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In this review we address the development of oligonucleotide (ON) medicines from a historical perspective
by listing the landmark discoveries in this field. The various biological processes that have been targeted
and the corresponding ON interventions found in the literature are discussed together with brief updates
on some of the more recent developments. Most ON therapies act through antisense mechanisms and are
directed against various RNA species, as exemplified by gapmers, steric block ONs, antagomirs, small
interfering RNAs (siRNAs), micro-RNA mimics, and splice switching ONs. However, ONs binding to Toll-
like receptors and those forming aptamers have completely different modes of action. Similar to other
novel medicines, the path to success has been lined with numerous failures, where different therapeutic
ONs did not stand the test of time. Since the first ON drug was approved for clinical use in 1998, the
therapeutic landscape has changed considerably, but many challenges remain until the expectations for
this new form of medicine are met. However, there is room for cautious optimism.

BRIEF HISTORY
OF OLIGONUCLEOTIDE THERAPEUTICS
The early development
of synthetic oligonucleotides
The landmark discovery of DNA as the heredi-
tary material by Avery et al. in 1944,1 followed by
the insightful report on the helical structure of
DNA,2 paved the way for our current understand-
ing and use of nucleic acids, including the devel-
opment of oligonucleotide (ON) therapies. In this
review we will briefly discuss some of the key dis-
coveries in this field leading to the development of
ON drugs. Although the history of ONs is inti-
mately connected with that of basic research in
molecular biology, we will focus on key areas of
direct importance for nucleic acid medicines.

Two chemical modifications may be regarded as
starting points for this field, namely, 2¢-fluoro (2¢-F)
substitutions and phosphorothioate chemistry, since
ONs with these modifications constitute versatile,
synthetic analogs of the naturally occurring coun-
terparts (Fig. 1). Thus, as described in one of the
following sections, 2¢-F substitutions are used in

many synthetic ONs,3,4 since they increase binding
affinity to the complementary target and alsoprovide
some protective effects. Also, the phosphorothioate
chemistry, which was developed by Fritz Eckstein,5

remains a highly important modification for most of
today’s ON drugs, since it both confers protection
against degradationand aids in the cellular uptakeof
ONs.6,7 In the 1960s another 2¢ modification, 2¢-O-
methyl (2¢-O-Me), was also synthesized in a labora-
tory for the first time.8 Although this nucleotide
exists naturally in certain endogenous RNA species,
it serves as an important ingredient in several syn-
thetic, therapeutic ONs.

Oligonucleotide binding to Toll-like receptors
Another key discovery in the 1960s was the

identification of poly(I:C) as an inducer of interferon
in rabbits.9 The biological basis for this observation
was not understood at the time, and it took another
34 years before the Toll-like receptor 3 (TLR3) was
shown to be the receptor for double-stranded
RNA.10 Related to these findings was the notion in
1984 that bacterial DNA has an antitumoral ef-
fect.11 Eleven years later it was demonstrated
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that bacterial CpG triggers the activation of B-
lymphocytes,12 and this was followed by the cloning
of the corresponding receptor, named TLR9, in the
year 2000.13 While the TLR intracellular signaling
pathways have been delineated,14 it is interesting to
note that short DNA ONs impair TLR3 signaling in
both primates and humans, thereby constituting a
potential tool for clinically interfering with this
receptor-mediated activity.15

Hoogsteen binding, G-quadruplexes,
and triplex-forming oligonucleotides

The above example with TLR activation clearly
demonstrates that ONs can work by mechanisms
completely different from that of Watson–Crick base
pairing. However, with regard to hybridization there
is yet another binding mode, namely, Hoogsteen
binding.16 Thus, a decade after James Watson and
Francis Crick published their model of the DNA
double helix, Karst Hoogsteen reported a crystal
structure in which methylated A and T formed a base
pair thathadadifferentgeometry fromthatdescribed
by Watson and Crick. This mode of hybridization was
later found to take place both in G-quadruplexes and
when triplex-binding ONs (TFOs) attach to a duplex.
Intracellular G-quadruplexes have so far not been
targeted by ONs in a therapeutic context, but

G-quadruplex formation constitutes an integral part
of at least one of the aptamers, which has entered into
clinical trials.17 In 1987, TFOs were first demon-
strated to bind sequence-specifically, when the Der-
van and Hélène laboratories independently reported
site-specific cleavage of a DNA target.18,19 TFOs have
so far not been studied in the clinics.

