a 2’MOE/PS AON targeting
another neuromuscular disorder (SMA). Nusinersen was approved
only months after eteplirsen and has been quickly approved world-
wide due to the robust clinical data derived from the clinical trials
[18, 56]. As described before, this AON is based on an exon
inclusion approach to restore the expression of SMN protein in
motoneurons. In this case, the target tissue is treated directly by
intrathecal infusion, circumventing any delivery hurdles that may
have hampered the efficacy of AONs targeting muscle or other
organs when delivered systemically. Indeed, nusinersen’s delivery
approach, chosen chemistry and formulation has been replicated in
several z-of-1 clinical trials of other AONs targeting motoneurons,
such as milasen and jacifusen (NCT04768972) [57] (see
Subheading 4).

The eye is one of the most promising organs for therapeutic devel-
opment. Among other characteristics, it is contained, easily accessi-
ble, and immune-privileged [58]. In fact, the first-ever
FDA-approved AON (fomiversen) was a first-class oligonucleotide
to treat human cytomegalovirus retinitis, an eye condition in
immunocompromised patients [33—-36]. Furthermore, a growing
group of genes and mutations causing retinal diseases have been
targeted at preclinical level using AONSs. This includes pseudoexon
exclusion for CEP290 [59-63], OPAI [64], CHM [65] USH2A
[66], and ABCA4[24-29]; splicing modulation for USH2A [10]
and CEP290 [12]; or transcript degradation for NR2E3 [67] and
RHO [68]. Three of these molecules are currently in different
clinical trial phases detailed below.

The most advanced molecule in a clinical setting is sepofarsen
(QR-110). This is a 17-mer 2’OMe/PS oligonucleotide aiming to
correct the inclusion of a pseudoexon caused by a deep-intronic
mutation in CEP290-associated autosomal recessive Leber congen-
ital amaurosis [69]. In the phase 1/2 clinical trial
(NCT03140969), all patients were injected with an initial loading
dose of either 320 or 160 pg followed by a maintenance dose every
3 months (160 or 80 pg) [70, 71]. Interim results showed that
sepofarsen was well tolerated and safe with no serious adverse
events [70, 71]. Although the final results of the trial have not yet
been published, the improvement that most patients showed led to
the design and approval of a phase 2/3 clinical trial (Illuminate,
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NCT03913143). This is a multi-center, double-masked, rando-
mized, controlled, multiple-dose study to evaluate efficacy, safety,
tolerability, and systemic exposure in patients older than 8 years
carrying the specific mutation in at least one of the two alleles. Two
different doses and a sham-procedure group will be assessed, for a
total period of 2 years. In addition, two other clinical trials for the
same molecule are ongoing. One is the extension of the phase 1,/2
clinical trial to continue treating the patients of the first trial by
administering sepofarsen every 3 months in both the already inter-
vened and the contralateral eye (NCT03913130). The second is a
multi-center, open-label, dose-escalation, and double-masked ran-
domized controlled trial to evaluate safety and tolerability in chil-
dren below age of 8 years old (Brighten, NCT04855045).

A multi-center phase 1/2 clinical trial to assess safety and
tolerability of QR-421a (Stellar, NCT03780257) is currently
ongoing. This 21-mer 2’MOE/PS oligonucleotide aims to skip
the frequently mutated exon 13 of USH2A [10] causing autosomal
recessive Usher syndrome or isolated retinitis pigmentosa. Prelimi-
nary results, presented in a press release seem to indicate that
QR-421a is well tolerated with no serious adverse events. Further-
more, after treatment with this molecule, improvements in several
measures of vision were detected. With these encouraging results,
two preliminary phase 2/3 clinical trials have been designed in
order to study different patient populations based on the best
corrected visual acuity. Both trials will be double-masked, rando-
mized, controlled, 24-month, and multiple-dose study (Sirius and
Celeste).

The third molecule in a clinical setting is QR-1123, a gapmer
designed to degrade the mutant allele (known as P23H) in the
RHO gene [68], which has a dominant-negative effect leading to
autosomal dominant retinitis pigmentosa. Thus, the hypothesis is
that by degrading the allele carrying the mutation, the other allele
will be able to produce a functional protein. This molecule is in an
early stage of a multi-center open-label, double-masked, rando-
mized, phase 1/2 trial (NCT04123620).

Other molecules for eye-related genetic diseases in late stages of
preclinical development are QR-504a for TCF4-associated Fuchs
endothelial corneal dystrophy and QR-411 for pseudoexon exclu-
sion in USH2A-associated Usher syndrome or isolated retinitis
pigmentosa.

As well as to target specific mutations, AONs have also been
explored for multifactorial eye conditions. This is the case of pri-
mary open angle glaucoma, in which TGF-$2 was targeted with a
14-mer 3 + 3 LNA-modified gapmer in a phase I clinical trial.
Results showed that the molecule was tolerated, safe and potentially
clinically efficacious [72]. Besides this, other type of antisense
molecules (small interference RNA, siRNA) have been clinically
tested for glaucoma [73], dry eye syndrome [74], diabetic macular
edema [75], and age-related macular degeneration [73, 76, 77].
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4 Future of AON Trials and Personalized Medicine: n = 1 Trials?

In 2019, an AON molecule (milasen) to treat a single patient
pushed the bounds of personalized medicine and raised many
regulatory and ethical questions never explored before for genetic
treatments [57, 78].

Milasen was customized exclusively for Mila, a child suffering
from a form of Batten disease (neuronal ceroid lipofuscinosis 7)
caused by the insertion of an SVA (SINE-VNTR-Alu) retrotran-
sposon, with a detrimental effect on splicing, in the intron 6 of the
MFSD8 gene [57]. Using a 22-mer 2’MOE /PS AON it was possi-
ble to redirect splicing avoiding the insertion of the SVA in the final
mRNA transcript. Besides the exclusivity of this treatment, another
extraordinary achievement was that it took only 13 months to go
from the clinical diagnosis to the first dosing: Mila had a clinical
diagnosis in mid-November of 2016, the genetic defect was identi-
fied in May 2017, approval to proceed was received in January 2018
and first patient dosing occur in the same month.

The AON delivery regime via intrathecal bolus injection was
highly similar to the one of nusinersen, the AON used for SMA
[17, 18, 56]. The treatment did not show any safety concerns and
the frequency and duration of the seizures was reduced. Unfortu-
nately, despite the treatment had some effect, Mila passed away
early 2021. Nevertheless, this study is the hallmark of personalized
medicine, and although not all diseases are amenable for this type of
therapies, it has highlighted this as a possible approach and man-
aged to re-evaluate the speed and type of safety studies and regu-
latory requirements. In a similar development, a drug was designed
and provided to patient suffering from amyotrophic lateral sclerosis
(ALS) with mutations FUS gene, following the same delivery route
as nusinersen and milasen. Unfortunately, this patient, Jaci Herm-
stad, also died recently. However, the drug originally developed for
this single patient, ION363 or jacifusen, is currently being tested in
a phase III trial for patients with the same disease
(NCT04768972). Thus, AON technology can be considered as a
platform for individualized treatments which may, sometimes, be
extended to other patients.

5 Hurdles

A drawback when compared to small molecule drugs is the rela-
tively large size of AON molecules which limits their delivery into
the cells where they exert their action. Therefore, their distribution
is limited, their naked uptake is poor, and it is highly determined by
the chemistry of their backbones [54]. Often, these AON mole-
cules are not even able to reach their target organ. To circumvent
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this, most of these AONs rely on their conjugation or formulation
with different delivery systems to be able to reach and access their
intracellular targets [32]. In addition, when delivered systemically,
these molecules can barely reach the central nervous system due to
the blood retina and brain barriers. However, as described before,
local delivery of naked modified AONS to these specific organs have
shown to be efficient and safe in several clinical trials [17, 18, 56,
70,71, 79].

Another drawback is the high exposure of certain organs upon
systemic delivery of AONs. For instance, after intravenous injection
of AONs a significant proportion is taken by the liver and kidney.
This limits the biodistribution to other tissues and derivate on toxic
effects in these organs. However, many of the liver and kidney
injuries were found when using high and not clinically relevant
doses of AONs [32]. In that sense, novel delivery methods or
conjugates are required to be able to target the organs of interest
and bypass the high clearance by the liver and kidneys.

Finding proper models to assess the sequence-dependent effi-
cacy and safety of AONG is still a pending issue. Their safety assess-
ment is often performed in rodents, non-human primates, and
human plasma. However, these studies only provide sequence-
and chemical modification-specific effects. The generation of
humanized models have provided very good results, however, gen-
erating a humanized animal model for every mutation to be tar-
geted is not feasible nor ethical. It is also possible to generate almost
any human cell from patient-derived cells reprogrammed to a plu-
ripotent stage. While these models can provide good readouts at
RNA, protein, or even functional levels the entire context will still
be missing. Currently, significant efforts are being made in the
generation of organ-on-chips. This technology allows the combi-
nation of multiple tissues or even organs to study the interaction
between them and test therapeutic interventions [80, 81]. In addi-
tion, this technology enables other type of measurements that in
the near future might be very valuable to perform drug screenings
and evaluate the efficacy and safety of many molecules, including
AONs [80-83].

Finally, clear guidelines and novel clinical trial designs are
needed to explore the full therapeutic potential of AONs when
investigated as treatments for rare diseases. The case of milasen
has proven that this is possible and new of such trials are being
planned.

6 Conclusions

The therapeutic potential of AONs has been, for many years,
subject of speculation and theoretical discussion and, while these
molecules were widely applied in a research laboratory setting, their
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clinical application was anecdotal and limited to rare diseases.
However, this landscape has recently changed completely thanks
to several factors. On one hand, many of such drugs have been
approved, being splice-switching AON and siRNA drugs at the
forefront of this wave. Secondly, several breakthroughs in the deliv-
ery formulation of these drugs have increased the uptake of AONs
targeting the liver and this has open wide open the field to consider
these as reliable treatment options for several disorders where the
liver is the target tissue. Thirdly, much more attention has been
given to antisense technology due to the #-of-1 case of milasen.
Lastly, RNA-therapies have gained extraordinary popularity due to
vaccines against SAR-CoV-2 based on mRNA technology, high-
lighting the development of drugs based on nucleic acids. All of this
will contribute to make these drugs a main resource in the thera-
peutic toolbox of the twenty-first century.
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Abstract

Bifunctional antisense oligonucleotide (AON) is a specially designed AON to regulate pre-messenger RNA
(pre-mRNA) splicing of a target gene. It is composed of two domains. The antisense domain contains
sequences complementary to the target gene. The tail domain includes RNA sequences that recruit RNA
binding proteins which may act positively or negatively in pre-mRNA splicing. This approach can be
designed as targeted oligonucleotide enhancers of splicing, named TOES, for exon inclusion; or as targeted
oligonucleotide silencers of splicing, named TOSS, for exon skipping. Here, we provide detailed methods
for the design of TOES for exon inclusion, using SMN2 exon 7 splicing as an example. A number
of annealing sites and the tail sequences previously published are listed. We also present methodology of
assessing the effects of TOES on exon inclusion in fibroblasts cultured from a SMA patient. The effects of
TOES on SMN2 exon 7 splicing were validated at RNA level by PCR and quantitative real-time PCR, and at
protein level by western blotting.

Key words Antisense oligonucleotide, Bifunctional antisense, Pre-mRNA splicing, TOES, Splice
switching, Exon inclusion, Exon skipping

1 Introduction

Harnessing antisense oligonucleotides (AONs) to redirect the
altered pre-messenger RNA (pre-mRNA) splicing and modulate
target gene expression is an efficient therapeutic strategy for genetic
disorders associated with alternative splicing. A number of AON
approaches have been investigated on redirecting pre-mRNA splic-
ing. The original strategy is to use AONs complementary to a
cryptic splice site to prevent its use and favored selection of the
authentic site [1]. This approach has been used regularly to alter
the proportion of splice isoforms produced from mutated genes or
alternative splicing units. In addition to blocking the splice sites,
alternative splicing events are often controlled by regulatory pro-
teins bound to exonic and intronic elements located beyond the
alternative splice sites. A valid approach is to use AONs to directly

Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular
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target exonic or intronic elements by blocking the binding of
regulatory proteins to these elements that are involved in pre-
mRNA splicing. This strategy has been successfully used to aug-
ment the exon 7 inclusion in SM N2 gene by using a short AON to
target an intronic splicing silencer (ISS) within the gene [2-
5]. Nusinersen, an 18-mer AON annealing to the ISS-N1 element
in SMN2 intron 7 is the first antisense drug approved by the US
Food and Drug Administration (FDA) for treatment of any types of
spinal muscular atrophy (SMA) [6-8]. This strategy has also been
proved to be very effective in Duchene muscular dystrophy (DMD)
by promoting the skipping of an exon in the DMD gene to restore
the interrupted reading frame hence partial rescue of the functional
dystrophin protein [9, 10]. Three AON drugs, eteplirsen for exon
51 skipping and golodirsen and viltolarsen for exon 53 skipping in
the DMD gene, have been approved by the FDA for treatment of
DMD [11-13].

The other splice switching approach is the use of bifunctional
oligonucleotides to increase the number of positively or negatively
acting signals in an exon or intron and to regulate the alternative
splicing. The oligonucleotides were designed with one domain (the
antisense domain) annealing to the target exon or intron, and
another domain (the tail domain) containing a sequence that either
recruits RNA binding proteins involved in pre-mRNA splicing [14 ]
or is made of a synthetic protein domain covalently linked to the
antisense domain [15]. This approach may be designed as targeted
oligonucleotide enhancers of splicing (TOES) for exon inclusion
[14, 16], or as targeted oligonucleotide silencers of splicing
(TOSS) for exon skipping [17].

The effectiveness of TOES as a potential therapy for SMA by
augmenting exon 7 splicing in SMN2 gene has been approved both
in vitro in cellular model [14, 16] and in vivo in mouse model [ 18-
20]. A bifunctional oligonucleotide targeted to SMN2 exon 7 was
expressed in transgenic mice within a modified U7 snRNA gene.
Expression of the TOES-U7 RNA in a mouse model of SMA
produced a substantial improvement in function and lifespan
[20]. Two other bifunctional oligonucleotides targeting the intro-
nic splicing silencers in SM N2 intron 6 and intron 7, which have the
dual effects of blocking the silencer and recruiting activator pro-
teins, also showed the potential therapeutic effects in the transgenic
mouse models of SMA [18, 19].

We describe here the details in design of bifunctional oligonu-
cleotide for exon inclusion by correcting SMN2 exon 7 splicing as
an example (Fig. 1). TOES oligonucleotides are designed to con-
tain two domains, an antisense domain complementary to
sequences of SMN2 gene and a tail domain comprising sequences
known as binding moieties for splicing activator proteins. The
following design principles for TOES oligonucleotides are fol-
lowed: (1) the antisense sequence may anneal to the potential
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Antisense
domain

CAAAAUCUGUUUUAGY

[NANUNNRANRNEN — - : :
—ttacagGGTTTTAGACAAAATCAAAAAGAAGGAAGGTGCTCACATTCCTTAAATTAAGGAgtaagt-—-

Tra2p binding SF2 binding

Fig. 1 Design of TOES to promote SMNZ2 exon 7 inclusion. The sequence of SMNZ2 exon 7 is in upper case and
the flanking introns in lower case. Nucleotide 6 in SMNZ2 exon 7 is T (in red). Two shaded sequences are the
binding sites of Tra2p and SF2/ASF, respectively. TOES is designed with two functional parts, the antisense
domain to anneal to nucleotides 2—16 in SMNZ exon 7, the tail domain containing 3 repeats of “GGAGGAC”
motifs to recruit the SR protein SRSF1. Cap contains five nucleotides at the 5’-end of the tail (in green, which is
chemically modified)

splicing silencer binding sites in either intron 6, exon 7 or intron
7, and should avoid any splicing enhancer binding sites; (2) a
number of splicing enhancer motifs (e.g. SF2 /ASE, SRSF1, and
hTra2pl) may be included in the tail domain to improve the
effectiveness of the oligonucleotides; (3) chemical modification
can be applied to the antisense sequence, but not to the tail domain,
which may inactive protein binding to the tail domain. The eftects
on exon inclusion are evaluated at RNA and protein levels in
fibroblasts cultured from a patient with type II SMA carrying
three copies of SMNZ gene.

2 Materials

2.1 AON Design 1. Online software to identify splicing motifs, e.g., Human Splic-
ing Finder (http: //www.umd.be /HSF /HSF.shtml).

2. Online software to predict the secondary structures of the
target gene and AONs (http://rna.urmc.rochester.edu/
RNAstructure.html).

3. Online software to calculate oligonucleotide properties on
annealing temperature, GC content, and self-complementary
(http: //biotools.nubic.northwestern.edu /OligoCalc.html).

2.2 Synthesis and 1. Oligonucleotides are synthesized commercially by Eurogentec
Preparation of Ltd. (www.eurogentec.com).
Bifunctional 2. RNase and DNase-free distilled water (se¢e Note 1).

Oligonucleotides 3. RNase and DNasefree 1.5 mL Eppendorf tubes.


http://www.umd.be/HSF/HSF.shtml
http://rna.urmc.rochester.edu/RNAstructure.html
http://rna.urmc.rochester.edu/RNAstructure.html
http://biotools.nubic.northwestern.edu/OligoCalc.html
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2.3 Culture of Skin
Fibroblasts from SMA
Patient

2.4 Fibroblast
Transfection

2.5 RNA Extraction

2.6 cDNA Synthesis

2.7 Polymerase
Chain Reaction (PCR)

2.8 Quantitative
Real-Time PCR

. Growth medium: Dulbecco’s

modified eagle medium
(DMEM), 10% Fetal Bovine Serum (FBS), 1% Glutamax.

