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Abstract—Nucleic acids have made a long and arduous journey “from the bench to the bedside.” At present,
it can be assumed that drugs based on modified oligonucleotides will find a worthy application in personal-

ized medicine of the future.
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INTRODUCTION

Modified oligo- and polynucleotides have become
important tools in molecular biology, biochemistry,
medicinal chemistry, diagnostic procedures and are
gaining a niche among the next generation of thera-
peutic agents. The emergence of a universal auto-
mated method for the synthesis of nucleic acid (NA)
fragments has played a decisive role in the qualitative
leap forward in the study of the properties and use of
such compounds. The design, synthesis, and applica-
tion of oligonucleotides as drugs would not have been
possible if three legendary articles describing the
structure of DNA had not appeared in Nature in April
1953. The first was by J. Watson and F. Crick [1], in
which a three-dimensional model of DNA structure
was presented for the first time. Two other articles
were written by researchers from King’s College,
Cambridge. R. Franklin and R. Gosling presented the
study of X-ray diffraction by DNA crystals [2] and
M. Wilkins, A. Stokes, and H. Wilson [3] did calcula-
tions of the parameters of a double helix based on crys-
tallographic data. The history of the discovery of the
double helix is well described not only in Watson’s
famous book The Double Helix: Memories of the Discovery
of the Structure of DNA [4], but also in a number of other
books, for example, in Rosalind Franklin: The Dark Lady
of DNA, published by B. Maddox in 2002 [5].

The publication of these books and modern reviews
on the history of the development of nucleic acid
chemistry and applications [6—8], as well as the desire
of many scientists to present their work in this the-
matic issue of the journal, indicate that the signifi-
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cance of this fantastic and enchanting event is still
truly the greatest in the twentieth century, and its con-
sequences never cease to attract the attention of scien-
tists and historians of science.

The history of chemical synthesis of DNA began
two years after the discovery of the structure of the
double helix of DNA by Watson and Crick. The solu-
tion of the problem of rapid and efficient synthesis of
NA fragments was the basis for the development of
molecular biology, biotechnology, genetics, protein
engineering, and decoding the human genome. The
history of NA synthesis includes thousands of investi-
gations by scientists from many countries of the world.
The research of some was based on the achievements
of others. It is impossible to list all those who contrib-
uted to the development of this area. In the first clas-
sical work published by A.M. Michelson and
A.R. Todd, the synthesis of dinucleotides using com-
pounds of trivalent phosphorus was described [9]. It
was a master class for of convenient protection strategy
and phosphitylation methods. For the first time, ion-
exchange paper chromatography was used to isolate
the obtained dinucleoside phosphates, a progressive
method for that time. Significant events in the history
of oligonucleotide chemistry were the synthesis of the
tRNA gene and the emergence of a universal auto-
mated method for the synthesis of oligonucleotides;
therefore, while recognizing the merits of many chem-
ists, the enormous contribution of H.G. Khorana and
M.H. Caruthers should be noted above all [6—8, 10—
12]. In parallel with the improvement of methods for
creating internucleotide bonds and introduc-
ing/removing protective groups, a boom began in the
incorporation of modified units into DNA fragments,
studying the effect of modifications on the chemical
and physico-chemical properties of single- and dou-

339



340

ble-stranded fragments and their widespread use in
fundamental research, medical, and diagnostic prac-
tice.

Unmodified NA can act as an object and tool for
research or impact on biological processes. However,
the introduction of modified fragments into the oligo-
nucleotide chain makes it possible to significantly
expand the range of tasks, including significantly
improving the penetration of DNA fragments through
cell membranes, increasing resistance to the action of
cellular nucleases, and enhancing thermodynamic
stability of NA duplexes. The incorporation of chemi-
cally active groups into an oligonucleotide allows
obtaining a variety of conjugates with molecules of
peptides, dyes, etc. Postsynthetic introduction of ran-
dom modifications or modifications at the 3'- and/or
5'-end of oligonucleotides are possible, however, the
most universal approach is targeted incorporation of a
modified unit in a predetermined position of the
oligomeric chain in the process of chemical synthesis.
Modifications can be subdivided into terminal and
intrachain. Substitution or introduction of additional
groups can occur at the internucleotide phosphate
group, carbohydrate moiety, or heterocyclic base.