Synthesis of long ONs and the birth
of antisense

The early 1970s mark the beginning of more ad-
vanced methods for ON synthesis. In 1972, the Nobel
laureate Gobind Khorana filled the entire 28th of
December issue, corresponding to almost 300 pages,
of the Journal of Molecular Biology with a technical
feat. In the first of 13 articles, the strategy is pro-
vided for how to synthesize a DNA duplex corre-
sponding in sequence to the major yeast alanine
transfer RNA, by the use of overlapping DNA ONs.20

Automated ON synthesis came later, and was de-
veloped in the mid-1980s.21,22 Such procedures were
developed over a period of several years and many
investigators should be credited for these efforts, but
owing to space limitations we can only refer to a few
major reports. The 1970s is also the decade that
witnessed what is generally considered as the birth
of antisense therapy. Thus, in 1978 Paul Zamecnik

Figure 1. History of oligonucleotide therapeutics. Basic biology and chemistry with yellow background and clinical applications with coral red background. ON,
oligonucleotide. The different chemical structures can be found in Supplementary Fig. S1 (Supplementary Data are available online at www.liebertpub.com/hum).
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and Mary Stephenson reported in two back-to-back
articles in the Proceedings of the National Academy
of Sciences U.S.A. that the addition of a 13-mer oli-
godeoxyribonucleotide could inhibit Rous sarcoma
virus in infected cell cultures.23,24 The following
year, a publication described that RNase H site-
specifically cleaves the RNA strand in RNA–DNA
heteroduplexes,25 thereby demonstrating that an-
tisense therapy can work not only by steric blocking,
but also through an enzyme-mediated process.

In November 1987 the first antisense patent de-
scribing the gapmer concept was filed by Joseph
Walder et al.,26 and 4 years later a Tm enhanced
variant followed from ISIS pharmaceuticals.27,28

Gapmers contain an internal region (gap), made
from DNA. The gap is surrounded by a short stretch
of synthetic nucleotides with strong hybridization
properties that protect from exonuclease degrada-
tion as discussed below.

The second-generation synthetic ONs
In 1989, phosphorodiamidate morpholino oligo-

mer (PMO) chemistry was developed,29 followed next
year by another synthetic chemistry, the peptide
nucleic acid (PNA).30 Another invention in the 1990s
was the conformationally restricted locked nucleic
acid (LNA) chemistry, which was simultaneously
developed in Japan31 and in Denmark.32 These syn-
thetic building blocks are highly versatile, with nu-
merous applications both in biotechnology and in
clinical practice.33 One example is the Zorro-LNA
type of Z-shaped ON, which simultaneously targets
both strands of a DNA duplex.34 Many additional
synthetic chemistries exist, and we refer to other
publications for a review.7,35 However, tricyclo-DNA,
which was developed in 2002,36 has recently shown
interesting treatment effects in an animal model for
Duchenne muscular dystrophy (DMD) and is there-
fore worth mentioning in a therapeutic context.37

In 1990, two laboratories independently reported
the efficientproduction of ON aptamers, that is, ONs
that bind to a specific target molecule, often a pro-
tein, in the absence of hybridization.38,39 The en-
richment procedure was called systematic evolution
of ligands by exponential enrichment (SELEX). In
1990, duplex ONs were also developed to serve as
decoys by sequestering transcription factors.40 In
1992, (L)-ribonucleic acids were synthesized and
their properties studied.41 The (L)-type ONs, also
known as Spiegelmers, or mirror-image ONs, were
recently reviewed.42 The following year ON-medi-
ated splice-switching was developed in the labora-
tory of Ryszard Kole.43 For this therapeutic
approach, RNase H activity is unwanted, since al-
tered splicing, and not degradation, is the aim.

CpG therapy, aptamers, RNAi,
and therapeutic splice switching

The clinical development of antisense ONs
(AONs) commenced in the early 1990s with a phase
I trial using AONs directed against p53 transcripts
in patients with either relapsed or refractory acute
myelogenous leukemia or myelodysplastic syn-
drome.44 The first AON going through a phase 3
study and to be FDA approved was Fomivirsen.45

This was an AON directed against cytomegalovirus
(CMV), and used in HIV patients with CMV reti-
nitis, and was administered by intravitreous in-
jections into the eye. Owing to the improved
efficacy of current HIV therapies, CMV retinitis no
longer constitutes a medical problem for this pa-
tient group, and the drug has been withdrawn.