2. Trypsin-EDTA.

i~

N~

N O W N

P

O 0 NN O U

. Phosphate-buftered saline (PBS).
. Incubator set at 37 °C and 5% CO,.

. Transfection reagent (e.g. Lipofectamine 2000).
. Reduced serum medium for transfection (e.g. Opti-MEM).
. 6 well plate or 35 mm diameter culture dish.

. Sterile 1.5 mL Eppendorf tubes.

. RNA isolation kit.

. p-mercaptoethanol.

. 70% ethanol (molecular grade).

. RNase-free water.

. 1.5 mL RNase-free Eppendorf tubes.

. NanoDrop spectrophotometer.

. ¢cDNA synthesis kit.
. Thermocycler.
. 0.2 mL PCR tubes.

. cDNA template from Subheading 2.6.
. Taq Polymerase.

. Primers (10 pM forward primer and 10 pM reverse primer).

Primers sequences are shown in Table 1.

. PCR buffer: 10x PCR bufter, 10 mM dNTPs, 50 mM MgCl,,

Taq DNA polymerase (5 U/pL), and nuclease-free water.

. 0.2 mL PCR tubes.

. Thermocycler.

. Tris—-Borate—-EDTA 1x (TBE) buffer.
. Agarose.

. DNA gel stain.

10.
. DNA ladder.
12.

Loading buffer.

Gel imaging system.

. cDNA template from Subheading 2.6.
. qPCR primers (10 pmol/pL each). Sequences are shown in

Table 1.
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Table 1

Sequences of primers used for exon 7 inclusion quantification by PCR and quantitative real-time PCR

Assay  Products

Annealing Tm
Sequences (5'-3) (°C)

PCR Full-length SMN2
(505 bp)
A7 SMN2 (451 bp)

qRT- Full-length SMN2
PCR (133 bp)
A7 SMN2 (125 bp)

F: CTC CCA TAT GTC CAG ATT CTCTT 55

R: CTA CAA CAC CCT TCT CAC AG

F: ATA CTG GCT ATT ATATGG GTT TT 60
R: TCC AGATCT GTC TGATCG TTT C
F: TGG ACC ACC AAT AAT TCC CC
R: ATG CCA GCATTT CCA TAT AAT
AGCC

SR AN

P

2.9 Western Blotting

A

N

Universal SYBR Green Master Mix.
96-well real-time PCR plate.

Sealing film.
Real-Time PCR Thermal Cycler.

Protein extraction buffer: 0.25% SDS, 75 mM Tris—HCI
(pH 6.8), or RIPA bufter.

Protease inhibitor cocktail tablets.

Pierce BCA Protein Assay Kit.

PBST washing buffer (PBS, pH 7.4, 0.1% Tween 20).
Mini gel tank and blot transfer set.

NuPAGE 10% Bis-Tris precast gels, LDS sample buffer (4x),
SDS running buffer (20x), antioxidant, sample reducing
buffer, transfer buffer (20x ), methanol.

Protein molecular weight ladder.
PVDF membrane.

9. Odpyssey blocking buffer for PVDF membrane blocking.

10.

Antibodies: mouse anti-SMN  monoclonal antibody
(BD Transduction Laboratories), mouse anti-f-tubulin mono-
clonal antibody (Sigma), IRDye 800CW-conjugated goat anti-
mouse secondary antibody (Li-Cor).

Odyssey imaging instrument to quantify western blot signals.

11.
3 Methods
3.1 Design of 1.
Bifunctional
Oligonucleotides

Predict the potential binding motifs of the negative splicing
regulator heterogeneous nuclear ribonucleoprotein Al
(hnRNP Al) in the target intron or exon sequences, using
Human Splicing Finder online software.
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3.2 Transfection of
SMA Fibroblasts

. Other splicing repressors, such as intronic splicing silencers and

exonic splicing silencers, may also be identified in the literature.
A number of annealing sites in intron 6, exon 7, and intron
7 have been reported to augment SMN2 exon 7 splicing by
bifunctional AONs (Table 2) (see Note 2).

. AONs, of 15-20 mer in length, are designed to anneal to the

potential binding sites of hnRNP A1l or other splicing silencers.

. The GC content of each AON sequence should be 40-65%,

with an ideal content of approximately 60%.

. Avoid four consecutive “G,” strong secondary structure or self-

complementary sequences, and self-dimers.

. Chemical modifications, e.g., 2’-O-methyl and locked nucleic

acid (LNA), may be applied to the antisense sequence to
improve stability and increase binding affinity.

. Select the tail domain. Examples are listed in Table 2.

. No chemical modifications are recommended in the tail

domain except the cap sequence (Fig. 1) [16] (see Note 3).

. Seed the cells in a 6-well plate at a concentration of 2 x 10°

cells per well, which gives 80% confluence on the next day.

. Cells are cultured in 2 mL of growth medium for 24 h.
. 24 h later, change the growth medium to 1 mL Opti-MEM and

leave the cells in the incubator during the preparation of trans-
fection mixes.

. Prepare the transfection reagent mixes in sterile 1.5 mL tubes.

For each sample, prepare two mixes: the first mix (Mix A)
contains 100 pLL Opti-MEM and 1 pL. AON at desired concen-
tration (e.g. 1 pLL AON at 100 pM to get a 100 nM final
concentration). While for the mock control add only 100 pL
Opti-MEM. The second mix (Mix B) contains 100 pL Opti-
MEM and 5 pL Lipofectamine 2000.

. Mix the AON-containing tube (Mix A) with the lipofectamine-

containing tube (Mix B) at a ratio of 1:1 (100 pL + 100 pL).

. Incubate the transfection mix for 20 min at room

temperature (RT).

. Add 800 pL Opti-MEM in the transfection mix to top it up to a

final volume of 1 mL.

. Remove Opti-MEM from the 6 well plate and replace with

1 mL transfection mix in each well.

. Incubate the plate for at least 6 h at 37 °C with 5% CO, (see

Note 4).



59

Design of Bifunctional Antisense Oligonucleotides for Exon Inclusion

(IN-SSD)
[8] ¢H-ddL HNOHNDNODNDNODNDNONONDN NNNOVONNVOVVADV 2us Sulpulq TV INJUY  / uomug
YVVOvvONn
[6] 192eILy DOVOHOHVYOHDHOHVOHOHYYVOHHOHYHOVYD VNNOVAVOVNAVAVAVNID (13) T wdwog 9 uonu]
VVVOVvVONN
[6] ASvV/¢ds VOOVOVOVOIVOVOVOIVOVO VOANOVAVOVAVAVAVNAO (13) T wdwRy 9 uonu|
(IN-SSD)
[o1] 192eILy DOVOHOHVYOHDHOHVOHOHVYOHOHOHYOHOHVYD HOHNDDHNVVAVONNNIVONNVD ous Surpulq 1y JNJUY £ uonuf
(IN-SSD)
[o1] ENZAED VDOVOVOVDIVOVOVOOVOVD DHOHNODHAVVAVONNNIVONNVD ous Surpulq 1y JNYUY £ uonuf
[£ <] 1ASYS  VOOHVHOHVYIOHOHYVHOVIDHOHVODHVOV OVVVVNONONNNNVD (SS9) TV dNguy £ uoxyg
ER]IEIETE ] uigyoud (,£-,6) urewop [ie} ay} Jo asuanbag (,-,6) ulewop Buipuiq asuasyuy uoxa
Buiinioay urewop asuasnue ay} Jo aouanhag Juosuj

uoIsn|aul Z uoxa ZNINS 10} paubisap SNOY [euonaunj-iq papodal ayy

¢ 9qel



60 Haiyan Zhou

3.3 Splicing Assay of 1.

Bifunctional AONs on

SMN2 Exon 7 Inclusion 2.

at RNA Level
3
4

3.4 Bifunctional 1.

AONSs on Restoring

SMN Protein Measured

by Western Blotting
2
3
4
5
6
7

Extract RNA from SMA fibroblasts using RNeasy Mini Kit
according to manufacturer’s instruction.

Reverse transcription: the cDNA is synthesized from 500 ng
RNA using ¢cDNA Synthesis kit according to manufacturer’s
instruction.

. PCR of SMN2 transcripts: Use 1 pLL cDNA in a 25 pLL PCR

reaction with 500 pmol of each primer (Table 1), 200 pM of
dNTDPs, 1.5 mM MgCl,, 2.5 units of Taq polymerase and 1x
PCR bufter. The PCR amplification program is as follows:
1 cycle with 3 min at 94 °C (initial denaturation), 25-30
subsequent cycles of 30 s at 94 °C (denaturation), 30 s at
55 °C (annealing), and 30 s at 72 °C (extension), followed by
a final 10-min extension at 72 °C. Check an aliquot of the PCR
product (5-10 pL) in 1.5% agarose gel electrophoresis and
SYBR safe DNA stain using an UV transilluminator. The top
band is the full-length SMN2 product (505 bp). The lower
band is the product without exon 7 (A7 SMN2, 451 bp).

. Quantitative real-time PCR of full-length and A7 SMN2 tran-

scripts: product specific primers (Table 1), cDNA and 1x PCR
Master mix are mixed in a 20 pLL PCR reaction. The program
includes activation at 95 °C for 3 min, 40 cycles of 95 °C for
10 s, and 60 °C for 1 min. The cycle at which the amount of
fluorescence is above the threshold (Ct) is detected. For quan-
tification, it is possible to use the standard curve method pro-
duced from serial dilutions of ¢cDNA from untreated SMA
fibroblasts, or the AACt method. Normalize the ratios of
full-length SMN2 and A7 SMN2 to a housekeeping gene
(e.g. HPRTI or GAPDH) (see Note 5).

Remove culture medium from the well. Add 100 pL ice-cold
lysis buffer to the cells. Keep on ice for 5-10 min. Collect
lysates using cell scrapers to fresh 1.5 mL Eppendorf tube and
homogenize thoroughly with pipette.

. Centrifuge at 12,000 x g and 4 °C for 10 min. Transfer the

supernatant to a fresh tube.

. Measure protein concentration by a NanoDrop spectropho-

tometer using the Pierce BCA Protein Assay Kit according to
the manufacturer’s instructions.

. Load 5 mg total protein into NuPAGE precast gels and then

electrophorese.

. Transfer electrophoretically separated proteins from the gel to a

PVDF membrane.

. Block the PVDF membrane for 1 h in blocking buffer.

. Incubate the membrane with the primary antibodies at 4 °C

overnight on a shaker.
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8.
9.

10.

Wash the PVDF membrane for 3 x 10 min in PBST buffer.

Incubate the PVDF membrane with fluorescence secondary
antibody for 1 h at room temperature.

Wash for 3 x 10 min in PBST and detect bands using the
Odyssey Imaging software (Image Studio).

4 Notes

. DEPC-treated RNase-free water should be avoided to dissolve

oligonucleotides. Dissolved AONs should be aliquoted and
stored at —20 °C and avoid repeated freeze-thaw.

. For TOES design, the most efficient binding sites of the anti-

sense domain will be the validated exonic or intronic splicing
silencers. For exonic silencers, the binding site is favorable to
the upstream of the exon.

. If the antisense domain anneals to an exon, it should avoid

inducing any potential exon skipping of the binding exon.

. Chemical modification of all the RNA nucleotides through the

entire tail domain may reduce the binding affinity to protein.
However, chemical modification may be only added to the last
five nucleotides at the 5’-end of the tail domain (cap, as shown
in Fig. 1) to improve the stability while still keep its binding
affinity.

. The duration of transfection can be prolonged to overnight or

24 h. For cells less tolerant to lipofectamine transfection,
shorter incubation period, e.g. 6 h, is recommended.

. It is recommended at least two housekeeping genes are used in

the quantitative real-time PCR assay.
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Design and Delivery of SINEUP: A New Modular Tool
to Increase Protein Translation
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Abstract

SINEUP is a new class of long non-coding RNAs (IncRNAs) which contain an inverted Short Interspersed
Nuclear Element (SINE) B2 element (invSINEB2) necessary to specifically upregulate target gene transla-
tion. Originally identified in the mouse AS-UchlI (antisense Ubiquitin carboxyl-terminal esterase L1) locus,
natural SINEUP molecules are oriented head to head to their sense protein coding, target gene (Uch/1, in
this example). Peculiarly, SINEUP is able to augment, in a specific and controlled way, the expression of the
target protein, with no alteration of target mRNA levels. SINEUP is characterized by a modular structure
with the Binding Domain (BD) providing specificity to the target transcript and an effector domain (ED)—
containing the invSINEB2 element—able to promote the loading to the heavy polysomes of the target
mRNA. Since the understanding of its modular structure in the endogenous AS-Uchll ncRNA, synthetic
SINEUP molecules have been developed by creating a specific BD for the gene of interest and placing it
upstream the invSINEB2 ED. Synthetic SINEUP is thus a novel molecular tool that potentially may be
used for any industrial or biomedical application to enhance protein production, also as possible therapeutic
strategy in haploinsufficiency-driven disorders.

Here, we describe a detailed protocol to (1) design a specific BD directed to a gene of interest and
(2) assemble and clone it with the ED to obtain a functional SINEUP molecule. Then, we provide
guidelines to efficiently deliver SINEUP into mammalian cells and evaluate its ability to effectively upre-
gulate target protein translation.

Key words SINEUP, Long non-coding RNA, Antisense, Translational increase, Physiological
increase, Therapeutic tool, Haploinsufficiency, Protein manufacturing

1 Introduction

The quantitative improvement of protein production in
mammalian systems is a compelling need for the industrial
manufacturing of commercially available enzymes, antibodies and
supplements, but also for gene therapy-based treatments of medical
conditions. Several technologies are available to address such a
need, however, they usually consist of introducing exogenously
constructs containing the protein of interest or directly the target

Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular
Biology, vol. 2434, https://doi.org/10.1007/978-1-0716-2010-6_4, © The Editor(s) (if applicable) and The Author(s) 2022

63


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-2010-6_4&domain=pdf
https://doi.org/10.1007/978-1-0716-2010-6_4#DOI

64

Michele Arnoldi et al.

peptide [1]. These approaches still struggle to overcome hazardous
but invariable hurdles, especially when used as therapeutic tools,
such as ectopic expression and protein quantity modulation, some-
times associated with toxicity [2]. As an alternative, newly identified
RNA-based techniques such as small activating RNAs (RNAa) are
able to target and upregulate endogenous gene transcription
[3]. In 2012, Carrieri et al. discovered a new class of IncRNAs,
belonging to the category of natural antisense transcripts (NATS),
that have the property to increase the protein translation of the
target mRNA [4]. These transcripts were named SINEUP based on
their ability to upregulate target protein translation by means of an
invSINEB2 repeat, leaving unaltered the transcriptional levels of
the target mRNA. They were first discovered in mice, where
AS-Uchll was found to have a post-transcriptional upregulating
activity on its sense protein coding counterpart, Uch/l mRNA
[4]. Later studies confirmed and validated the expression of
SINEUP in human cells [5, 6]. SINEUP molecular mechanism
relies on its modular structure, composed of two fundamental
domains: a Binding Domain (BD)—a region at the 5 of the
IncRNA overlapping head to head to the 5 of the target
mRNA—and an Effector Domain (ED)—constituted by an invSI-
NEB2 repetitive element. The BD is crucial for target gene pairing
and it confers molecular specificity, while the ED is the functional
part of SINEUP required for loading the target transcript on poly-
somes and driving the translational increase [4].

The initial discovery was then supported by the crucial finding
that the BD could be engineered in order to target a specific mRNA
of interest, as first demonstrated with Green Fluorescent Protein
(GEP) [4]. Additionally, miniSINEUP containing only the BD and
ashorter version of the original ED were also proven to be eftective
[7]. This characteristic would enable to overcome the difficulties of
long molecules delivery, especially for therapeutic purposes in
which naked RNA molecules administration can be proposed.
Recently, TranSINE Therapeutics Limited (Cambridge, UK) has
been founded to translate the SINEUP technology into the clinics
as therapeutics for haploinsufficiency.

All together, these findings qualified SINEUP as a flexible tool
able to upregulate the protein production of virtually any mRNA
target of interest, affecting solely the translational levels. As such,
SINEUP molecules demonstrated to be a suitable tool for protein
manufacturing, able to boost, for instance, the production of
recombinant proteins and monoclonal antibodies in mammalian
cells [8-10]. SINEUP molecules are also being studied from a
therapeutic point of view, since their functional characteristics
could confer advantages with respect to other gene therapy
approaches. SINEUP molecules generally upregulate the endoge-
nous protein of about two- to fivefold (almost within a physiologic
range) and they are only effective in those districts where the target
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mRNA is physiologically expressed, therefore avoiding unspecific
effects [10]. Finally, by targeting mRNA molecules, SINEUP does
not introduce stable or unwanted changes in the host genome.
Thus far, several synthetic SINEUP molecules were successfully
designed and delivered as potential therapeutic molecules. For
instance, synthetic SINEUP were designed and successfully used
to increase the levels of disease-associated proteins in vitro, such as
Parkinson’s disease-associated DJ-1 in three human neuronal cell
lines [7] and Glial-cell derived neurotrophic factor (GDNEF) in
mouse cell line [11]. Moreover, SINEUDP have been used to rescue
frataxin levels in a cellular model of Friedreich’s Ataxia
[12]. Concerning in vivo model systems, SINEUP could effectively
rescue some phenotypes associated with microphthalmia with linear
skin defects (MLS) syndrome in a medaka fish model of cox7B
haploinsufficiency [13]. More recently, SINEUP targeting GDNF
mRNA was tested in a neurochemical Parkinson’s disease
(PD) mouse model [11]. Interestingly, SINEUP-GDNF increased
endogenous GDNF level for at least 6 months which lead to an
enhancement of dopamine release in the striatum and an ameliora-
tion of motor behavior and neurodegeneration, without affecting
body weight or food intake, common side effects of the ectopic
expression of GDNF [11].