The modification of oligonucleotides is aimed at
improving the pharmacokinetic and pharmacody-
namic properties. It is possible to distinguish some
trends in the change of properties upon introduction
of modifications, in particular, a change in the sugar
phosphate backbone leads to an increase in nuclease
stability and affinity for NA, while the addition of sub-
stituents at the 3'- and 5'-ends significantly improves
the efficiency of oligonucleotide delivery to organs
and penetration into cells.

It is always important to remember that one of the
fundamental properties of oligonucleotides is their
capability of complementary interactions; therefore,
when various modifications are introduced, one of the
main tasks is to preserve the structures and functions
necessary for interaction with complementary regions
of target nucleic acids. It is no coincidence that the
modification in most cases is aimed at the sugar phos-
phate backbone [13—18]. Important aspects are an
increase in the specificity of binding of modified oli-
gonucleotides to target nucleic acids or NA-binding
proteins and an increase in the stability of these com-
pounds with respect to hydrolysis by cellular nucle-
ases. Nevertheless, modifications should not lead to
the rise of toxic metabolites [13].

While previously everything was about a specific
modification (the main milestones are considered to
be those described in reviews [6—8, 13], including 2'-F
(1964), PS (1966), 2'-O-methyl (1969), 2'-O-MOE
(1978), PMO (1989), PNA (1991), NP (1994) LNA
(1998), tc-DNA (2002)), today such a impressive
library of oligonucleotide derivatives has been accu-
mulated, one should speak about the families of mod-
ifications. This can be demonstrated using the exam-
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ple of 2',4'-bridged oligonucleotides reviewed by Wan
et al. [13], which contains information about
30-bridge analogs. Until now, such structural changes
that lead to a decrease in the total charge of the modi-
fied oligonucleotide and an increase in its hydropho-
bicity remain in demand [19—23].

To date, 11 drugs [24] based on oligonucleotides have
been approved for use in medical practice (Table 1).

Clinical trials of a number of other modified oligo-
nucleotides (antisense oligonucleotides (ASO), small
interfering RNAs (siRNA), decoy, aptamers) are
ongoing. This indicates that the potential of ASO and
other NA-based drugs is being realized quite success-
fully. The use of synthetic oligonucleotides for thera-
peutic purposes requires a new approach for their
rational design and large-scale synthesis [36]. While
more than 70 drug candidates have gone through dif-
ferent stages of clinical trials [6], trials have been dis-
continued for a significant number of ASOs. The list
of oligonucleotides rejected for further use as biomed-
ical drugs continues to grow. The reasons include an
unconfirmed target in a gene, an incorrectly selected
nucleotide sequence of ASO, a knockdown level
achieved that is insufficient for therapy, an off-target
ASO activity, and, most importantly, a therapeutic
index that limits treatment.

Analyzing the data in Table 1, one can easily notice
that, despite the huge number of proposed modifica-
tions, only a few (a very small part of the potentially
possible) relatively simple ones are actually used. The
rest, which have not yet found application as drugs, are
widely used in scientific research or are at various
phases of clinical trials [37—41].

The search for drugs based on variously modified
oligonucleotides is reminiscent of Godel’s incom-
pleteness theorem: any system of mathematical axi-
oms, starting from a certain level of complexity, is
either internally contradictory or incomplete [42]. The
cell, and even more so the organism as a whole, is too
complex, and the information about the functioning
of the system is insufficient to design a kind of univer-
sal remedy for the treatment of even a unique (sepa-
rate) disease. This fact is the reason that a wide range
of DNA fragments, sometimes containing a set of dif-
ferent modifications, do not reach even the earliest
stage of clinical trials, remaining in the chemical labo-
ratory as new compounds, but not biomedical thera-
peutics.