In 2001, the first use of CpG ONs in the clinics
was reported. This compound was coadministered,
in a phase I study of the safety and immunogenicity
of recombinant hepatitis B surface antigen, as
an immunostimulatory phosphorothioate ON ad-
juvant.46,47 Three years later pegaptanib (brand
name: Macugen) became the first FDA-approved
aptamer.48 It was used as an antiangiogenic med-
icine for the treatment of neovascular (wet) age-
related macular degeneration and delivered by
intravitreous injections. This aptamer was first
described in 1998,49 and like many other aptamers
it contains 2¢-F substitutions, a modification de-
veloped already in the 1960s.3,4

In 2001, RNAi entered the ON arena through the
development of siRNAs,50 and already in 2005 bev-
asiranibbecame the firstsiRNAAON drug to beused
in humans.51,52 However, while the AON construct
was in the form of an siRNA, its mode of action was
unexpectedly mediated through a TLR3-dependent
mechanism.53 Since then, several siRNAs have en-
tered into clinical trials and this development was
recently reviewed.54

Splice switching,asa therapy, wasfirst reported in
humans in 2007.55 This study, which was sponsored
by Prosensa B.V, describes local, intramuscular in-
jections into patients with DMD. It has been followed
by the systemic delivery of both 2¢-O-Me and PMO
AONs, as reviewed elsewhere.56 Micro-RNAs (miRs)
constitute a target that only very recently has en-
tered into clinical trials. The first one was initiated
already in2009,57 witha full reportappearing in2013
ina studysponsoredby theDanishcompany Santaris
Pharma A/S, currently Roche Innovation Center
Copenhagen.58 In this trial, AON antagomirs di-
rected against miR-122 were used as a treatment
for hepatitis C infection. First-in-class micro-RNA
ON treatment in the form of a miR-34 mimic entered
phase I clinical trials in 2013.59
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A recent major development in molecular biology
is the CRISPR-Cas technology for genome editing,
first published in 2012.60 This enzyme–RNA complex
is dependent on two short RNA sequences, which
may also be engineered as a single RNA chimera,
‘‘dual-tracrRNA:crRNA,’’ or guide RNA, serving as a
very efficient tool for editing purposes, and such
short RNA species can be synthesized as ONs.

From all the attempts to develop ONs into med-
icines, as depicted in Fig. 1, it is obvious that there
are many entirely different approaches being used.
The seven biological processes that have been tar-
geted and the corresponding ON therapeutic in-
terventions used are shown in Fig. 2. In addition to
the historical overview, we will in the next sections
also provide a brief update on some of the more
recent developments involving ON medicines.

AONS INDUCING RNA DEGRADATION

For many diseases a therapeutic strategy is to
reduce the level of a gain-of-function RNA, which
by itself is toxic, produces a dominant malfunc-
tioned or toxic protein, or induces disease by dis-
turbing the regulation of other genes. The two
main strategies for AON-induced enzymatic deg-
radation of specific RNAs are siRNAs and gapmer
AONs. Today a number of such ON therapeutics
have reached clinical trials, for example, for the
treatment of cancer,61 neurological diseases,62 in-
fections,63 or other diseases that preferably can be
treated by targeting the liver.64

Gapmer AONs utilize the intracellular enzyme
RNase H, which degrades the RNA strand in an
RNA–DNA hetero-duplex. To prevent rapid catal-
ysis, such AONs are generally synthesized with a
phosphorothioate backbone.65 To increase affinity
and protect the ONs from exonucleases, a number
of chemically modified nucleic acid analogs have
been inserted at each end of the ON to create what
is called a gapmer. A gap with six to eight unmod-
ified DNA nucleotides in the middle is mediating
efficient induction of RNase H degradation. Very
few base modifications are allowed within this
DNA gap, in order not to disturb the catalysis.66 In
dominant diseases caused by a mutation in a single
allele, RNase H degradation can be selectively
targeted against the mutated mRNA through ONs
binding to (1) the specific point mutation,67