Here, we describe in detail the fundamental steps in order to
design, clone, and deliver SINEUP molecular tools in the cellular
system of interest.

2 Materials

2.1 Design and
Cloning of SINEUP

1. Zenbu browser (https: //fantom.gsc.riken.jp/zenbu/).

2. Ensembl genome browser (https: //www.ensembl.org/index.
html).

3. UCSC genome browser (https://genome.ucsc.edu/).
4. NCBI (https: //www.ncbi.nlm.nih.gov/genome /).

5. RNA Fold web server (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite /RNAfold.cgi).

6. Salt free primers. Use primers to clone the Effector Domain
from Carrieri et al. [4]:

(a) For mAS UchllA5: 5- CAGTGCTAGAGGAGGTCA
GAAGAG-3

(b) Rev mAS Uchll fl: 5-CATAGGAGTGTTTCATT-3

Or primers from Zucchelli et al. [7]:

(a) FWD EcoRI inrSINEB2: 5-TATAGAATTCCAGTGCTA
GAGGAGG-3


https://fantom.gsc.riken.jp/zenbu/
https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://genome.ucsc.edu/
https://www.ncbi.nlm.nih.gov/genome/
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://docs.google.com/document/d/11IixyCYmTVQmYHzDKgIkuDozA5WVkqN_/edit#heading=h.2w5ecyt
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2.2 SINEUP Delivery
into Cellular Model
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(b) 3REV HindIIl invrSINEB2: 5- GAGAAAGCTTAAGA
GACTGGAGC-3

Ultrapure water.

Mammalian expression plasmid vector of your choice.
Restriction enzymes.

T4 DNA ligase.

E. coli competent cells.

Luria-Bertani (LB-10 g/L Tryptone, 10 g/L NaCl, 5 g/L
Yeast Extract) broth.

Antibiotics of your choice.
Maxiprep kit.

Molecular grade agarose.
DNA gel staining.

DNA loading dye.

DNA ladder.

Electrophoresis apparatus.

. Target cells of interest. In this protocol we used human

iPS-derived neuronal progenitor cells (hiNPCs) [14].
Poly-L-ornithine hydrobromide (20 pg/mL).
Laminin (3 pg/mL).

Dulbecco’s Modified Eagle’s Medium (DMEM).
Ham’s F-12 Nutrient (HAM F12).

B27.

Penicillin-Streptomycin solution.

L-Glutamine.

EGF (20 ng/mL).

. bFGF (20 ng/mL).
. Heparin (5 pg/mL).
. hiNPCs culturing medium: 70% v/v DMEM completed with

30% v/v HAM F12, 2% v/v B27, 1% v/v Penicillin-
Streptomycin solution, and 1% v/v L-Glutamine and supple-
mented with EGF (20 ng/mL), bFGF (20 ng/mL) and Hep-
arin (5 pg/mL). Semi-confluent monolayers of hiNPCs were
maintained in 5% CO,, 37 °C humidified incubator.

Enzyme for adherent cellular culture detachment (e.g. TripLE
in this example).

Transfection solution (e.g. Nucleofector Solutions—Lonza).
NucleofectorTM Device (Lonza).
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2.3 RNA and Protein
Analysis

1. RadiolmmunoPrecipitation Assay—RIPA—bufter.

2. Protease and Phosphatase inhibitors (PI and Phl, respectively).
3. Bicinchoninic acid (BCA) or Bradford protein assay Kkit.

4.
5
6

Bovine serum albumin (BSA) standard curve.

. Western blot apparatus.
. Specific antibody for the target protein and a housekeeping

protein.

7. Enhanced Chemiluminescence (ECL) or equivalent assay.

co

10.
11.
12.

13.

. Eurofins PCR primer design tool or equivalent (https://

eurofinsgenomics.eu,/en/ecom/tools /pcr-primer-design /).

. ThermoFisher primer analyzer tool or equivalent (https://

www.thermofisher.com/it/en /home/brands/thermo-scien
tific/molecular-biology /molecular-biology-learning-center /
molecular-biology-resource-library /thermo-scientific-web-
tools/multiple-primer-analyzer.html).

DNAse.
DEPC-treated (nuclease-free) water.

Retro-transcriptase containing both oligo(dT) and Random
Hexamer primers.

SYBR Green or Tagman reagents.

3 Methods

3.1 Binding Domain
Design and Cloning

Prepare all the solutions using analytical grade reagents with ultra-
pure water at room temperature, unless otherwise indicated. Solu-
tions used with cells are filtered or sterilized at the beginning. Cells
are handled under biological hoods while all the other reactions are
performed on the bench. Follow safety instructions indicated by
safety team in your institution.

1

. Retrieve the sequence of your transcript of interest from Zenbu

browser (https://fantom.gsc.riken.jp/zenbu/) [15].

. In Zenbu, select the organism in which you will perform the

experiments (e.g. human or mouse) and search for the target
gene of interest (see Note 1 and Fig. 1a).

. Check how many TSS have been characterized for your gene

and in which tissue/cell line they are expressed (Fig. 1b) by
selecting the “CAGE libraries” (or other libraries in which you
are interested).

. Expand the window in the 5"UTR region containing the TSS in

order to better appreciate how many TSS have been identified.
You will see a bar plot in which each bar represents a TSS


https://eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/
https://eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://fantom.gsc.riken.jp/zenbu/
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Fig. 1 Zenbu genome browser interrogation of transcript of interest showing TSS usage in selected model
system. (a) Zenbu genome browser screenshot showing the genomic location of the gene of interest (in this
example GJB2) in the human genome assembly 19 (hg19), green arrow identifies the Translation Initiation Site
(TIS). RefSeq accession number for the transcript of interest (NM_004004, in this case) is also visible. In the
enlargement in (b) alternative TSS usage identified by FANTOM5 CAGE library (reported as purple bar plots) is
shown. Both TSSs in the same orientation (reverse strand, purple bar plots) and in the opposite orientation
(forward strand, green bar plots) of the gene are depicted. The purple box highlights the chosen region in
which interrogates the browser about the expression of your target transcript. Main TSSs, TSS1, TSS2, and
TSS3, are indicated by purple arrows. (¢) Displays the tracks (experiments) in which the transcript is more

expressed

(Fig. 1b); in the window below, the tracks expressing your
transcript will be displayed (Fig. 1¢). Among them, you can
select the tissue/cells /organ of your interest.

. In the identified TSS and the 5UTR region, design an efficient

SINEUP molecule in which the BD overlaps the Translational
Initiation Site (TIS) and expands in the upstream region char-
acterized for your transcript.

Further test the expression of your transcript(s) using genome
browsers such as Ensembl genome browser (https://www.
ensembl.org/index.html), UCSC genome browser (https://
genome.ucsc.edu/), or NCBI (https://www.ncbi.nlm.nih.

gov/genome/).

. Design forward primer (FW) on the 5’ UTR and reverse primer

(RV) on coding DNA sequence (CDS) downstream Transla-
tional Initiation Site (TIS).


https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://genome.ucsc.edu/
https://genome.ucsc.edu/
https://www.ncbi.nlm.nih.gov/genome/
https://www.ncbi.nlm.nih.gov/genome/
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-40/432
-40/+4
-14/+4

Fig. 2 SINEUP modular structure: Binding domain (BD) design and cloning. (a) Representation of the modular
structure of SINEUP and the design strategy to obtain BD oriented head to head to its target gene. BDs, in light
purple, targeting the gene of interest (as an example, the CDS of EGFP is depicted in light green), untranslated
region (UTR) in gray, Transcriptional Start Site (TSS) in black, and Transcriptional Initiation Site (TIS) in yellow,
are shown. Different suggested lengths for BD are reported. SINEUP effector domain (ED) in light blue, with the
antisense region, overlapping TIS is depicted in black-shadowed yellow. Adenine (A) of the TIS is set as 0, BDs
lengths vary between —40 from the A and +32 nucleotides, —40 and +4 nucleotides, and —14 and +4
nucleotides, respectively. (b) Example of RNA folding prediction results using RNA Fold web server (http:/rna.
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with default parameters, here reported for EGFP transcript.
The blue box displays an enlargement of the TIS (in yellow AUG) surrounding region, in which packed
structures without big hairpin-loop are reported. Minimum free energy (MFE) prediction is used to create
the output, with base-pair probability in form of a dot plot it depicted. Scale bar reports both base-pair and
unpair probability for every base colored dot, with 1 highest probability that the base pair as well as 1 highest
probability that the base unpair with the neighbors (c). (Schematic representation of pcDNA 3.1 vector
structure obtained from Carrieri C. et al. 2012 [4], BD is depicted in light purple followed by ED in light blue
are under CMV promoter)

8. Dissolve salt free quality primers in ultrapure water to obtain
equal molarity for each primer to a final concentration of
10 pM.


http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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9

10.

11.

12.

13.

14.

15.

16.

17.

18.

Confirm the expression of your target transcript(s) by PCR in
your selected model system.

Run the PCR product onto agarose gel to confirm amplicon
size, purify PCR product, and sequence with both FW and RV
primers to validate transcript identity and specificity (see
Note 2).

The BD will be designed spanning the TIS of the transcript of
interest. You can start selecting the “canonical” target
sequence corresponding to 40 bases upstream and 4 bases
downstream the TIS (—40/+4) in which 0 correspond to the
A of the TIS ATG (see Note 3).

Additional sequences of different length can be designed both
on the TIS and in region(s) targeting downstream, in-frame
methionines (see Note 4 and Fig. 2a). A full list of published
BDs is reported in Table 1.

On the target region of interest where the BD will be designed,
evaluate the GC content and the mRNA secondary structure
using RNA Fold web server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite /RNAfold.cgi—Fig. 2b, se¢ Note 5)
[19, 20].

Further analysis can be performed to understand if other
IncRNA(s) are generated endogenously from the same genetic
locus. Albeit not mandatory, this information can give you an
idea of the specific gene’s structure as well as highlight possible
competition in SINEUP binding to the target TIS.

Once selected BDs of interest, perform oft-targets prediction
by interrogating Basic local Alignment (BLAST, https://blast.
ncbi.nlm.nih.gov/Blast.cgi) or BLAT (https://genome.ucsc.
edu/cgi-bin/hgBlat). This information can help to avoid
SINEUP off-target issues and to prioritize experiments with
the more specific molecules (see Note 6).

When you select the region of the transcript in which you want
to design the BD, you must reverse complement the sense
mRNA sequence to obtain a SINEUP able to interact with
the target gene (Fig. 2a).

For each BD of interest, synthetize the FW primer in a sense
orientation (5'-3" orientation) with the restriction enzyme
needed for insertion into the chosen vector at its 5’ end. On
the other hand, synthetize the RV primer in an inverted orien-
tation (3’-5’) with the compatible restriction site at the 5" end,
in order to allow primer annealing.

Equimolar concentration of both primers must be denatured
for 5" at 100 °C and cooled slowly (1 °C every minute) to
obtain double stranded DNA (dsDNA) BD.


http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://genome.ucsc.edu/cgi-bin/hgBlat
https://genome.ucsc.edu/cgi-bin/hgBlat
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19. By taking advantage of the restriction sites present in the BD
and in the selected plasmid of interest, clone every BD
upstream of the AS-Uchll ED. A shorter version of ED called
miniSINEUP, which still comprehends the invSINEB2 ele-
ment present in AS-Uchll, should preferentially be used to
obtain shorter SINEUP (see Note 7) in expression plasmid
(e.g. pcDNA 3.1 vector from Clontech, Fig. 2¢) using T4
DNA ligase (Fig. 2b). If necessary, inducible or tissue specific
promoters can be used.

3.2 Effector Domain You can design the ED and insert in a different plasmid as needed.

Design and Cloning The ED comprehends an invSINEB2, free right Alu monomer
(FRAM) or MIRb (Mammalian-wide Interspersed Repeat type b)
transposable element sequence from natural SINEUP (see Note 8).
Virtually any of those elements can present SINEUP activity, how-
ever, the element present in AS-Uchll was previously inserted in
miniSINEUP vectors and it was the most widely characterized. For
this reason, in this section, we will refer to invSINEB2 cloning as
ED.

1. To amplity ED from AS-Uchll you can use primers “For mAS
UchlIA5”and “Rev mAS Uchll I” from Carrieri et al.
[4]. Moreover, to obtain a 170 bp long ED, primers “FWD
EcoRI mpSINEB2” and “REV HindIll vSINEB2” from
Zucchelli et al. [7] which produce a shorter SINEUP called
miniSINEUP, can be selected. Albeit miniSINEUP retains only
the invSINEB2 and not the Alu element, this construct was
successfully used to increase GFP translation [7].

2. Add restriction enzymes sites at the 5’ end to the primers of
interest to clone the ED into the desired vector.

3. After performing PCR, purify the amplicon and confirm the
correct sequence.

4. Clone the purified ED in the vector of interest downstream
the BD.

5. Transform the ligation product into E. coli competent cells.

6. Cultured the bacteria in LB broth at 37 °C supplemented with
the antibiotic required for selection (e.g. kanamycin sulfate).

7. The empty vector and/or a vector containing only the ED
(in the case you clone only the BD targeting the gene of
interest in the vector already containing the ED) must be
produced as control for ligation.

8. Verity positive clones by restriction analysis or colony PCR and
sequencing.

9. Produce and purify the plasmids containing SINEUP for the
gene of interest and the empty vector.
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3.3 SINEUP Delivery
into Cellular Model

10. Analyze plasmids integrity on agarose gel and confirm again
the presence of the insert and its correct orientation by restric-
tion map and sequencing.

Different methods such as transfection, electroporation, or viral
vectors transduction, can be chosen to deliver your plasmid into
the cells of choice. The selected method should meet a criterion of
high plasmid internalization efficiency (>60-70% positive cells). In
fact, SINEUP molecules upregulate protein translation in a physi-
ologic range (approximately two- to fivefold) so if few cells receive
the plasmid this effect can be hidden or under-estimated. Here, we
describe the method which best fits our expectations in hiNPCs
[14]. For additional information on SINEUP delivery in animal
and cellular models see Note 9.

In this protocol we focused on our target cells of choice,
hiNPCs, for which electroporation represents an optimal method
of transfection for transient expression. For this purpose, we used
Nucleofector™ Device (Lonza) and selected the recommended
protocol for our specific cell line, as well as the advised program
(A033) of the device. Dealing specifically with SINEUP, we recom-
mend the following:

1. Start by using 1 pg of SINEUP for every one million cells (see
Note 10).

2. Prepare the electroporation mix using the recommended elec-
troporation solution and each SINEUP you want to deliver as
well as a solution containing the empty vector as negative
control.

3. Resuspend the cellular pellet with the electroporation mix and
electroporate with the device and program of choice
(e.g. Nucleofector™ Device, Lonza program A033 for
hiNPCs).

4. Collect the electroporated cells and seed them in a mix of 1:
2 = old:new pre-warmed medium. We recommend seeding the
cells to reach roughly 40% confluency.

5. Replace the medium after 6 h of incubation (be careful that
cells are attached on the well) with new, pre-warmed medium.

6. If any fluorescent protein (e.g. GEP) reporter gene is present,
check the fluorescence levels to evaluate delivery efficiency
(Fig. 3a).

7. We recommend harvesting the electroporated cells after
24-48 h, when cells have fully recovered and are transiently
expressing the delivered constructs (containing SINEUP or
empty control).
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Fig. 3 Expected results when SINEUP positively increases target mRNA translation without altering its
transcriptional level in human induced neural progenitor cells (hiNPCs). (a) Representative image of hiNPCs
expressing EGFP after electroporation with control vector (SINEUP —) or with SINEUP targeting EGFP (SINEUP
+). (b) Western Blot image reports target protein expression relative to a chosen reference protein in the
presence (+) or absence (—) of SINEUP against the target mRNA, EGFP, in this example. (¢) Bar graph
representing fold change quantification of target protein from WB experiments in (b). (d) Bar graphs
representing normalized expression level of target mRNA upon SINEUP administration (— control SINEUP, +
SINEUP against target EGFP mRNA). SINEUP presence is depicted in (e). Transcripts expression was obtained
from gqPCR quantification and normalized with a chosen reference gene

3.4 SINEUP Efficacy Successful SINEUP function needs to be assessed by transcriptional

Assessment: and translational analysis, such as qPCR and WB, respectively. In

Transcription and particular, an increase in protein production between two- and

Translation Evaluation fivefold changes is expected (Fig. 3b, ¢) without dysregulation of
the target mRNA expression (Fig. 3d) when SINEUP is present
(Fig. 3e).

1. Apply protocols you routinely use in your lab to extract pro-
teins from the electroporated cells. We used commercial RIPA
buftfer supplemented with Protease and Phosphatase inhibitors
(PI and PhlI, respectively).

2. Carefully quantify your proteins using BCA or Bradford pro-
tein assay kit. Always include the BSA standard curve for pro-
tein quantification. It is fundamental reliable quantification in
order to appreciate standard two- to fivefold changes in the
protein level due to SINEUP delivery.
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3.

10.

11.

12.
13.

Perform Western blot experiments using a protocol you are
familiar with; the optimization of WB depends on the target
protein of interest.

. Load the same amount of protein (e.g. 20 pg) for all the

samples.

. It is crucial to use specific antibodies to recognize the protein

isoform of interest targeted by SINEUP. In particular, the
resolved band of the target gene (Fig. 3b) should be clearly
distinguishable after WB analysis to perform a correct quantifi-
cation of the protein of interest (Fig. 3c).