Chemical synthesis of therapeutic oligonucleotides
is nontrivial, and the combined effects of several mod-
ifications are often unpredictable. When choosing
modifications and their positions in the NA-fragment,
it is necessary to be guided by empirical testing.

The lack of an antiviral drug to combat SARS-
CoV-2 has led to the use to use of various drugs that
inhibit certain stages of viral replication [43]. It would
have been surprising if there were no publications in
which, while purely theoretically, the use of oligonu-
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Table 1. Oligonucleotides approved for use as drugs
Drug Organization | Internucleoside Sugar . Specific features Ref
(year approved) phosphate or morpholine moiety
.. FDA (1998), 2'-Deoxyribose Ss
Fomivirsen EMA (1999) PS, PO [25]
2'-F-2'-deoxypyrimidine |ss
Pegaptanib | FDA (2004) PO and 2'-O-methylpurine 5'-Terminal PEG linker, 3',3'- [26]
nucleosides internucleotide bond, aptamer
2'-Deoxyribose and 2'-O- |ss
Mipomersen | FDA (2013) PS, PO (2-methoxyethyl)ribose Central part, deoxynur::leotldes; [27]
rest of the sequence, ribonucleo-
tides (gapmer)
ss
B at 5'-end
(0]
Etepli FDA (2016) Diamidophos- )O\/ o) HO\[/\OH\Nﬁ (28]
eplirsen N
P phate \P//\ P 3 K/N 0
Hic-N © e
CHj; H3C—N\
CHj;
. FDA (2016) 2'-0-(2- ss
Nusinersen EMA (2017) PS, PO methoxyethyl)ribose 291
FDA (2018) 2'-0-(2- ss
Inotersen | pyia 2018y [P PO methoxyethyl)ribose Gapmer [30]
N FDA (2018) 2'—0—methy1r1bose and ds s.1PHI§ .
Patisiran PO 2'-deoxyribose Mainly ribonucleotides; double [31]
EMA (2018) '
T at the 3'-end
2'-deoxyribose ss
Volanesorsen| EMA (2019) PS, PO 2'-0-(2- Gapmer [32]
methoxyethyl)ribose
.. PS at ends, the 2,_F(A/C/G) ds siRNA .
Givosiran FDA (2019) 2'-0-methyl(A/C/G/U) | Three-antenna GalNAc ligand [33]
rest are PO .
L.96 at the 3'-end
ss
B at 5'-end
(0)
. Diamidophos- Q 0 HO\%QH\ N/\
Golodirsen |FDA (2019) | " )\/N\P//\ ~ 3 Lo [34]
’ O ~
H3C—N\ o
CH; H3;C-N
CHj
B
Diamidophos O/'\
: - 0]
Viltolarsen | MHLW (2020) phate )\/N\ P//\ P Ss [35]
Hic-N ©
CHj;

FDA, U.S. Food and Drug Administration; EMA, European Medicines Agency; MHLW, Ministry of Health, Labor, ad Welfare of
Japan; PS, phosphorothioate; PO, phosphate; ss or ds, single- or double-stranded.
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cleotides to affect the virus had been proposed. Rossi
et al. [44] suggest that oligonucleotide-based thera-
peutic agents can target either the virus itself, inhibit-
ing its transmembrane S-protein (spike protein) or
acting on its replication proteins through disruption of
NA-—protein interactions (aptamers), or the viral
genome through suppression of gene expression (gene
silencing), mediated by siRNA or ASO. Gene silenc-
ing approaches can reduce the inflammatory effects in
the lungs and other organs, which lead to death in
severe cases of COVID-19.

At present, it can be assumed that modified oligo-
nucleotides will find worthy use in the treatment of
various diseases, including hereditary and orphan
ones, as well as in diagnostics and in personalized
medicine of the future.
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