(2) structural differences between wild-type and
mutant mRNA,68–70 or (3) a single nucleotide poly-
morphism that is unique to the mutant RNA.71,72

siRNAs are short 20–24 bp dsRNA ONs with
phosphorylated 5¢ ends and hydroxylated 3¢ ends
with two overhanging nucleotides. These dsRNAs
mediate degradation of the cognate mRNA target,
when the correct antisense strand has been loaded
into the RNA-induced silencing complex. In serum,
unmodified siRNA is almost completely degraded in
less than a minute. Consequently, researchers have
for more than a decade incorporated chemically
modified nucleotide analogs to improve stability and
efficiency.73 Internally segmented interfering RNAs
(sisiRNA) harboring two short passenger strands
constitute an interesting approach to increase the
tolerance for insertion of different base modifica-
tions.74 Thus, for example, LNA and 2¢-O-Me nu-
cleotides incorporated at optimal positions can
increase nuclease resistance, enhance activity and
specificity, and reduce potential immunogenicity of
the delivered siRNA.33 Even though different che-
mical modifications can stabilize and increase the
biostability of synthetic ONs, siRNAs will always

Figure 2. Schematic representation of seven mechanisms for ON medi-
cines that have been used in the clinic. (1) Binding to Toll-like receptors
(TLRs) in the endosome. (2) Small interfering RNA (siRNA). (3) Micro-RNA
(miR) mimic. (4) Antagomir, sterically blocking endogenous miR. (5) Gapmer
AON, inducing RNase H degradation (steric block ONs also exist). (6) Ap-
tamer, binding alters protein surface. (7) Splice switching ON (SSO). Not
depicted are anti-gene ONs, and ONs directed against nuclear regulatory
RNA species, which are not yet used clinically.
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display a relatively transient effect, as compared
with intracellularly produced shRNAs. Thus, they
are less likely to induce heterochromatin formation
in target genes as has been reported for some
shRNAs.75

Modified ss-siRNA with abasic substitutions
have also been shown to discriminate between
mutated and normal Huntingtin and Ataxin
mRNA, inhibiting expression of the mutated RNA
in an allele-specific manner. Inserted modifica-
tions and mismatched bases interfere with the
RNA degradation and result in a miR-like effect
on the expression.76,77

The absolute majority of registered clinical trials
using antisense or siRNAs are for treatment of dif-
ferent forms of cancer. Beside this, the most common
target organs are the liver and the eye. Martinez
et al. recently wrote a very nice overview of different
diseases that are targeted by, for example, siR-
NAs.64. Treating diseases through targeting of a
specific gene expressed in the liver is appealing be-
cause of the easy access of this organ by systemic
delivery. Nanoparticles and liposomal formula-
tions accumulate in the liver, but specific uptake
also occurs via, for example, binding to the asia-
loglycoprotein receptor. Already in 2004 a study
by Westerlind et al. demonstrated that the trimeric
form of the N-acetylgalactosamine (GalNAc) was
the most optimal targeting moiety for uptake in
hepatocytes via this receptor.78 Chemistries used
for solid-supported synthesis of ON conjugates for
improved delivery and targeting of ON drugs have
been reviewed,79 and recently a simplified method to
synthesize trimeric GalNAc ligands for siRNA de-
livery to the liver was reported.80 Cellular uptake
and intracellular trafficking of therapeutic ONs
have also been frequently reviewed.81 Interesting
routes are the delivery of siRNA into the brain by
systemic injection of targeted exosomes,82,83 and
uptake of siRNAs into the brain following intranasal
administration of cell-penetrating peptide-modified
nano-micelles.84 Targeting specific organs by apta-
mers is also an interesting approach further dis-
cussed in the aptamer section.85

With the delivery to most organs mainly un-
solved, there is so far no approved siRNA-based
clinical treatment,86,87 whereas two FDA-approved
gapmers have reached the clinic for the treatment of
CMV retinitis88 and severe hypercholesterolaemia,
respectively.89