. Be careful with your choice of ECL or equivalent assay. If the

reagent is not sensitive enough you will not see the band of
interest; on the other side, many sensitive reagents will not
allow you to appreciate subtle changes in protein level due to
saturated bands.

. Albeit in standard experiments three/five biological replicates

are considered enough to achieve robust results and to assess
reproducibility, in this case you may need more replicates (see
Note 11).

. Design Quantitative Polymerase Chain Reaction (qPCR) pri-

mers for the target of interest, a housekeeping gene and
SINEUP ED by using Eurofins PCR Primer Design online
tool (https://eurofinsgenomics.eu/en/ecom/tools/pcr-
primer-design /), but equivalent systems could also be
employed (see Note 12).

. All primers should be tested for hairpin and primer dimer

formation. Here we used multiple primer analyzer (Thermo-
Fisher; https://www.thermofisher.com/it/en/home/
brands/thermo-scientific/molecular-biology /molecular-biol
ogy-learning-center /molecular-biology-resource-library/
thermo-scientific-web-tools /multiple-primer-analyzer.html)
and Oligo Calc (Northwestern; http://biotools.nubic.north
western.edu/OligoCalc.html), but similar tools might also be
evaluated.

Apply protocols you routinely use in your lab to obtain high
quality RNA from the electroporated cells.

Preferentially, perform DNase treatment on your RNA samples
before proceeding with retro-transcription in order to avoid
issues due to DNA contamination.

Always resuspend RNA in DEPC-treated (nuclease-free) water.

To retro-transcribe RNA to produce ¢cDNA we used a mix
containing both oligo(dT) and Random Hexamer primers.


https://eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/
https://eurofinsgenomics.eu/en/ecom/tools/pcr-primer-design/
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/it/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
http://biotools.nubic.northwestern.edu/OligoCalc.html
http://biotools.nubic.northwestern.edu/OligoCalc.html
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14.

15.

16.

17.

18.

For qPCR, the Master Mix reagents should be preferred to
DNA polymerase in order to minimize errors. You can use
SYBR Green or Tagman systems equally.

Perform qPCR assay with the cDNA using primers or Tagman
probes targeting a reference housekeeping gene (such as
ACTRB), the target transcript(s) and SINEUP to assess correct
expression.

Calculate the relative mRNA expression level of the target gene
by normalizing treated samples with SINEUP against the
empty vector and by using 274" method [21].

Normalize the empty vector against the SINEUP sample for
SINEUP expression (sec Note 13).

Stable mRNA expression from your target transcript should be
observed (Fig. 3d) when SINEUP is expressed (Fig. 3e).

4 Notes

2.

. The first step is to identify the specific transcript isoform(s) of

your transcript of interest that is expressed in the selected
model system. This step is necessary since your target might
express alternative isoforms that differ from cell to cell and in
different tissues. Moreover, the expressed isoform in your cell
model /tissue would not necessarily be the most characterized.
Zenbu browser is an on-demand freely available interface that
allows visualizing data, such as RNA-seq, CAGE (cap analysis
of gene expression ), short-RNA-seq, and ChIP-seq (chromatin
immunoprecipitation) in the chosen model system. The broad
spectrum of systems that are annotated could give information
especially on annotated promoters and transcriptional starting
sites (TSS) usage. However, not all the systems have been
characterized and reported in Zenbu [ 15]. Additional informa-
tion about how to use Zenbu genome browser, as well as
methods to detect and analyze SINEUP in cell culture can be
found in Takahashi et al. [22].

When you design SINEUP BD, it is important to seek for
possible Single Nucleotide Variants (SNV) that might hamper
the annealing capability of SINEUP or the expression of your
target.

. Most of the efficient SINEUP BDs characterized until now

have been designed in this region in order to specifically recog-
nize the target gene. Specific recognition of transcript originat-
ing from the gene of interest allows increase in translation of
the full-length target. We recommend designing BD of difter-
ent lengths. Optimization of the Binding Domain sequence
and length is an important step in designing the experiment
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[17]. Among others, we suggest —40/+32, —40/+4, and
14 /+4 BD regions as the most promising target to be chosen
for the experiments (as reported in Fig. 2a).

4. Additional SINEUP targeting in-frame, internal methionine
can be design if the TIS surrounding region is poorly accessi-
ble. Although many more experimental evidences support the
importance of targeting the TIS, the internal, in-frame methi-
onine of the Frataxin gene was successfully tested and
provided efficient upregulation of Frataxin protein [12]. In
fact, SINEUP mechanism is not completely characterized and
we cannot exclude that target mRNA can be loaded on poly-
somes by internal bait which does not interfere with transla-
tional initiation. Moreover, alternative translation might occur
to downstream AUG codon in the presence of internal ribo-
somal entry site (IRES) [23]. In summary, we prompt research-
ers to explore also the possibility of targeting internal in-frame
methionines.

5. As mentioned in the methods, packed secondary structures can
impair the sense-antisense pairing of SINEUP molecules,
decreasing its efficacy. In addition, GC rich region and stem-
and-loop structures might inhibit translation by blocking ribo-
some binding [23]. RNA fold web server predicts in vitro
secondary structure of single stranded nucleic acid by energy
minimization and /or minimum entropy. This analysis will pro-
vide hints on the accessibility of the transcript area in order to
optimize SINEUP binding. Although RNA fold tool can be a
useful tool, it only mimics the complex physiological condition
of RNA fold present in vivo. Recently, a novel approach called
icShape (in vivo click selective 2-hydroxyl acylation and
profiling experiment) was established to capture the RNA
structure in vivo in order to overcome the RNA Fold tool issues
[24]. Although not essential for SINEUP design, we recom-
mend analysing icShape data to better understand the binding
capacity of SINEUP to the target area of interest.

6. While performing off-target analysis, keep in mind that the
possible off-target transcripts need also to be expressed in the
model system of your choice to be targeted by SINEUP. On
the other hand, the TIS or the internal in-frame methionine
you choose to design SINEUP must be present in the tran-
script(s) expressed in the tissue of interest for translation to
occur.

7. To clone SINEUP you can use a mammalian expression plas-
mid vector of your choice. Since the aim is to obtain an abun-
dant and efficient production of SINEUP, the expression
should be driven by a suitable promoter, Cytomegalovirus
(CMV) or SV40, frequently employed in mammalian cells
plasmids. An inducible /tissue specific promoter may be used,
if needed.
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8.

Long sequences of in vitro synthesized RNA molecules can
generate issues especially during delivery in cells. For this rea-
son, starting from the original complete sequence containing
the invSINEB2, Alu sequence, and 3’ tail of the natural
AS-Uchll, a short functional version was created, called miniS-
INEUP, encompassing only the invSINEB2 [7, 17]. We sug-
gest performing the SINEUP experiment using miniSINEUP
construct, composed by the specific BD and 170 nucleotides
length ED of invSINEB2 element. Notably, the human tran-
scriptome does not present invSINEB2 sequences, but func-
tional SINEUP were discovered in human containing
embedded FRAM and MIRDb transposable element. These
two functional domains worked as Eds [5]. Although ED can
be designed either with invSINEB2, FRAM, and MIRDb
domains, we recommend to generate initially ED by using
invSINEB2 motif that has been extensively and successfully
used to increase protein translation in different cell lines,
in vivo in Medaka fish and in a mouse model for Parkinson
Disease [4-6, 10—13]. Notably, by nuclear magnetic resonance
(NMR) analysis, it was observed that the secondary structure of
the invSINEB2 motif'is crucial for its function. For this reason,
when designing the ED containing invSINEB2, it is important
to include the region between 43 and 58 stem-loop structure
since this region is likely to be vital for SINEUP function [25].

. In vitro and in vivo delivery can be optimized and changed if

needed. To date, successtul SINEUP deliveries were previously
reported in vitro using Lipofectamine and lentiviral particles in
human derived fibroblasts [12], in vivo by RNA injection in
zebrafish embryo [13] and AAV9 vectors injection in the dorsal
striatum of adult mice [11]. For both in vitro and in vivo, the
delivery method can vary according to the model of choice, the
stage and the time window of interest (e.g. transient expres-
sion, conditional expression or stable expression). The meth-
ods described here for BD design, cloning and SINEUP
efficacy assessment steps in cellular models also apply for animal
systems. However, concerning the delivery step in vivo,
SINEUP molecules can be delivered and expressed in animal
models similarly to other RNA-based therapeutics, e.g. by viral
vectors. Moreover, it is possible to administer in vitro tran-
scribed SINEUP targeting the transcript of interest instead of
the plasmid carrying it. If this method is used, you should
chemically modify the in vitro transcribed SINEUP to better
stabilize the molecule, by replacing CTP with 5-methylcyti-
dine-50-triphosphate (m5C); and replacing UTP with pseu-
douridine-50-triphosphate (¥) or NI1-methylpseudouridine-
50-triphosphate (N1mW¥) [18]. In our experience, it is best to
test whether the experimental cell system chosen for the
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11.

12.

13.

experiment is positively responding to SINEUP administra-
tion. For this reason, we suggest testing the previously char-
acterized SINEUP against GFP [4, 7], before moving to
SINEUP targeting the gene of interest. To analyze the
SINEUP efficacy on GFP translation, WB analysis as well as
imaging analysis with semi-automatic detection methods can
be performed [22]. Of importance, to underlie that protein
translation is increased due to SINEUP mechanism, qPCR
should be conducted and report stable expression of the target
transcript.

SINEUP molecule can act in a dose dependent manner to
control protein translation without affecting transcript level
[7]. To assess the optimal efficiency, different concentrations
of SINEUP should be tested.

SINEUP delivery experiments as well as WB and qPCR analysis
should be performed at least in triplicate to observe statistically
significant changes. However, depending on the model system
used, additional experiments may be needed to reach signifi-
cance. The crucial step is the WB quantification: if the band of
your target(s) and the reference proteins are not well resolved,
changes ascribed to SINEUP positive upregulation can be
difficult to examine. In our experience it is better to set specific
conditions for WB detection in the chosen model system
before performing SINEUD experiment.

Primers or Tagman probes for target gene(s) of interest and
stable housekeeping gene(s) must be designed in order to
assess the stability of the target gene(s) upon SINEUP admin-
istration. In addition, primers or probes targeting SINEUP ED
must be designed in order to check the correct expression of
SINEUP into the chosen model system after plasmid delivery
(if the chosen ED contain the invSINEB2 and Alu elements the
desired primer can be found in Zucchelli et al. [7]). Primers for
qPCR should be designed in regions spanning exon-exon junc-
tions to minimize DNA residual contamination, maximize
PCR efficiency and specificity.

The different methods for analysing SINEUP and the target
mRNA expression is needed since for SINEUP, the quantifica-
tion in qPCR of the empty vector should be close to the
detection limit of the instrument since little signal can be
recorded by using the SINEUP specific primer or probes. On
the contrary, SINEUP expression is expected to be high upon
delivery of the plasmid containing SINEUP sequence, hence
that amount is set as default condition one, whereas the empty
vector quantification should be close to zero (Fig. 3e).
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How to Design U1 snRNA Molecules for Splicing Rescue

Liliana Matos, Juliana I. Santos, M?. Francisca Coutinho,
and Sandra Alves

Abstract

Mutations affecting constitutive splice donor sites (5'ss) are among the most frequent genetic defects that
disrupt the normal splicing process. Pre-mRNA splicing requires the correct identification of a number of
cis-acting elements in an ordered fashion. By disrupting the complementarity of the 5’ss with the endoge-
nous small nuclear RNA Ul (U1 snRNA), the key component of the spliccosomal U1 ribonucleoprotein,
5’ss mutations may result in exon skipping, intron retention or activation of cryptic splice sites. Engineered
modification of the Ul snRNA seemed to be a logical method to overcome the effect of those mutations. In
fact, over the last years, a number of in vitro studies on the use of those modified U1 snRNAs to correct a
variety of splicing defects have demonstrated the feasibility of this approach. Furthermore, recent reports on
its applicability in vivo are adding up to the principle that engineered modification of U1l snRNAs represents
a valuable approach and prompting further studies to demonstrate the clinical translatability of this strategy.

Here, we outline the design and generation of Ul snRNAs with different degrees of complementarity to
mutated 5’ss. Using the HGSNAT gene as an example, we describe the methods for a proper evaluation of
their efficacy in vitro, taking advantage of our experience to share a number of tips on how to design Ul
snRNA molecules for splicing rescue.

Key words Ul snRNA-based therapy, Splicing modulation, 5’ss mutations, Aberrant exon skipping,
Modified Ul snRNA, Mucopolysaccharidosis I1IC

1 Introduction

The Ul small nuclear ribonucleoprotein (Ul snRNP) is a key
molecule involved in an early event of the splicing process. Like
other snRNDPs involved in the overall splicing regulation process, it
contains a small RNA complexed with several proteins, namely
seven Smith antigen (Sm) proteins and three Ul-specific proteins
(UlA, U1C,and U170K) [1]. Ul snRNA, the RNA component of
the Ul snRNP is a 164 nucleotides-long molecule whose 5’ end
interacts by complementarity with the 5’ splice donor site (5'ss).
That interaction between the single stranded 5’ tail of the Ul
snRNA molecule and the moderately conserved stretch of nucleo-
tides that constitutes the 5'ss (CAG/GURAGU, where R is a

Virginia Arechavala-Gomeza and Alejandro Garanto (eds.), Antisense RNA Design, Delivery, and Analysis, Methods in Molecular
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purine) marks the exon-intron boundary and initiates spliceosome
assembly [2]. About 40%, 22%, and 5% of normal 5’ss contain two,
three, or four mismatches towards the Ul snRNA, respectively
[3, 4]. This variable degree of degeneration is among the major
factors that significantly contribute to hinder a clear prediction of
the effect of mutations flanking the canonical GU site. Further-
more, there is a number of additional elements, which may influ-
ence the splice site selection and need to be taken into account such
as splicing silencer and enhancer motifs, the presence of alternative
splice sites, secondary structures, and regulatory proteins
[5]. Therefore, a straightforward prediction of the effect of muta-
tions flanking the canonical GU site without a direct assessment of
the mature mRNA produced can be quite challenging. Interest-
ingly, however, it is also the variable degree of degeneration of 5'ss
and the surprising heterogeneity existing among human spliceoso-
mal snRNA, which allows for splicing correction using modified
exogenous Ul snRNAs.

Opverall, the rationale on the use of modified Ul snRNAs to
correct splicing defects is as simple as it can be: as 5'ss mutations
alter the 5’ss recognition by the endogenous Ul snRNA, exoge-
nous Ul snRNAs may be engineered through complementary base
pairing in order to correctly recognize the mutated allele and
initiate spliceosome assembly, thus suppressing the mutation effect.

So far, the effects of modified Ul snRNAs have been tested
in vitro in a number of cellular platforms from patient-derived cells
to model cell lines overexpressing the splicing defects under study,
and their potential to either fully or partially correct those muta-
tions was demonstrated for a number of different diseases
[5, 6]. Importantly, the application of this sort of modified Ul
snRNAs in animal models has also been addressed in recent studies,
with a few promising results reported to date [7-10] (see Note 1).

Globally, mutations affecting constitutive 5’ss represent
roughly 8% of all known genetic disease-causing variants. Their
pathogenicity derives from the reduced complementarity of the
U1 snRNA to the 5’ss. 5'ss mutations mostly result in exon skip-
ping but their effect over splicing may vary. Currently, there are a
number of in silico tools that may help predict disease-causing
effects, but cDNA analysis remains mandatory for a proper assess-
ment of their consequence over splicing. For example, mutations
affecting RNA splicing represent more than 20% of the mutant
alleles in Mucopolysaccharidosis type IIIC (MPS I1IC; HGSNAT
gene), a rare lysosomal storage disorder that causes severe neuro-
degeneration. Many of these mutations are located in the conserved
splice donor or acceptor sites, while few are found in the nearby
nucleotides. For three mutations that affect the donor site, we have
previously developed different modified U1 snRNAs with compen-
satory changes that may allow for proper recognition of the
mutated 5'ss, in an attempt to rescue the normal splicing process.
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Fig. 1 Modified U1 snRNA therapeutic approach to correct the pathogenic effect of a 5’ splice site mutation on
the HGSNAT gene. (a) Schematic illustration of base pairing between the wild-type U1 (U1-WT) and the 5’ss of
wild-type and mutant exon 2 of the HGSNAT gene. The mutation position in the 5'ss is marked in grey and it is
in italics. The different U1 snRNAs used for the mutated 5'ss of HGSNAT (designated as U1-sup, for
suppressor) are also shown. The U1 sequence modifications are illustrated in bold. (b) RT-PCR analysis of
the endogenous splicing pattern of control and MPS IIIC patients derived fibroblasts after transfection with
different U1 isoforms. The constitutive splicing of exon 2 of the HGSNAT gene was not altered in control
fibroblasts after overexpression of U1-WT or any of the modified U1 constructs. In the MPS llIC patients 1 (MPS
lNC P1) and 2 (MPS IlIC P2), bearing the homozygous mutation ¢.234+1G>A, only the fully adapted U1
(U1-sup4) resulted in partial correction of exon 2 skipping

For the ¢.234+1G>A mutation, a totally complementary Ul
snRNA allowed for partial correction of exon 2 aberrant splicing
in patients’ fibroblasts (Fig. 1) [11]. Here, we take advantage of our
experience on the development of modified Ul snRNAs to com-
pensate for those HGSNAT mutations, to present a practical over-
view on how to design Ul snRNA molecules for splicing rescue.

In summary, we present an overview of the experimental design
for in vitro testing the potential of modified Ul snRNA vectors to
correct aberrant splicing caused by 5’ss mutations. Briefly, we show:
(a) how to design in silico U1’s with different degrees of comple-
mentarity to each mutated 5’ss by introducing a number of
sequence changes, and (b) how the different U1 vectors harboring
those alterations are obtained by site-directed mutagenesis of the
original wild-type (WT) human Ul snRNA-harboring pG3U1l
vector [12], a derivative of pHU1 [13]. We also describe how
these molecules are transfected into patients’ fibroblasts and how
their effectiveness on splicing redirection can be assessed by post-
transfection ¢cDNA analysis and sequencing. Finally, we elaborate
on the relevance of further addressing the treatment’s effect at
protein level.
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2 Materials

2.1 Generating
Modified U1 snRNA
Vectors Adapted to the
5ss of Interest
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19.
20.

21.
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23.
24.

. The Homo sapiens Ul snRNA gene sequence is required to

design primers for site-directed mutagenesis PCR and can be
found in the Ensembl database (ENSG00000104852).

. The sequence of the 5’ss of interest for splicing rescue can be

found in Ensembl or other reference sequence databases
(in this particular chapter we used the Homo sapiens HGSNAT
gene sequence, ENSG00000165102).

. pG3U1 vector [12] a derivative of pHU1 [13] (see Note 2).
. Sense and antisense mutagenic primers.

. PCR mutagenesis Kit.

. PCR thermocycler.

. Chemically Escherichia coli competent cells (Homemade or

commercial; usually are included in the PCR mutagenesis kits).

. Water bath.

. Thermomixer.
10.
11.

Ice.

Super optimal broth with catabolite repression (SOC) medium
(commercially available).

Luria-Bertani (LB) agar medium (commercially available; ster-
ilize by autoclaving) plates with selection antibiotic (100 pg/
mL, ampicillin; see Note 3).

Sterile bacterial cell spreaders.
Plasmid DNA miniprep purification Kkit.

LB liquid medium (commercially available; sterilize by
autoclaving).

Ampicillin.

15 mL conical centrifuge tubes.
Sterile tips.

Orbital shaking incubator.

pG3U1 forward primer (Ul-seq Fw—5"  CACGAAG
GAGTTCCCGTG 3').

Sterile flasks (1 L).

Endotoxin-free maxiprep plasmid DNA purification kit.
40% Glycerol (sterilize by autoclaving).

2 mL polypropylene conical tubes.



2.2 In Vitro
Therapeutic Evaluation
of Modified U1 snRNA
Vectors in Human
Fibroblasts

2.2.1 Transfection of
Modified U1 snRNA Vectors
in Human Fibroblasts

2.2.2 Analysis of Splicing
Rescue by RT-PCR
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. Human Dermal Fibroblasts from patients harboring the muta-

tion under analysis (e.g. fibroblasts from patients’ with MPS
IIIC, carrying the ¢.234+1G>A mutation in homozigosity)
and WT Human Dermal Fibroblasts to use as control.

. Dulbecco’s Modified Eagle’s Medium (DMEM) + Glutamax

supplemented with 10% Fetal Bovine Serum (FBS), 5% penicil-
lin/streptomycin (PenStrep) antibiotics, and 5% amphotericin
B (Fungizone™).

. Phosphate buftered saline 1x (PBS).

. Trypsin-EDTA.

. CO, incubator.

. 15 mL conical centrifuge tubes.

. Refrigerated centrifuge.

. Neubauer chamber (hemocytometer).
. Inverted Microscope.

10.
. T-75 cm? cell culture flasks.
12.
13.
14.
15.
16.

Hand cell counter.

6-well cell culture plates.

Opti-MEM™ Reduced Serum Medium.

Transfection reagent.

1.5 and 2 mL polypropylene conical tubes.

Modified Ul snRNA constructs (see Subheading 2.1).

. RNA isolation Kkit.

. Refrigerated centrifuge.

. 1.5 mL polypropylene conical tubes.

. Spectrophotometer for nucleic acids measurement.

. ¢cDNA synthesis kit.

. Taqg DNA polymerase.

. Oligo(dT),g primer mix (if required).

. Gene-specific primers (e.g. HGSNAT primers—Exon 2 Fw: 5’

ACATGCAGAGCTGAAGATGGA 3'; Exon 3 Rv: 5" GATA
GATCCGTGCTGGGTG 3).

. Ice.
10.
11.
12.

RNase free water.
PCR thermocycler.

Agarose gel with ethidium bromide for electrophoresis.
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13. DNA Ladder (molecular weight size marker).
14. UV transilluminator.

15. Sterile scalpel blades.

16. PCR products purification Kkits.

3 Methods

3.1 Generating the
Modified U1 snRNA
Vectors

2

1) Erie e S
Mut 5'ss 53" CACavauguau

Ul supl 3° GUCfauucaua
¢+1T)

U1WT
HGSNAT exon 2

To design the primers for producing the desired modified human
U1 snRNA vectors, it is first necessary to know the sequences of the
5’ss under study, both WT and mutant. Then, it is necessary to
analyze the complementarity of those sequences with that of Ul
snRNA. Next, several modified Ul snRNA vectors can be designed
and constructed to have different complementarities to the target
sequences (Fig. 2). To generate those constructs, the plasmid
pG3U1 [12] (kindly provided by Prof. Dr. Belén Pérez) a derivative
of pHUI [13], containing the coding sequence of the human Ul
can be used as template for site-directed mutagenesis PCR reactions
(see Note 2). Depending on the number of mutations to insert in
the Ul snRNA vector sequence, different mutagenic primer pairs
need to be designed.

Ul WT
auena HGSNAT exon 2
WT 5%s2 Mutant 5°ss

Loss of base pairing (+1)

2) g s 3) T 4 B TR
Mut 5'ss 3" CACauaugus Mut 5'ss 5°..C ACauauguau Mut §’ss 5° CAC:

nauguan

Ulsup2 3 GUGtauncaua Ulsup3 3 GUGea Ulsupd 3 GUGH
C1G+1T) C1G+4A) (1GHIT +4A)

v

Increased complementarity to the mutant 5°ss

Fig. 2 Design and construction of modified U1 snRNA vectors. (a) Schematic representation of base pair
interactions between the U1 snRNA and the wild-type and mutant 5’ss of HGSNAT exon 2, respectively. (b)
lllustration of the strategy followed to increase the complementarity of U1 snRNA with the mutated 5’ss of
HGSNAT gene. U1 complementarity was increased stepwise, and to try to compensate for the HGSNAT
mutation at +1 position, four different U1-adaptations were designed [U1 sup1 (+1T); U1 sup2 (—1G +1T); U1
sup3 (—1G +4A); U1 sup4 (—1G +1T +4A)]. Upper case letters show exonic nucleotides, whereas the lower
case letters denote intronic nucleotides. Base pairing is indicated by vertical lines and its loss by an X. The
mutant nucleotide is highlighted in red and the changed nucleotides in the U1 sequence are illustrated in green



3.1.1 Engineering
Modified U1 snRNA Vectors
Adapted to the 5 ss of
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1. According to the different modifications to be introduced in

the Ul snRNA vector sequence, design sense and antisense
primers with the desired mutation(s) to be introduced by site-
directed mutagenesis (sec Note 4).

. Using the mutagenic primers, perform the site-directed muta-

genesis of the WT Ul snRNA vector using the mutagenesis kit
(see Note 5). Briefly, mix the Ul snRNA plasmid DNA
(~40 ng) with primers, buffer, ANTPs (according to the kit),
apyrogenic water, a High Fidelity Taq polymerase and subject
the mixture to recommended PCR conditions from the muta-
genesis kit. The number of PCR cycles varies according to the
type of the desired mutation(s) (se¢ Note 6); and the number
(n) of min of the PCR extension step depends on the plasmid
length, # is calculated as 1 min/kb; sec Note 7. After the PCR
reaction is completed, add 1 pL (10 U) of Dpnl restriction
enzyme to the amplified products and incubate for 1 hat 37 °C
to digest the parental dsDNA.

. Use 14 pL of the Dp#nl treated DNA reaction to transform

E. coli competent cells. Briefly, thaw on ice a 50 pL aliquot of
competent cells and add 1-4 pL of the digested reaction. Swirl
the tube gently to mix and incubate on ice for 30 min. In a
water bath or dry thermomixer, heat pulse the tube at 42 °C for
45 s and then place the reaction tube on ice for 2 min. Add
room temperature SOC medium (5 x the volume of competent
cells) and incubate for 1 h with shaking at 600 rpm in a dry
thermomixer (see Note 8). After incubation spread the appro-
priate volume (se¢e Note 9) of transformation reaction on
pre-warmed (37 °C) LB-agar plates containing ampicillin
(100 pg/mL) and incubate at 37 °C for 16-18 h (see Note 10).

. To obtain plasmid DNA minipreps, prepare minicultures of

selected bacterial colonies to allow their growth. Add 3 mL
(see Note 11) of LB medium containing ampicillin (100 pg/
mL) to a 15 mL tube and using a sterilized pipette tip pick a
colony and add it into the medium by pipetting up and down
(or, simply, place the pipet tip into the medium). Repeat the
procedure for 3-5 colonies. Incubate the tubes in an orbital
shaking incubator at 220 rpm and 37 °C for 16-18 h. To purify
the plasmid DNA prepare DNA minipreps using a plasmid
miniprep purification kit (see Note 12). Select the mutant
(s) Ul snRNA plasmid(s) by Sanger sequencing analysis
(Ul-seq Fw primer) using ~100 ng of purified miniprep.

. Once the desired modified Ul snRNA construct(s) are

selected, propagate them in maxicultures to obtain a high
quantity of the modified construct(s) that can be used for
transfection. First, prepare a miniculture of each case according
to step 4 (see Note 13). Then add 100-150 mL of LB medium
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containing ampicillin (100 pg/mL) to a sterilized flask(s) (see
Note 11) and innoculate all the bacterial growth from the
miniculture(s). Incubate the flask(s) in an orbital shaking incu-
bator at 37 °C and 220 rpm for 16-18 h. Using an endotoxin-
free maxiprep plasmid DNA purification kit, maxiprep the
plasmid(s) containing the modified Ul snRNA construct
(s) and perform its sequencing analysis for validation.

3.2 In Vitro Even though we must always find a balance between the best
Therapeutic Evaluation  possible experimental design and the resources available, adequate
of Modified U1 snRNA controls may never be forgotten. Still, there is a minimum standard
Vectors in Human for cell culture experiments that must always be met if we want to
Fibroblasts draw strong conclusions out of them. Therefore, adequate controls

to the variables under test should always be included (see Note 14).

3.2.1 Modified U1 snRNA
Vectors Transfection in
Human Fibroblasts

1. Grow both WT control and patient fibroblasts in T-75 flasks

with DMEM + Glutamax medium supplemented with 10%
FBS, 5% antibiotics, and 5% amphotericin B, in an incubator
at 37 °C with 95% humidity and 5% CO, following standard
cell culture procedures.

. On the day before transfection, detach the cells by trypsiniza-

tion. Briefly, discard the growth medium and wash cells with
3 mL of PBS buffer. Then, discard the PBS and add 2 mL of
trypsin-EDTA. Subsequently, incubate cells with the solution
for 5 min at 37 °C. After this period, check in an inverted
microscope that cells are detached and add 4 mL of fresh
medium to inactivate trypsin-EDTA action.

. Harvest the cells to a 15 mL tube and centrifuge at 500 x g for

5 min to eliminate any traces of trypsin.

. Discard the supernatant and resuspend cells in 4 mL of fresh

medium.

. Count cells in suspension with an hemocytometer (Neubauer

chamber). Pipette a small volume of cell suspension (approxi-
mately 15 pL) to both hemocytometer chambers and count the
cells present in all four external quadrants of each chamber by
observing it in an inverted microscope. Considering the
dimensions of the chamber (1 mm x 1 mm x 0.1 mm), each
quadrant has a total volume of 0.1 mm?® which equals
10~* mL. Therefore, the total number of cells in the original
suspension can be calculated with the following equation:

N =2" 10t
8
where N is the total number of cells per milliliter, # is the
number of cells counted in each quadrant of the Neubauer
chamber and the 10* factor allows for the correction of the
total number of cells in 1 mL of cell suspension.



3.2.2 Analysis of Splicing
Rescue by RT-PCR
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6. For modified Ul snRNA vectors transfection, seed a total of

~2.5-3 x 10° fibroblast cells into 6-well plates and grow cells in
DMEM + Glutamax medium supplemented with 10% FBS, 5%
antibiotics and 5% amphotericin B, in an incubator at 37 °C
with 95% humidity and 5% CO,.

. On the next day (cells at 80-90% confluence), transfect the cells

with quantities between 1 and 3.5 pg of the modified Ul
snRNA constructs using a transfection reagent according to
the manufacturer’s protocol (se¢ Notes 15 and 16).

. 2448 h after transfection, harvest cells by trypsinization. Dis-

card the growth medium of each plate well and wash cells with
1 mL of PBS buffer. Discard the PBS, add 500 pL of trypsin-
EDTA to each well and incubate for 5 min at 37 °C. Then,
check by microscopy that cells are rounding up and add 1 mL
of DMEM + Glutamax medium to inactivate trypsin-EDTA.
Harvest cells to 2 mL tubes and centrifuge at 500 x g for 5 min
at 4 °C; discard the supernatant; wash cells with 1 mL of PBS
buffer and centrifuge again. Proceed to RNA extraction or
store the pellet(s) at —80 °C for future use.

. Extract total RNA from the transfected human fibroblasts

using a RNA extraction kit according to the manufacturer’s
protocol. Then, perform RNA quantification using a
spectrophotometer.

. For reverse transcription, use a cDNA synthesis kit following

the manufacturer’s protocol, and start with 1-2 pg of total
RNA. The cDNA synthesis reaction can be stored at —20 °C
or used immediately for PCR amplification.

. Perform a PCR in standard conditions using a Taq polymerase

supplemented with its bufter, ANTPs, gene-specific primers for
a final concentration of 0.4 pM each (e.g. HGSNAT primers),
2 pL of cDNA, and RNase free water to a final volume of 50 pL.

. To evaluate the splicing rescue, analyze the amplification pro-

ducts through agarose gel electrophoresis in an agarose gel
stained with 5 pL of ethidium bromide (se¢ Note 17). Choose
a DNA ladder according to the size of the amplified band. After
separation, visualize the gel using an UV transilluminator. As
an example, Fig. 1 shows the results of the partial correction of
HGSNAT exon 2 splicing after expression of a modified Ul
snRNA (totally complementary to the 5'ss of exon 2) in
patients’ fibroblasts.

. Assess the identity of the obtained band(s) by sequencing

analysis (see Note 18). For this purpose, purify the PCR pro-
ducts directly with a PCR clean-up kit if there is only one
amplified band or when multiple bands are present excise
each band from the gel and purify them using a gel band
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3.2.3 Assessment of the
Effect of U1 snRNA-
Induced Splicing Rescue at
Protein Level

purification kit. Whatever the case, follow the indications pres-
ent in the manufacturer’s protocol.

6. Subject the purified bands to standard automated sequencing
using  gene-specific  primers for the amplification
(e.g. HGSNAT primers). Compare the obtained sequence
(s) with the reference sequence of the gene of interest
(retrieved from the Ensembl database) using the Clustal
Omega bioinformatic tool (https://www.ebi.ac.uk/Tools/
msa/clustalo/), in order to analyze the effect of the modified
Ul snRNA’s in rescuing the normal splicing pattern.

While not included in this chapter, for it is case-specific, the effect of
modified Ul snRNAs-treatment at protein level is mandatory
whenever we want to proceed to in vivo studies in order to address
the true therapeutic potential of a given Ul snRNA molecule.

Ideally, as soon as we get an RT-PCR pattern that confirms
splicing correction to some extent, and that rescue is confirmed by
band excision and Sanger sequencing, the overall effect of that
rescue at protein level should also be checked. There is a variety
of methods we can choose in order to address this issue, from the
direct quantification of enzymatic activity (whenever the gene
product under analysis has a catalytic activity) to that of the protein
itself (through Western blot).

Usually, the method of choice depends on two major factors:
the protein itself and the assays available #n house to assess
it. Virtually every method from Western blot to immunofluores-
cence may be informative and provide extra support to the conclu-
sions drawn from the RT-PCR. Therefore, as a take-home message,
we would recommend that, whenever designing Ul snRNA mole-
cules for splicing rescue, the eftect should be checked not only at
cDNA level, but also at protein level.

4 Notes

1. This chapter is exclusively focused on mutation-adapted Ul
snRNAs. Nevertheless, it is important to refer that there is a
novel, second generation, of engineered Ul snRNAs, which
may be used for therapeutic purposes: the so-called Exon-
Specific Ul snRNAs (ExSpeU1l). These ExSpeUls are comple-
mentary to non-conserved sequences downstream of mutant
5’ss. In theory, ExSpeUl is expected to decrease the potential
of oft-target effects of Ul snRNA-based therapies, while allow-
ing for a single ExSpeUl to rescue multiple splicing defects
that affect a single exon [4-6].

2. The pG3U1 vector [12] {Susani, 2004, TCIRGI1-dependent
recessive  osteopetrosis: mutation analysis, functional
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identification of the splicing defects, and in vitro rescue by Ul
snRNA} was used, but the human U1 snRNA sequence can be
cloned in other standard expression vector(s).

. Store LB-agar plates with antibiotics at 4 °C in the dark.