ANTAGOMIRS AND MIR MIMICS

miRs are small noncoding RNAs that influence
translation through the binding to imperfect,

complementary sites on the target mRNA. De-
pending on the degree of homology, the miR can
either induce degradation in an RNAi-like manner
or, more often, sterically block mRNA translation
(Fig. 2). These small endogenous RNAs regulate
processes involved in, for example, proliferation, dif-
ferentiation, and cell death. There exist tumor sup-
pressor miRs responsible for the inhibition of
oncogenes, as well as miRs that, when overexpressed,
inhibit translation of tumor suppressor genes, thus
designated onco-miRs. In many cancers the miR
pattern is disturbed, and if no additional mutation in
known oncogenes exist, a possible treatment can be
to block the overexpressed miR with a complemen-
tary, synthetic ON, an antagomir. Alternatively,
when miRs are missing they can be replaced by ad-
ministrating synthetic miR-mimics. Antagomirs
have been designed as potential therapeutics for the
treatment of, for example, hepatitis C infection (anti-
miR122),90,91 breast cancer (anti-miR221),92 brain
tumors (anti-miR155),93 neurodegenerative disor-
ders,94 and obesity.95 Synthetic miR mimics, like the
miR-34-mimicking ON, have already reached clini-
cal studies for the treatment of unresectable liver
cancer.96

SPLICE SWITCHING OLIGONUCLEOTIDES

Splicing is a very delicate process, and beside the
highly conserved 5¢ and 3¢ splice sites in the pre-
mRNA, it involves a number of splicing factors in-
teracting with specific target sequences in both exons
and introns. Inducing exon skipping, restoring a
malfunctioning splicing pattern, and shifting the
ratio between existing splice forms have emerged as
possible means to treat a number of genetic diseases.

Since the first proof of principle with ON-
mediated correction of the splicing of a mutated
thalassemic, betaglobin intron,43 synthetic antisense
ONs have become interesting as possible splice-
modulating compounds in a number of diseases, for
example, DMD,97 spinal muscular atrophy (SMA),98

familial hypercholesterolemia,99 and X-linked agam-
maglobulinemia (XLA),100,101 The earliest reported
clinical trials with splice-switching ONs (SSOs) have
been as treatment of DMD (Fig. 1). Here the aim is to
induce skipping of a mutated exon to restore the
reading frame and convert the severe DMD pheno-
type to the milder Becker dystrophy.102 For this
disease two different chemistries have been tried, 2¢-
O-methyl-phosphorothioate RNA (2¢-O-Me-PS) ONs
(Drisapersen; Prosensa) and PMOs (Eterplisen; Sar-
epta Therapeutics), as earlier reviewed.56,103

SSOs can act through either exon exclusion or
exon inclusion mechanisms. Pseudo-exon exclusion
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can be achieved by splice correcting ONs targeting
the actual mutation site, a promising approach to
restore splicing of, for example, the iron–sulfur
cluster scaffold, pre-mRNA, or to treat hereditary
myopathy with lactic acidosis.104,105 Another strat-
egy is to target an exon splice enhancer sequence in,
for example, XLA,100 or in homocystinuria.106

The efficiency of SSOs is highly dependent on the
ON chemistry, as well as on the target tissue. Most
studies make use of PMO or 2¢-O-Me-PS ONs.
Phosphorothioate ONs bind serum proteins, leading
to reduced renal clearance and an increased circu-
lation time.6 The uncharged PMO backbone, on the
other hand, allows conjugation to positively charged
cell-penetrating peptides, which also increase cel-
lular uptake.107 Another interesting approach is the
addition of a nuclear localization signal by linking a
tri-methylated m3G-cap, which increased the nu-
clear concentration and splice-correcting effect of an
SSO.108 Other modifications like insertion of inter-
calating ZEN residues have also been tried in order
to improve splice correction.109 Incorporation of
LNA into 2¢-O-Me-PS ONs and chemistries like the
tricyclo-DNA have also been used with promising
results.33 Splice correction by pseudo-exon skipping
was recently demonstrated in a mouse model for
XLA, the first in vivo example of splice switching in
hematopoietic cells.100,101

The approach to change the ratio of naturally
occurring isoforms has been tried to develop treat-
ments for several diseases, for example, in can-
cer.110,111 This has also recently been studied as a
means to reduce the PCSK9-mediated down-
regulation of the LDL receptor in order to reduce
blood cholesterol levels.112 This shift of a splicing
pattern to a minor, naturally occurring isoform was
thus also achieved by exon skipping.