4. Mutagenic primers can be designed using the web-based Quik-

Change Primer Design Program, available online at www.
agilent.com/store /primerDesignProgram.jsp (we recommend
to read the “help” section of the program). However, it is
important to take into account a number of considerations:

(a) both mutagenic primers must contain the desired muta-
tion(s) and anneal to the same sequence on opposite
strands of the plasmid;

(b) each primer should have between 25 and 45 bases in
length with a melting temperature (Tm) of >78 °C;

(c) the desired mutation(s) should be located in the middle of
the primer (~12-15 nucleotides of the correct sequence
on both sides);

(d) the primers should have a minimum GC content of 40%
and should terminate in one or more C or G bases;

(e) the primers do not need to be 5’ phosphorylated and
purification may either be performed by liquid chroma-
tography (HPLC) or by polyacrylamide gel electrophore-
sis (PAGE).

. To modify the pG3Ul we recommend to use the Quik-

Change™ II mutagenesis kit (Agilent). However, other site-

directed mutagenesis commercial kits can be used. The kit

should be chosen according to the plasmid length and the
type of mutations to introduce.

. According to the type of mutation(s) to be inserted in the Ul
snRNA WT sequence, the number of PCR cycles varies. For
point mutations (1 nucleotide change) use 12 cycles; for single
aminoacid changes (3 nucleotides) use 16 cycles and for multi-
ple amino acid deletions or insertions (>4 nucleotides) use
18 cycles.

. The number (%) of min of PCR extension step recommended is
usually 1 min /kb. However, using the QuikChange™ II muta-
genesis kit (Agilent) we usually increment the time for 2 min/
kb. For the pG3U1 plasmid length, 8 min should work, but
from our experience adding one more min to this step (in this
case 9 min for extension) gives the best results.

. If a thermomixer is not available, follow the site-directed muta-
genesis kit manufacturer’s recommendations concerning shak-
ing of transformation reactions.
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9.

10.

11.

12.

13.

14.

15.

16.

The entire volume of transformation reaction can be plated on
a single LB-agar plate. However, depending on the transfor-
mation efficiency this may originate a huge number of colonies
which are then difficult to select. Therefore, we recommend to
use more than one plate and spread different volumes to
increase the probability to obtain individualized colonies
(e.g. 200 and 100 pL). When plaquing lower volumes a small
quantity (1:1) of SOC medium can be added to the transfor-
mation reaction to dilute and help to spread the transformation
product.

If colonies cannot be selected immediately, store plate(s) at
4°C.
The total volume of the tube should allow a volume of air that

is 5x the volume of LB medium (e.g. 3 mL of LB mediumin a
15 mL tube; 5 mL of LB medium in a 25 mL tube, etc.).

Before starting the miniprep(s) procedure, a sample of bacterial
culture can be preserved in a “glycerolate” for future use. For a
final volume of 1 mL, add a part of bacterial culture and a part
of sterilized glycerol to a 2 mL tube for a final concentration of
~10-15% of glycerol. Vortex immediately and store at —80 °C.

To avoid the need to pick another bacterial colony from an
LB-agar plate, the glycerolate(s) (see Note 12) can be used to
prepare a new miniculture. Briefly, defrost the glycerolate on
ice, scrape it lightly with a pipette tip or aspirate few microliters
and pipet them up and down into a tube containing the desired
volume of LB medium and ampicillin (100 pg/mL). Incubate
the tube(s) in an orbital shaking incubator as recommended in
step 4 of Subheading 3.1.1.

In the transfection experiments here referred (see step 7 of
Subheading 3.2.1) we included two negative controls: one
where only the transfection reagent was added to the cells
and other where the minigene expressing the WT Ul sequence
was transfected on cells.

For liposome-based transfection of fibroblasts, Lipofectamine™

2000 (Invitrogen) or other commercial lipofection reagent can
also be tested. To further increase transfection efficacy, the
modified U1’s can also be inserted into the cells by the electro-
poration technique. For both methods we recommend to opti-
mize the amount of transfection reagent according to the
quantity of modified U1 and number of cells to transfect.

To assess transfection efficiency, transfect fibroblasts with a
control plasmid encoding GFP or RFP and monitor fluores-
cence by microscopy. Also, the cell uptake of the modified U1’s
can be confirmed by PCR with specific primers (Ul Fw—5" A
TCGAAATTAATACGACTCA 3’ and Ul Rv—5" CTGGGA
AAACCACCTTCGT 3'). Otherwise, clone the WT human U1
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snRNA cassette from pG3Ul vector in a plasmid encoding
GFP and monitor fluorescence and Ul expression
simultaneously.

17. Adjust the agarose gel percentage according to the molecular
weight of the target amplified products.

18. In RT-PCR analysis after Ul snRNA’s transfection, the size of
the amplified band(s) seen on the agarose gel can give an idea
of whether the aberrantly spliced exon under study is included
in the cDNA or not. However, it is necessary to sequence the
amplified band(s) from control and patient fibroblasts treated
with the different modified Ul snRNAs, to confirm the correct
splicing pattern.
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Conjugation of Nucleic Acids and Drugs to Gold
Nanoparticles

Paula Milan-Rois, Ciro Rodriguez-Diaz, Milagros Castellanos,
and Alvaro Somoza

Abstract

Gold nanoparticles (AuNPs) can be used as carriers for biomolecules or drugs in cell culture and animal
models. Particularly, AuNPs ease their internalization into the cell and prevent their degradation. In
addition, engineered AuNPs can be employed as sensors of a variety of biomarkers, where the electronic
and optical properties of the AuNPs are exploited for a convenient, easy, and fast read out. However, in all
these applications, a key step requires the conjugation of the different molecules to the nanoparticles. The
most common approach exploits the great affinity of sulfur for gold. Herein, we summarize the methods
used by our group for the conjugation of different molecules with AuNPs. The procedure is easy and takes
around 2 days, where the reagents are slowly added, following an incubation at room temperature to ensure
the complete conjugation. Finally, the unbound material is removed by centrifugation.

Key words Gold nanoparticles, Spherical nucleic acid, Functionalization, Oligonucleotides, Nano-
medicine, Metal nanoparticles, Conjugation, Drug delivery, Sensors

1 Introduction

Oligonucleotides and drugs face some challenges for their optimal
delivery in cells and animal models. Particularly, oligonucleotides
(e.g., antisense, gapmers, and siRNAs) usually present low stability
and suffer from reduced cell internalization and selectivity [1, 2]
and, for these reasons, transfection reagents such as lipofectamine
are usually employed to improve delivery. On the other hand, drugs
can be too hydrophobic and require solubilizing molecules (e.g.,
dimethylsulfoxide [DMSOY], ethanol). However, these kinds of
chemicals present critical restrictions such as cytotoxicity or limited
loading. To overcome these drawbacks, delivery systems based on
nanoparticles can be employed [3]. There are different types of
nanoparticles such as liposomes, micelles, dendrimers, inorganic
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particles, carbon-based nanostructures, viral nanocarriers, poly-
meric, peptide or metallic nanoparticles, etc. [4-12]. Each vehicle
presents different characteristics that can be exploited to address
specific challenges related to the delivery of bioactive molecules.

Among the different systems, gold nanoparticles (AuNDPs)
present excellent properties for the delivery of oligonucleotides
because of their low toxicity, cost, and particularly their ease of
preparation and functionalization [13]. AuNDPs can be synthesized
in the laboratory through simple methods, such as the one
described by Turkevich [14] and detailed in Subheading 3.1.

The properties of AuNPs can be tuned through their modifica-
tion with oligonucleotides. When the nanoparticles are densely
loaded with oligonucleotides, the resulting nanostructures are
known as spherical nucleic acids (SNA) [15]. This kind of nanos-
tructure presents interesting features, such as high internalization
in a wide variety of cells and low toxicity. Therefore, these deriva-
tives can be employed for multiple applications, such as drug deliv-
ery systems, gene therapy and regulation, or molecular diagnosis
[16, 17].

Regarding the vehiculization of therapeutics, AuNPs can be
used for the delivery of hydrophobic drugs such as paclitaxel,
doxorubicin, or AZD8055 without affecting their effectiveness
[18, 19]. On the other hand, AuNDPs functionalized with oligonu-
cleotides (e.g., siRNAs, gapmers) could be used as a substitute for
transfection reagents in different applications involving gene regu-
lation, or even immunomodulatory processes, for the treatment of
diseases such as cancer, sepsis, skin disorders, diabetes, etc. [16, 20—
22].

In the case of diagnostics, it is worth mentioning that fast and
accurate point-of-care diagnostic systems are critical in personalized
medicine. In particular, nucleic acid detection is of great impor-
tance for the diagnosis and treatment of many diseases caused by
genetic mutations, infectious agents, or other physiologically
abnormal circumstances. Conventional methods such as RT-PCR
offer high accuracy and sensitivity; however, these methods are not
suitable for routine diagnosis because they are time-consuming and
need highly trained personnel and expensive equipment. One
development that seems to simplify the nucleic acid detection and
we study in the lab is the use of SNA based on a single-stranded
oligonucleotide with a unique stem-loop structure (Molecular Bea-
con, MB) [23, 24].

This chapter describes how to conjugate drugs or oligonucleo-
tides to AuNDPs, which can be further used as delivery systems of
therapeutics and sensors.

To attach any compound to AuNPs, the high affinity of thiol
groups to gold could be exploited. Thus, the molecules (e.g.,
oligonucleotides, drugs) should be functionalized with linkers
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containing sulfur-based moieties, such as thiols or dithiolanes [25],
which are commented in this chapter.

AuNPs conjugation requires a few simple steps of addition,
incubation, and washes. The method might change slightly
depending on the linker employed for the conjugation, which can
be designed to control the release or stability of the cargo. In
general, the use of dithiolane provides more robust structures and
can be achieved in few hours, whereas the use of thiols implies more
than 1 day. For the reader’s convenience, we have included the
preparation of the dithiolane linkers used in our group. The
approach can be used for the conjugation of drugs, polymers
(e.g., polyethylene glycol [PEG]), or the preparation of oligonu-
cleotides in a DNA synthesizer using a tailored solid support,
usually based on controlled pore glass (CPG).

2 Materials

2.1 AuNP Synthesis

2.1.1 Materials

2.1.2 Reagents

2.1.3 Equipment

— 250 mL round-bottom glass flask.

— Septum for a 250 mL round-bottom flask.

— 3.5 cm long magnet.

— 0.3 pm fritted filter for vacuum filtration.

— 250 mL Erlenmeyer flask with an output for vacuum.

— Plastic material such as conical centrifuge tubes and microcen-
trifuge tubes.

— 1 mL quartz cuvette.

— Gold solution: 945.2 pM Hydrogen tetrachloroaurate (III)
hydrate (AuCl4H30O) in 100 mL autoclaved Milli-Q grade
water.

— Ultrapure reagent-grade water.

— Sodium citrate solution: 40 mM sodium citrate tribasic dihy-
drate (118 mg) in 10 mL autoclaved Milli-Q grade water.

— Hot plate (7 cm radius) with magnetic stirring.
— Reflux column.
— Vacuum pump.

— UV-Vis spectrophotometer.
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2.2 Dithiolane-Based
Linkers Synthesis

2.2.1 Materials

2.2.2 Reagents

2.2.3 Equipment

50 mL round-bottom flask.

2-cm long magnet.

1 septum.

Thin-layer chromatography (TLC) (sheets of silica gel 60F254).
Filter paper.

2000 KDa tubing membrane.

Lipoic acid.

N-hydroxysuccinimide (NHS).

Tetrahydrofuran (THEF).

N, N'-dicyclohexylcarbodiimide (DCC).

Ethyl acetate (AcOEt).

Methoxypolyethylene glycol amine (PEG-NH,).
Drug with a primary amine (e.g., Gemcitabine).
Dimethylformamide (DMF).

Dichloromethane (CH,Cl,).

Methanol (MeOH).

Threoninol.

4 ,4'-Dimethoxytrityl chloride (DMTrCl).

Dry pyridine (Py).

Hexane.

Succinic anhydride.

Dry CH,Cl,.

4-(Dimethylamino)pyridine (DMAP).

N, N-Diisopropylethylamine (DIPEA).

Distilled water.

Magnesium sulfate anhydrous (MgSOy).
1-Hydroxybenzotriazole (HBO").

Acetonitrile (MeCN).

CPG: Aminopropyl-CPG, 1000 A.

Caping reagent A (CAP A): THE /pyridine /acetic anhydride (8:
1:1).

Caping reagent B (CAP B): 10% Methylimidazole in THF.

Flash column chromatography using silica gel (60 A,
230 x 400 mesh).

Rotavapor.



2.3 Functionalization
of AuNPs

2.3.1 Materials

2.3.2 Reagents

2.3.3 Equipment
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Plastic material: one microcentrifuge tube per condition.

A 96-well plate for absorbance measurements in a plate reader.

Oligonucleotides with sulfide-based modifications at micromo-
lar concentration.

Annealing buffer 3x: 30 mM Tris-HCI, 3 mM EDTA,
150 mM NaCl.

Tris (2-carboxyethyl) phosphine hydrochloride solution
(TCED).

Gold nanoparticles (AuNP) with a diameter of 13 £+ 2 nm (see
Subheading 3.1).

Sodium chloride solution: 5 M NaCl.

Oligonucleotide quantification kit (e.g., Quant-iT™ Oli-
Green™ ssDNA Assay Kit, Qubit™ ssDNA Assay Kit), includ-
ing the Quant-iT OliGreen® ss DNA Reagent, TE 20x buffer,
and oligonucleotide standard.

Autoclaved Milli-Q grade water.
PEG modified with a dithiolane group (see Subheading 3.2.2).

Chemotherapeutic drugs with dithiolane-based linker (e.g.,
gemcitabine) (see Subheading 3.2.3).

Benchtop centrifuge.
Vortex mixer.

Orbital shaker.

Plate reader suitable for absorbance and fluorescence determina-
tions using 96-well plates.

Evaporating centrifuge.

3 Methods

3.1 AuNP Synthesis

For the preparation of AuNP (13 4+ 2 nm) the Turkevich method is
used [14] as follows:

1.
2.

Turn on the heating plate to 140 °C.

Add 100 pL of HAuCly solution (94.52 pmol) in a 250 mL
round bottom flask containing 100 mL of sterile water.

. Add the magnet to the round bottom flask.
. Place the round bottom flask in the heating plate while stirring

at 700 rpm approximately, with a reflux system, and heat it to
reflux.
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5. Prepare the sodium citrate tribasic dihydrate solution in a
50 mL conical centrifuge tube.

6. When the mixture boils, add the citrate solution quickly while
stirring at 700 rpm.

7. Wait for 15 min and then remove the round bottom flask from
the heating plate. During this period, the color of the solution
turns from yellow to red (see Note 1).

8. Leave the mixture stirring at 300 rpm at room temperature and
protect from the light for 16 h.

9. Filter the solution using a 0.3 pm fritted filter with the help of
vacuum.

10. Determine nanoparticles’ size: for proper characterization of
gold nanoparticles, the size should be measured by TEM and
the concentration determined by UV-Vis spectrophotometry
using the Beer-Lambert law. It requires measuring the UV-Vis
absorbance at 520 nm and using the corresponding extinction
coefficient (&) for its size [26]. For instance, to determine the
concentration of 13 = 1 nm AuNDPs, which have an extinction
coefficient (£) of 2.7 x 10® M~ cm™!, you should use the
following equation (Eq. 1):

concentration = (1)
where A is the absorbance at 520 nm, /is the optical path in
cm, and ¢ extinction coefficient in M~ em™.

exl

3.2 Dithiolane-Based  The preparation of the dithiolane-based derivatives of drugs (3)

Linkers Synthesis and PEG (2) is summarized in Fig. 1 and described in the following
instructions. In the case of oligonucleotides, the required solid
support (CPQG) containing a dithiolane moiety for the preparation
of oligonucleotides is also described (7).

3.2.1 Compound 1 [2,5- 1. Dissolve lipoic acid (1 equiv.) and N-hydroxysuccinimide (1.2
Dioxopyrrolidin-1-yl(R)-5- equiv.) in tetrahydrofuran (0.5 M).

(1,2-Dithiolan-3-yi) 2. Stir the solution at 0 °C for 10 min.

Pentanoate]

3. Dissolve N,N'-dicyclohexylcarbodiimide (1.2 equiv.) in tetra-
hydrofuran (3.5 M) and add it slowly to the lipoic acid and N-
hydroxysuccinimide solution obtained in step 1.

4. Stir the reaction at room temperature for 5 h.

5. Filter the mixture using a filter paper and wash the solid with

cold ethyl acetate. Evaporate the solvent under vacuum to
obtain compound 1 as a yellow oil.
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Fig. 1 Schematic representation of the synthesis of dithiolane-modified products: PEG, drug, and CPG

322 PEGR) 1. Dissolve compound 1 (2 equiv.) and PEG-NH, (1 equiv.) in
tetrahydrofuran.

2. Stir the reaction at room temperature for 18 h.

3. Purify the crude by dialysis with a 2000 KDa tubing
membrane.

4. Stir the solution for 18 h to obtain compound 2.

323 Drug-Modified 1. Dissolve compound 1 (2 equiv.) and a drug containing a pri-
Linker 3) mary amine (e.g., Gemcitabine) (1 equiv.) in dimethylforma-
mide (0.1 M).

2. Stir the reaction at room temperature for 24 h.

3. Eliminate the solvent in vacuum.

4. Purify the crude by flash chromatography (CH,Cl,:MeOH/
25:1) to obtain compound 3.

3.24 Compound 4: N- 1. Dissolve compound 1 (1 equiv.) and threoninol (1.1 equiv.) in
(1,3-Dinydroxybutan-2-yl)- THEF (0.15 M).
5-(1,2-Dithiolan-3-yl) 2. Stir the solution at room temperature for 18 h.

Pentanamide

w

. Eliminate the solvent in vacuum.

4. Purify the crude by flash chromatography (CH,Cl,:MecOH/
25:1) to obtain compound 4 as a yellow oil.
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3.2.5 Compound5:N-(1-
(bis(4-Methoxyphenyl)
(Phenyl)Methoxy)-3-
Hydroxybutan-2-yl)-5-(1,2-
Dithiolan-3-yl)
Pentanamide

3.2.6 Compound 6: 4-
((3-(5-(1,2-Dithiolan-3-yl)
Pentanamido)-4-(bis(4-
Methoxyphenyl)(Phenyl)
Methoxy)Butan-2-yl)oxy)-
4-Oxobutanoic Acid

3.2.7 Compound 7: 4-
((3-(5-(1,2-Dithiolan-3-yl)
Pentanamido)-4-(bis(4-
Methoxyphenyl)(Phenyl)
Methoxy)Butan-2-yl)oxy)-
4-Oxobutanamide CPG

3.3 AuNP
Functionalization with
Thiol-Modified
Oligonucleotides

1. Dissolve compound 4 (1 equiv.) in dry pyridine (0.3 M).

2. Dissolve DMTrCI (1.2 equiv.) in dry pyridine (1 M) and add to
the compound 4 solution in dry pyridine at 0 °C.

3. Stir the reaction at 0 °C for 30 min, then at room temperature

for 18 h.
4. Eliminate the solvent in vacuum.

5. Purify the crude by flash chromatography (Hexane:AcOEt/1:
1) to obtain compound 5 as a beige foam.

1. Dissolve compound 5 (1 equiv.), DMAP (0.1 equiv.) and
DIPEA (1.4 equiv.) in dry CH,Cl, (0.13 M).

2. Dissolve succinic anhydride (1.3 equiv.) in dry CH,Cl, (0.3 M)
and add the solution slowly to the mixture prepared in the
previous step at 0 °C.

. Stir the reaction at room temperature for 18 h.
. Wash the solution with water 3 times.

. Dry the organic layer with MgSOy.

SN UL W

. Eliminate the solvent in vacuum to obtain compound 6.

p—

. Dissolve compound 6 (1 equiv.) in MeCN (0.05 M).

2. Dissolve DCC (1 equiv.) and HBO’ (1 equiv.) in MeCN
(0.2 M) and add to compound 6 solution at room temperature
for 3 h.

3. Filter the solution with filter paper and add to the CPG
(5 equiv. in mg).
4. Stir the mixture for 3 h at room temperature.

5. Remove the solvent and wash the CPG with MeOH three
times and with CH,Cl, three times.

6. Dry the CPG.

7. Add a mixture of capping reagents [ CAP A:CAP B (1:1)] (1 mL
per 175 mg of CPQG).

8. Stir the solution for 1 h at RT.

9. Remove the solvent and wash the CPG with MeOH three
times and with MeCN three times.

Oligonucleotides can be easily attached to AuNPs using a thiol-
based linker, which is commercially available, and most oligonucle-
otide providers offer this modification. However, the thiol group
should be deprotected, as detailed below, before incubating the
oligonucleotides with AuNPs (Fig. 2).

1. Incubate the oligonucleotide with TCEP (see Note 2) using a
100 x excess relative to the oligonucleotide’s thiol (sec Note 3)
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0.3M NacCl
16h

Thiol-modified oligonucleotide &0~

Fig. 2 Schematic representation of: (a) Deprotection of oligonucleotides bearing a thiol moiety. (b) Functio-
nalization of AuNPs with thiol-modified oligonucleotides

for 2 h at room temperature and moderate agitation on a mini-
shaker (e.g., for deprotect 500 pL of an oligonucleotide solu-
tion at 20 pM (i.e., 20 pmol/pL) use 2 pL of TCEP at 0.5 M)
(see Note 4).

2. Add the deprotected oligonucleotide slowly to the AuNP solu-
tion prepared at 12 nM.

3. Incubate the mixture for 45 min at room temperature and
moderate agitation.

4. Add 60 pL NaCl solution to a final concentration of 0.3 M
through the addition of small volumes (e.g., 5-10 pL) (see
Note 5). Vortex the solution quickly after each addition of
NaCl solution and incubate the sample for at least 10 min on
a mini-shaker between each addition.

5. Incubate the sample for 16 h at room temperature on a mini-
shaker with moderate agitation.

6. Remove any unbound material by centrifugation at 13.2 rpm
and 4 °C for 30 min. After the centrifugation, remove the
supernatant and save it for later use. The pellet should be
resuspended by vortexing in sterile water using the same vol-
ume of water removed to keep the concentration constant.
Repeat the cleaning step 3 times (se¢ Note 6).

7. Evaporate the collected supernatants and use the Quant-iT™
OliGreen™ ssDNA Assay Kit protocol to determine the
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3.4 Oligonucleotide
Quantification

3.4.1 Standard Curve
Preparation

3.4.2 Oligonucleotide
Quantification in AuNPs

3.5 AuNP
Functionalization with
Dithiolane-Modified
Oligonucleotides or
Drugs

3.5.1 AuNP
Functionalization with
Dithiolane-Modified
Oligonucleotides

Paula Milan-Rois et al.

unbound oligonucleotide from the solution (se¢ Subheading
3.4) (see Note 7).

For the quantification of oligonucleotides in the supernatant, use
an oligonucleotide quantification kit. In this case, the Quant-iT
OliGreen kit is used. The general procedure is as follows.

1.

Prepare a standard curve for each oligonucleotide using at least
5 dilutions of the specific oligonucleotide in TE buffer (1x),
e.g., 0, 1000, 750, 500, 250 ng/mL.

. Prepare a solution of Quant-iT OliGreen® ss DNA Reagent

(2 pg/mL) in TE (1x).

Mix each oligonucleotide dilution from step 1 with 1 mL Oli-
green solution prepared in step 2. Incubate the solution for
5 min at room temperature protected from light.

. Take 200 pL of each solution prepared in step 3 and measure it

in a plate reader (excitation 480 nm, emission 520 nm).

Plot the data in a concentration (ng/mL, X-
axis) vs. absorbance (a.u., Y-axis) graph. Fit the data to a simple
linear regression model and use this equation to calculate
future concentrations.

. Evaporate to dryness the supernatant collected during the

cleaning of modified AuNPs (see step 7 in Subheading 3.3).
Resuspend the pellet in 1 mL TE (1x).
Prepare a solution of Oligreen reagent (2 pg/mL) in TE (1x).

. Mix the resuspended supernatant with 1 mL Oligreen solution

(see step 2 in Subheading 3.4.1). Incubate the solution for
5 min at room temperature protected from light.

. Take 200 pL of each solution prepared in step 4 and measure it

in a plate reader (excitation 480 nm, emission 520 nm).

. Interpolate the data obtained in the standard curve equation

(see step 5 in Subheading 3.4.1) to determine the amount of
unbounded oligonucleotide.

Oligonucleotides could be attached to AuNDPs in a faster way using
a dithiolane-based linker, which does not require a deprotection
step, as in the case of thiols (Fig. 3).

1.

2.

3.

Add the oligonucleotide to 1 mL 12 nM of 13 + 2 nm gold
nanoparticles (AuNP) (see Note 3).

Incubate the solution for 15 min at room temperature on a
mini-shaker at a moderate speed.

Add 60 pL NaCl solution to a final concentration of 0.3 M
through the addition of small volumes (e.g., 5-10 pL) (see
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Note 5). Vortex the solution quickly after each addition of
NaCl solution and incubate the sample for at least 10 min on
a mini-shaker between each addition.

Incubate the sample for 4 h at room temperature on a mini-
shaker at a moderate speed.

. Continue with the washing steps, as described previously (see

step 6 in Subheading 3.3) and the quantification of the
unbound material (se¢ Subheading 3.4) (see Notes 6 and 7).

In this case, the drugs have to be modified with a dithiolane-based
linker (Fig. 4), and the AuNPs should be stabilized with oligonu-
cleotides or PEG containing a sulfide-based linker. In this case, for
1 mL of 13 £ 2 nm AuNP (12 nM) add at least 2000 pmol of
stabilizing agent (e.g., PEG, oligonucleotide) and then the
required amount of the modified drug for a total of 10,000 pmol
(stabilizing agent + drug) in the solution.

1.

Add the stabilizing agent and incubate it for 15 min at room
temperature on a mini-shaker at a moderate speed.

. Add the modified drug very slowly and incubate it for 16 h at

room temperature on a mini-shaker at a moderate speed (see
Note 5).

. Wash the nanoparticles as described in step 6 in Subheading

3.3 (see Note 6).

. Evaporate the collected supernatant to the initial volume

(1 mL) to quantify the drug and determine the nanoparticles’
loading.

. Measure the supernatant in a spectrophotometer (according to

the specific absorbance of the drug) and calculate the unbound
drug using the Beer-Lambert formula (see Note 8).

4 Notes

. AuNP solution should be kept in darkness.

. Keep TCEP under an inert atmosphere to prevent its oxida-

tion. Once opened, store the compound in 20 pL aliquots at
—20 °C.

. Duplexes should be annealed from their corresponding oligo-

nucleotides before conjugation. In short, combine equal con-
centration and volume of each strand and add the same volume
of annealing buffer (3x). Then, incubate the sample at 95 °C
for 10 min and leave to cool slowly to room temperature.
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Dithiolane-modified oligonucleotide ponen AuNP Q

Fig. 3 Schematic representation of AuNPs functionalization with dithiolane-modified oligonucleotides

Dithiolane-modified prome Dithiolane-modified p......  Dithiolane-modified »p
oligonucleotide B PEG drug (BRIG AUNP Q

Fig. 4 Schematic representation of AuNPs functionalization with a dithiolane-modified drug using oligonucleo-
tides or PEG as stabilizers

4. To get a complete functionalization of the nanoparticles, we
recommend adding 10,000 pmol of the oligonucleotide to
1 mL AuNP (12 nM, 13 nm).

5. If you see that the AuNPs are being attached to the plastic
tubes, move the solution to other plastic tubes immediately.

6. When AuNPs are changing their color to blue, it is due to
aggregation. If vortexing the solution does not re-solubilize
them, discard the preparation.

7. Oligonucleotide quantification could also be done by releasing
the attached oligonucleotide [27]. To do so, treat the sample
with 1 mM GSH for 8 h 37 °C. Then centrifuge the sample for
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30 min at 13.2 rpm. Collect the supernatant and measure it as
described in Subheading 3.3 and 3 4.

8. Drug quantification could also be done by comparing the drug
supernatant absorbance or fluorescence with a proper standard
linear calibration curve of the drug [19] or using analytical
chromatography (HPLC).
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Determination of Optimum Ratio of Cationic Polymers
and Small Interfering RNA with Agarose Gel Retardation
Assay
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Abstract

Nanomaterials have aroused attention in the recent years for their high potential for gene delivery applica-
tions. Most of the nanoformulations used in gene delivery are positively charged to carry negatively charged
oligonucleotides. However, excessive positively charged carriers are cytotoxic. Therefore, the complexed
oligonucleotide /nanoparticles should be well-examined before the application. In that manner, agarose gel
electrophoresis, which is a basic method utilized for separation, identification, and purification of nucleic
acid molecules because of its poriferous nature, is one of the strategies to determine the most efficient
complexation rate. When the electric field is applied, RNA fragments can migrate through anode due to the
negatively charged phosphate backbone. Because RNA has a uniform mass/charge ratio, RNA molecules
run in agarose gel proportional according to their size and molecular weight. In this chapter, the determi-
nation of complexation efficiency between cationic polymer carriers and small interfering RNA (siRNA)
cargos by using agarose gel electrophoresis is described. siRNA /cationic polymer carrier complexes are
placed in an electric field and the charged molecules move through the counter-charged electrodes due to
the phenomenon of electrostatic attraction. Nucleic acid cargos are loaded to cationic carriers via the
electrostatic interaction between positively charged amine groups (N) of the carrier and negatively charged
phosphate groups (P) of RNA. The N /P ratio determines the loading efficiency of the cationic polymer
carrier. In here, the determination of N /P ratio, where the most efficient complexation occurs, by exposure
to the electric field with a gel retardation assay is explained.

Key words Small interfering ribonucleic acid (siRNA), Agarose gel retardation assay, siRNA /cationic
polymer carrier complex, Nanoparticles, N /P ratio, Gene delivery

1 Introduction

Regulation of a specific gene has been used for the treatment of a
wide range of diseases such as cardiovascular diseases [ 1], neurode-
generative diseases [2], and cancer [3]. RNA Interference (RNAI)
has become a powerful tool for gene silencing studies due to its
advantageous properties such as high specificity, effectiveness, a
minimum amount of side effect, and easy preparation [4]. RNAi
mechanism was first determined by Andrew Z. Fire, Craig
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C. Mello, and their colleagues [5]. As a result of their studies, they
received the Nobel Prize in Physiology or Medicine in 2006. Inter-
fering RNAs have the ability to silence target genes in cells [6]. At
this silencing process, 18-31 nucleotides length small RNA mole-
cules are introduced into cells and induce a sequence-specific gene
silencing at the post-transcriptional level by blocking mRNAs con-
taining a matched sequence.

siRNA is the most commonly used interfering RNA and has
shown high potential as a therapeutic RNA for gene-based treat-
ments [7]. It regulates the expression of various genes by binding
to mRNAs in the cell cytoplasm and causing degradation of their
mRNA target. The siRNA is double stranded in nature and is about
22 nucleotides in length. Its precursor is initially recognized by
Dicer RNase and then incorporated with the RNA-induced silenc-
ing complex (RISC). The siRNA-RISC complex can bind the
targeting region of the mRNA and lead to a sequence-specific
cleavage with endonuclease Argonaute-2 (AGO?2), thereby reduc-
ing the expression of the targeted protein [8].

Although siRNA has had particular interest in research, there
are some limitations. The major limitations of siRNAs-based thera-
peutics are their rapid degradation by serum nucleases, poor cellular
uptake due to the negatively charged backbone, rapid renal clear-
ance following systemic delivery, off-target effects, and induction of
immune responses [9]. In addition, even after siRNA is released
from the endosome without being exposed to the lysosome and
released into the cell cytoplasm, gene silencing of the siRNA may
not be immediately observed [10]. Thereby, before the silencing
therapeutic effect of siRNA begins, there is always an induction
period due to the intracellular half-life of the target protein. The
silencing effect of the given siRNA decreases over time owing to the
natural degradation of the siRNA molecules in the cell. Moreover,
the therapeutic effect persists for a limited time in rapidly dividing
cells such as cancer cells, due to the continuous dilution of siRNA in
the replication.

Bare siRNA molecules have poor cellular internalization and
they need a carrier to enter cells, where their mechanism of action
occurs. The major challenge in the delivery of nucleic acids is the
availability of a suitable carrier for transferring siRNA to target cells.
To do that, there are two main approaches such as viral and
non-viral vectors [11]. The suitable vectors should provide a high
degree of transfection for a long period without causing systemic
toxicity and immunogenicity [12]. Despite the high transfection
activity of viral vectors, possible damage to host genes, immune
system stimulation, and infection potential limit its application for
gene therapy [13].

To overcome these limitations different types of delivery sys-
tems have been designed such as lipid [14, 15], polymer [16],
peptide [17, 18], dendrimer [19-21], and micelle [22] based
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vehicles. An ideal siRNA delivery system should be non-toxic, safe,
and effective. Thus, many studies have focused on the development
of non-viral vectors with minimal toxicity. Furthermore, the carrier
systems should assure entrance of siRNA cargos to the cell cyto-
plasm without being interrupted by biological barriers such as
serum, cell membrane, and endosome/lysosome [23]. In detail,
the cell entry of siRNA /cationic polymer carriers is mostly facili-
tated by the mechanism known as “endocytosis” [10]. In particu-
lar, siRNA/cationic polymer carriers should be able to have
endosomal escape. Otherwise, siRNA could be degraded in the
acidic and enzymatic milieu of endosome /lysosome [24].

Cationic polymers and lipids have frequently been employed in
research due to their advantages in gene delivery such as biodegrad-
ability, low cytotoxicity, structure variety, and easy scale-up produc-
tion [25]. Therapeutic nucleic acid cargoes are loaded into the
carrier systems mostly through the positive—negative charge inter-
actions between positive charges of carrier and negative charges of
phosphate groups in RNA. However, cationic polymer carriers with
excess of positive charge may cause toxicity. Cationic carriers cause
considerable disruption of cellular membrane integrity because of
the negatively charged constitution of cell membrane [26]. More-
over, cationic nanocarriers induce cell necrosis due to the positive
charge [27]. They also cause mitochondrial and lysosomal damage
and formation of a high number of autophagosomes [28]. In order
to overcome this problem, smart carriers have been developed not
to cause cell membrane hydrolysis and necrosis so that they can
deliver the therapeutic agents to the target site [29]. Although the
benefits of nanocarriers in drug delivery have attracted much atten-
tion and great efforts have been made to investigate better cationic
carriers, toxicity has always been the main problem of cationic
carrier applications [30]. Because of this toxicity issue, the number
of positive charges of polymer carriers should be kept low. In that
case, the required therapeutic concentration of siRNA could not be
achieved. Thus, N /P ratio has a great importance for gene delivery.
Consequently, it is essential to keep the N/P ratio low, which
indicates the complexation efficiency of the anionic therapeutic
agents and the cationic carriers, in order to prevent cytotoxicity
from excess amount of cationic polymer carriers. As a result, the
main aim for optimum N/P ratio is to carry the most efficient
number of siRNA with minimum number of cationic polymer
carriers.