Exon inclusion can be achieved by blocking of
intronic splicing silencer sequences as for the
treatment of SMA.113,114 Isis Pharmaceuticals re-
cently reported promising results for the treatment
of SMA in clinical studies.115 Bi-functional SSOs
equipped with a tail containing target sites for
splicing factors have also been used to enhance
specific exon inclusion at weak splice sites.116–118

Additional diseases where SSO treatments are also
investigated have recently been reviewed.56

Worth considering is also the possibility of tar-
geting multiple sites by the combination of several
SSOs,119 or using bispecific antisense sequences
targeting different mRNAs from within the same
ON.120 An interesting design in this regard was the
synthesis of disulfide-linked ONs to allow the de-
livery of two different SSOs in a 1:1 ratio into the
same cell. The rationale is that the linked SSOs

would subsequently be separated when reaching
the reducing environment inside the cell.121

APTAMER ONS

Aptamers constitute a special group of ONs
whose effect and target affinity lie in their ability to
form 3D structures that enable them to recognize
and bind strongly to both small and large mole-
cules. Selected through in vitro or cell-based SE-
LEX approaches, a substantial amount of DNA and
RNA aptamers have been generated since the early
1990s (Fig. 1). As a result, several therapeutic ap-
tamers are currently in clinical trials for various
disorders.122

Aptamers typically act as ligands for proteins,
often receptors, in either the intra- or extracellular
environment, allowing the aptamer to affect the
functionality of downstream effectors. For example,
the first-in-class FDA-approved aptamer pegapta-
nib works by blocking vascular endothelial growth
factor (VEGF), preventing it from binding to VEGF
receptors on the cell surface,49,123 which in turn in-
hibits intracellular signaling and blocks neovascu-
larization. Conversely, the AS1411 aptamer is
believed to bind nucleolin overexpressed in tumor
cells, thereby interfering with nucleolin intracellu-
lar signaling, eventually leading to apoptosis.17

Apart from therapeutical applications where the
aptamer is the drug, aptamers have also been used
for targeted delivery of ONs. For this purpose, an
aptamer capable of entering the target cell through
an endosomal pathway (receptor-mediated) is con-
nected to a therapeutic ON by (1) direct conjugation
or hybridization, (2) formulation with nanoparticles
containing the functionalized aptamer on the sur-
face, or (3) by synthesis as a chimeric ON including
both sequences.122 Using these strategies, ONs with
different functions, including siRNA,124–126 SSO,127

and antagomir,128 have been delivered into cells.
Just like other ONs, the stability and degrada-

tion of the aptamer are major factors influencing
their biological effect. ONs rich in G-base repeat
stretches have been shown to form G-quadruplexes
by positioning four G’s in a planar conformation
(combined Watson–Crick and Hoogsteen base
pairing) stabilized by a monovalent cation (Na+ or
K+ ) in the center. While the structure of G-
quadruplexes was delineated already in 1962,129 im-
plications for therapeutic ONs were first noted in
1993.130 In this report, using G-rich antisense ONs,
the activity was shown not only to be dependent on
the ON sequence, but also to strongly correlate with
presence of the G-rich stretches. Later, it was dis-
covered that aptamers able to form G-quadruplex
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structures not only specifically interact with their
protein target, but also gain dramatic increases in
their serum half-life. This phenomenon was first de-
scribed for the nucleolin-interacting AS1411 aptamer
(formerly GRO29A).131

OLIGONUCLEOTIDES
WITH ANTI-GENE CAPACITY

Anti-gene ONs (AGOs) act by sequence-specific
binding to genomic duplex DNA. They can block
the binding of transcription factors, that is, inter-
fere with the initiation of transcription, or act by
stalling RNA polymerases. AGO conjugates have
also been used to induce targeted gene repair.132

Given the notion that noncoding, antisense RNA
species can have a gene regulatory function,133

ONs can interfere with expression also by other
means than direct binding to dsDNA.

TFOs bind in the major grove of dsDNA, at
homopurine–homopyrimidine sequences, through
either Hoogsteen or reverse-Hoogsteen interac-
tions. Different chemical modifications to increase
nuclease stability and improve binding affinity
have been used, for example, in the form of PNA134

and various LNA-based chemistries.33 Pyrimidine
containing TFOs form Hoogsteen interactions thro-
ugh parallel binding to the DNA target, whereas
purine base TFOs instead bind in antiparallel mode
via reverse Hoogsteen interactions. For such TFOs,
a high G content presents a risk for aggregation
through G-quartet formation. This might be over-
come by inserting monomers of twisted intercalating
nucleic acids, as described for ONs targeting the
KRAS promoter.135 So far, TFOs have not been used
clinically, but it was recently reported that a TFO
targeting the MYC promoter in combination with
gemcitabine potentiated the antitumor activity in a
mouse model.136

AGOs with capacity to invade into dsDNA and
bind to one of the strands via WC base pairing
have also been studied. The early reports on PNA
as AGOs have been previously reviewed.134,137

The poor dsDNA invasion (DSI) capacity of PNA-
ONs at physiological salt concentrations was
somewhat improved by conjugation with the in-
tercalator 9-aminoacridine,138 and using short
LNA-containing ONs as openers enhanced inva-
sion into supercoiled DNA.139 For LNA-modified
ONs, DSI can occur also at physiological salt
concentration, and new LNA-containing AGOs
were developed in the form of, for example, the
Zorro-LNA. Such ONs targeting adjacent sites on
both DNA-strands were described to block both
RNA polymerase II and III,34,140,141 and were also

demonstrated to impair binding of the CCCTC-
binding factor CTCF, involved in long-range DNA
interactions.142 Bean et al. demonstrated that
LNA and ENA (2¢-O, 4¢-C-ethylene-bridged nu-
cleic acids) oligomers were able to reduce RNA
polymerase and SP1 transcription factor occu-
pancy in the promoter of both the progesterone
and androgen receptor genes,143 and LNA-based
AGOs were recently reviewed.33

An interesting approach is to combine the TFO
and WC binding modes in a clamp-like ON. The two
parts are connected with a flexible linker and tar-
get the same poly-purine stretch. This type of ON
was first reported for PNA-ONs and was named
bisPNA.144 In 2013, Moreno et al. reported that an
LNA-containing tail-clamp version, called bisLNA,
in contrast to bisPNA, was able to strand-invade
into supercoiled DNA at physiological salt con-
centrations.145 Like TFOs, bisPNA and pseudo-
complementary PNA-ONs together with a ‘‘donor
DNA’’ have been used to induce homologous repair,
as reported for a thalassemia-associated beta-
globulin mutation.146 Site-directed repair of the
dystrophin gene has also been reported, after
PNA-ssDNA ON injections into the muscle of mdx
mice.147

However, as compared with antisense ap-
proaches for single-stranded RNA, targeting dsDNA
is considerably more challenging. Thus, AGOs must
reach the nuclear compartment, access their targets
in a chromatin context, and overcome the hybrid-
ization between the complementary DNA strands in
order to strand-invade. This means that substantial
further optimization is needed before AGOs have
reached the stage where they could enter into clin-
ical trials.

CONCLUDING REMARKS

The history of therapeutic ONs demonstrates
that this new class of molecular medicines has
numerous potential applications in the clinic. Si-
milar to other novel fields, there is a lag phase from
the early discoveries until such therapies enter into
human studies. Given the highly different modes of
action, that is, antisense, as ligands for TLRs, and
aptamers, it is not surprising that the lag phase
may differ from one application to another, as ex-
emplified by the rapid introduction of siRNAs into
clinical trials. A common denominator for several
of the ON-based therapeutics is the use of the same
synthetic nucleotide chemistries, such as the
phosphorothioate modification. In the main, it is the
backbone that has been altered by replacing and
modifying both the phosphate and the carbohydrate,
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whereas the bases normally correspond to those
naturally occurring, an exception being the (L)-ri-
bonucleic acids.

In this review, we have only briefly addressed the
delivery aspect and this remains an important
hurdle, since ONs are rather large entities and do
not enter into cells by diffusion. Different delivery
approaches have recently been reviewed else-
where.86,148 However, while cellular uptake re-
mains a limitation, it is also clear that several
compounds already yield significant treatment ef-
fects. Collectively, this bodes well for the field, and
we predict that the development is likely to con-
tinue, not only for targets within the liver, but also
for correction of regulatory genes in, for example,
bone marrow cells and within the CNS. This would
fulfill the initial conceptual dream that ON medi-
cines, compared to low molecular ‘‘traditional’’ drugs
as well as to biologics, are much more straightfor-
ward to both design and develop.
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