To identify the optimum ratio of N and P, the gel retardation
assay commonly used for nucleic acid separation could be chosen
for determination of N /P ratio [31]. This technique is frequently
utilized for the determination of DNA or RNA fragments based on
their molecular weight [32]. The phosphate backbone of the DNA
or RNA is negatively charged, and therefore RNA fragments
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migrate to the positively charged anode when placed in the electric
field for separation, identification, and purification [33].

Agarose which, is a pure linear polymer obtained from seaweed,
is frequently used for gel electrophoresis [34]. The polymer is
boiled to dissolve in a buffer solution and polymerized in gel
form by hydrogen bonding when left to cool at room temperature.
There is no other component such as catalysts required than aga-
rose. Therefore, preparing agarose gel is simple and fast. The
advantages of agarose gel electrophoresis are being non-toxic gel
medium, rapid, and easy to cast of gels and providing well separa-
tion of high molecular weight nucleic acids [35]. In addition, the
samples can be recovered from the gel by melting or digesting the
gel with any agarose enzyme or by treating a chaotropic salt [36].

The movement of molecules in an agarose gel depends on their
size, charge, the type of electrophoresis buffer, and the pore size of
the gel. In this method, siRNA is forced to migrate through an
extremely cross-linked agarose base in response to an electric field.
In the solution, the phosphate groups of the siRNA are negatively
charged so the siRNA molecule migrates to the positive pole
(Fig. 1).

This technique is also being used for determination of the
complexation efficiency of siRNA/cationic polymer carriers. By
adding a positively charged polymer to the siRNA, the overall
charge of the complex is neutralized. Because of decreasing the
negative charge density of siRNA complex, the movement of
siRNA /cationic polymer carriers in the gel is getting difficult. If
the complexation does not happen completely, for example, there
are free forms of siRNA with siRNA /cationic polymer carriers, the
free siRNAs travel far away than the complexation forms [37].

All in all, the movement of a siRNA /cationic polymer carrier
complexation through a gel depends on (a) size of the complexa-
tion structure, (b) agarose concentration, (c) type of agarose,
(d) applied voltage, (e) presence of staining dye, and
(f) electrophoresis buffer type [38]. After running the samples in
a suitable dye-containing gel, the complexed and free siRNA can be
visualized under UV light.

2 Materials

siRNA.

. Agarose.

. Tris-HCI.

. Acetic acid or boric acid.
EDTA.

. DNA Ladder.
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Fig. 1 Agarose gel retardation assay to evaluate siRNA binding efficiency of
15 kDa cationic polymer complexation with siRNA at different N/P (amine/
phosphate) ratios. The gel retardation assay is set as the number of carriers is
increasing, SiRNA is kept constant. The orange-colored rectangle marking in the
figure shows the optimal N/P ratio (2/1) which is siRNA completely complexed
with the carriers

7.
8.

Loading Dye.

RedSafe nucleic acid staining solution.

9. Ethidium bromide.

10.
11.
12.
13.
14.

dH,O0.

Microwave oven.
Gel casting device.
Glass beaker.
Graduated cylinder.

Prepare solutions with distilled water and nuclease-free water.

Store all reagents (except siRNA and loading dye) at room
temperature.

1.

Preparation of tris acetate-ethylenediaminetetraacetic (TAE)
buffer reagents: Prepare 50x TAE buffer (pH 8.0) with
40 mM ethylenediaminetetraacetic (EDTA) disodium salt
(My: 336.21 g/mol), 2 mM tris base (My: 121.14 g/mol),
1 M Acetic Acid (Myy: 60.05 g/mol) (see Note 1).

. Preparation of stock solution 5.0 1 50x TAE butffer (pH 8.0):

Weight 1.21 g of Tris base, 67.24 g of EDTA, and draw
285.95 mL of acetic acid and dissolve all of them in 5.0 L
distilled water, carefully. Perform this step on the magnetic
stirrer and adjust pH 8.0 with hydrochloric acid (HCI) (see
Note 2). Store the solution at room temperature.
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3. Preparation of 1x TAE buffer: Draw 20.0 mL of 50x TAE
buffer solution and complete it to final 1000.0 mL in a glass
beaker (see Note 3).

4. Preparation of 1% agarose gel: Weight 1.0 g agarose powder,
add 100.0 mL of electrophoresis bufter. Agarose powder is
dissolved in the electrophoresis buffer to the desired concen-
tration (sec Note 4).

2.2 Polymer 1. Preparation of polymer solution: Add 1.0 mg of polymer in
and siRNA 1.0 mL of nuclease-free water. Store at 4 °C.
2. Stock siRNA solution: Dissolve siRNA in nuclease-free water at
a concentration of 50 pmol. Afterwards, allocate 800.0 pL of
stock siRNA solution into microcentrifuge tubes (se¢ Note 5)
and store at —20 °C.
3 Methods
3.1 Calculation of Following the steps below, the number of siRNA, cationic poly-
Nitrogen to Phosphate  mers, and N /P ratios will be calculated. It is good to create a table
(N/P) Ratio for containing the amounts of siRNA, polymer, loading dye, and dis-
Complexation for tilled water, which will be helpful for setting the experiment (see
siRNA/Cationic Table 1). After the calculation, the complexation siRNA /cationic
Polymer Carriers polymer carriers at the different N/P ratios are loaded into gel

3.1.1 Calculation of the
Amine Groups of Polymer

wells, run in the electrophoresis, and visualized under UV light.

To sum up, the procedure can be simply separated into four
steps: (1) preparation of materials to be loaded into wells and
carried out of complexation, (2) preparation of agarose gel and
loading of samples into wells, (3) running the samples at appropri-
ate voltage and time, and (4) obtained data and identification of the
optimum N /P ratio (Fig. 2).

1. Calculate the molecular weight and the number of amine
groups of the cationic polymer (or look at the datasheet of
your polymer if you purchase from a vendor) (see Note 6), i.c.;

(a) The molecular
180,000.0 g/mol.

(b) Amine groups per the cationic polymer: 235 amines.

weight of a cationic polymer:

2. Determine the initial dose of the cationic polymer to be used
and calculate the mole of the cationic polymer, i.e.;
(a) The cationic polymer dose: 1.0 mg.

(b) The number of the
5.5 x 1072 mol.

cationic  polymer moles:
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Table 1
The siRNA/cationic polymer carrier complexation for different N/P ratios

Stock polymer
Well Treatment  Stock siRNA solution Loading dye Nuclease free
number (N/P) solution (pL) (pL) (L) H,0 (pL)
1 DNA ladder - - - -
2 Free siRNA 1.0 - 4.0 15.0
3 1.0/1.0 1.0 1.6 4.0 13.4
4 1.5/1.0 1.0 2.4 4.0 12.6
5 2.0/1.0 1.0 3.2 4.0 11.8
6 2.5/1.0 1.0 4.0 4.0 11.0
7 4.0/1.0 1.0 6.4 4.0 8.6
8 6.0/1.0 1.0 9.6 4.0 5.4
9 Free - 10.6 4.0 5.4
polymer
5 5 2
[0}
4 % £ g8 =
g 8 3 gg_ h”"‘lr--'
5 & £ 83
E é " i

Step 1: Prepare polymer/siRNA Step 2: Prepare the agarose gel

complex at different N/P ratios and and load each sample into wells.

incubate for 30 min.

5 < 2 0

s S = [l

4 % Q e|ejle e o a

$ 8558|5255 8 W=

O L ~ ~|a o  © Wb A e

= N
4 r \L/"j
“\_L/_...-

Step 4: Image analyze and v Step 3: With power supply for 60
determine the N/P ratio u min at 60 V initiate electrophoresis

Fig. 2 Brief summary of the creation stages of gel retardation assay
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3.1.2 Calculation of
Phosphate Groups of
SiRNAs

3.1.3  Calculation of N/P
Ratios

3.2 Preparation of
1% Agarose Gel
Electrophoresis

3.

Multiply the number of amine groups in the cationic polymer
by the number of cationic polymer moles. This number will be
the number of total amine moles.

a) The mole of amine groups: 1.3 x 10~° mol.
(a) group

Calculate the average molecular weight of siRNAs (see Note 7),

ie.;

(a) The average molecular weight of a siRNA molecule:
340.0 g/mol.

(b) siRNA consists of double stranded 21 bp so it has a total
of 42 bp unit/siRNA molecule.

(¢) The molecular weight of 21 bp siRNA (siRNA mole-
cule * number of bp * 2) 14,280.0 g/mol
(340.0 * 21 * 2). This is the value used in the subsequent
calculations.

Determine the initial dose of the siRNA to be used and calcu-
late the mole of the siRNA.

(a) The siRNA dose: 0.7 pg.
(b) The number of siRNA moles: 4.9 x 10~ mol.

Multiply the number of Phosphate (PO4>~) groups in the
siRNA to get the total number of phosphate groups.

(a) The mole of PO~ groups (siRNA moles * nr PO,
groups): 2.06 x 1077 mol (4.9 x 10~ mol * 42).

One milligram of cationic polymer (1.3 x 10~° mol obtained from
Subheadings 3.1.1-3.1.3) dissolved in 1.0 mL of distilled water as a
stock solution. For the calculation of 1:1 N /P ratio, calculate the
amount of amine groups in the polymer which equals to the same
mole of PO4*~ groups (2.1 x 10~ mol obtained from the Sub-
headings 3.1.2 and 3.1.3). Based on this calculation, 1.60 pL of the
polymer solution is taken. For 1.5:1, 2:1, 2.5:1, 4:1, 6:1 N/P
ratios, this volume is multiplied with 1.5, 2.0, 2.5, 4.0, and 6.0,
respectively (see Table 1).

1.

2.

3.
4.

To prepare 1x TAE bufter, get 50.0 mL of 50x TAE buffer
stock solution and complete to 1000.0 mL volume with dis-
tilled water in a beaker.

Add 1.0 g of agarose powder into 100.0 mL of 1 x TAE butfter
and mix it to make 1% agarose gel. After that, boil the agarose
mixture in a microwave oven to melt it (see Note 8).

Cool the solution to approximately 50-60 ° C.

Add the RedSafe nucleic acid staining solution (5.0 pL) (see
Note 9).
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3.3 Loading siRNA/
Cationic Polymer
Carrier Complex into
1% Agarose Gel

5.

Poured into a casting tray containing a sample comb and
allowed to solidify at room temperature (se¢ Note 10).

. Remove the sample comb from the cooling casting tray (see

Note 11).

. Prepare mixture of nuclease-free water, polymer, and siRNA in

separated microcentrifuge tubes as given in Table 1.

. Allow 30 min for the complexation of siRNA /cationic polymer

carrier.

. Add 4.0 pL. of DNA gel loading dye to each centrifuge tube.

The loading dye (6 <) is added to the gel for the visualization of
siRNA during sample loading and running.

. Load a total 20.0 pL volume from each sample into agarose gel

wells.

. Set power supply at 60 V for 60 min (sec Note 12).
. The electrophoretic mobility of the siRNAs of each sample is

visualized under UV light (see Fig. 1).

4 Notes

. Agarose gel electrophoresis of siRNA is performed using either

TAE bulfter or tris-borate—-EDTA (TBE) bufter [39].

. Wear a mask and gloves when preparing bufter agents. TAE

buffer solution can be stored at room temperature for a month.
In our laboratory, we prepare fresh solution every month.

. The most reliable strategy for TAE usage, prepare a fresh 1x

TAE bufter for each time just before the experiment.

. The percentage of agarose gels used is generally in the range of

0.2-3%. This percentage could be changed based on the size of
siRNA and total molecular weight of the carrier [40].

. Allocate all the samples (i.e. siRNA) to avoid damaging the

main source.

. Calculation/determination of the molecular weight, chemical

formulation, surface charge, and size of the polymer are carried
out according to "H-NMR, zeta potential, and size analysis.

. The average molecular weight of siRNA base is 340 g/mol.

Average molecular weight of a double-stranded DNA
(dsDNA) base pair and a single-stranded DNA (ssDNA) base
pair are 600 and 330 g/mol, respectively [41].

. Initially, the agarose solution is boiled for 45-60 s in the

microwave at 180 °C. If the agarose powder does not dissolve
well, repeat the step for another 20-25 s until it totally
dissolves.
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10.

11.

12.

Instead of using RedSafe nucleic acid staining dye, ethidium
bromide, bromophenol blue or xylene cyanole could be

preferred [35].

The casting tray containing sample comb must be on a flat
surface. Otherwise, the thickness of the gel may not be
uniform. While pouring the solution, one should be careful
about the formation of bubbles, which may affect the migra-
tion efficiency.

To solidify the gel, wait 1-1.5 h before removing the comb
from the tray to ensure that the loading wells are intact and
well-opened.

The optimum running time is 45-90 min to identify the N /P
ratio of siRNA /cationic polymer carrier complexation. In the
case of gel electrophoresis is performed at a higher voltage, the
running time is decreased. However, if the running time is
increased that leads to heating up which leading to siRNA
banding artifacts [39].
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Generation of Protein-Phosphorodiamidate Morpholino
Oligomer Conjugates for Efficient Cellular Delivery via
Anthrax Protective Antigen

Valentina Palacio-Castaneda, Roland Brock, and Wouter P. R. Verdurmen

Abstract

Phosphorodiamidate morpholino oligomers (PMOs) offer great promise as therapeutic agents for transla-
tion blocking or splice modulation due to their high stability and affinity for target sequences. However, in
spite of their neutral charge as compared to natural oligonucleotides or phosphorothioate analogs, they still
show little permeability for cellular membranes, highlighting the need for effective cytosolic delivery
strategies. In addition, the implementation of strategies for efficient cellular targeting is highly desirable
to minimize side effects and maximize the drug dose at its site of action. Anthrax toxin is a three-protein
toxin of which the pore-forming protein anthrax protective antigen (PA) can be redirected to a receptor of
choice and lethal factor (LF), one of the two substrate proteins, can be coupled to various cargoes for
efficient cytosolic cargo delivery. In this protocol, we describe the steps to produce the proteins and protein
conjugates required for cytosolic delivery of PMOs through the cation-selective pore generated by anthrax
protective antigen. The method relies on the introduction of a unique cysteine at the C-terminal end of a
truncated LF (aa 1-254), high-yield expression of the (truncated) toxin proteins in E. coli, functionalization
of a PMO with a maleimide group and coupling of the maleimide-functionalized PMO to the unique
cysteine on LF by maleimide-thiol conjugation chemistry. Through co-administration of PA with LE-PMO
conjugates, an efficient cytosolic delivery of PMOs can be obtained.

Key words Antisense, Anthrax toxin, Protective antigen, Phosphorodiamidate morpholino oligo-
mers, DNA analog, Drug delivery, Cellular internalization, Bioconjugate chemistry

1 Introduction

Phosphorodiamidate  morpholino  oligomers (PMOs) are
uncharged DNA analogs with therapeutic potential due to their
ability to specifically bind to target sites on RNA. By steric inhibi-
tion of translation initiation complexes, PMOs can block transla-
tion. Alternatively, by targeting sites associated with splicing of
pre-mRNAs, PMOs can mediate splice modulation and thereby
correct the consequences of splicing mutations at the pre-mRNA
level, for instance those in inherited retinal dystrophies [1]. PMOs
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have several qualities that are excellent for therapeutic develop-
ment, including nuclease-resistance, long-term activity, low toxic-
ity, and high specificity [2, 3]. However, a major challenge remains,
which is achieving an efficient cellular delivery, particularly in vivo.
PMOs are neutral molecules that because of their size are imper-
meable to cellular membranes. Delivery approaches that have been
developed up to now include scraping of cells, particle-based
approaches, and cell-penetrating peptide (CPP)-based delivery
[3-5]. Cell scraping cannot be translated to in vivo applications
and particle-based approaches suffer from delivery challenges
in vivo such as poor tissue penetration and liver enrichment [6].
CPP-mediated delivery has demonstrated potential, but still does
not target specific cell-surface receptors, indicating the need for a
novel approach.

Recently, several groups have demonstrated that anthrax toxin,
a sophisticated protein-based molecular machine that has evolved
to efficiently deliver toxic catalytic proteins into the cytosol, can be
employed for the functional delivery of various types of cargoes,
including antisense oligonucleotides (AON) [7, 8]. The full
anthrax toxin consists of three proteins: a pore-forming protein,
called protective antigen (PA), that generates cation-selective pores
and two enzyme components [9], called lethal factor (LF) and
edema factor (EF). LF and EF in turn consist of two domains: the
first domain binds the protein pore and the second domain is the
enzymatically active domain and is thus responsible for the actual
toxicity. For the delivery of PMOs via this mechanism, only PA and
the PA pore-binding domain of LF are needed as protein compo-
nents. For LF, this means that the enzymatic (toxicity-causing)
domain of LF is replaced with a PMO.

In this chapter, we describe the preparation of the components
needed to mediate cytosolic delivery of PMOs by the anthrax toxin
translocation mechanism (Fig. 1a). The individual protein compo-
nents, PA and LF (1-254) are produced in high quantity in soluble
form in the cytosol of E. cols. LF (1-254) is by itself cysteine-free, so
through the introduction of a unique C-terminal cysteine, a site-
specific conjugation via maleimide-thiol conjugation chemistry can
be achieved. Maleimide-thiol conjugation chemistry is useful for
coupling biologically active molecules because it is fast, highly
selective and it can be done in physiological buffers at 37 °C or at
4 °C[10].

To enable the conjugation of the PMO to the protein, PMOs
containing a primary amine at the 3’ end are functionalized with a
maleimide moiety through a bifunctional linker containing an
NHS-ester and a maleimide group separated by a cyclohexane
spacer. After coupling maleimide-functionalized PMOs with LF,
uncoupled PMO is removed via dialysis, producing LE-PMO con-
jugates that can be delivered to the cytosol via anthrax protective
antigen (Fig. 1b).
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