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Abstract: Peptide-oligonucleotide conjugates (POCs) represent one of the increasingly successful
albeit costly approaches to increasing the cellular uptake, tissue delivery, bioavailability, and, thus,
overall efficiency of therapeutic nucleic acids, such as, antisense oligonucleotides and small inter-
fering RNAs. This review puts the subject of chemical synthesis of POCs into the wider context of
therapeutic oligonucleotides and the problem of nucleic acid drug delivery, cell-penetrating pep-
tide structural types, the mechanisms of their intracellular transport, and the ways of application,
which include the formation of non-covalent complexes with oligonucleotides (peptide additives)
or covalent conjugation. The main strategies for the synthesis of POCs are viewed in detail, which
are conceptually divided into (a) the stepwise solid-phase synthesis approach and (b) post-synthetic
conjugation either in solution or on the solid phase, especially by means of various click chemistries.
The relative advantages and disadvantages of both strategies are discussed and compared.

Keywords: cell-penetrating peptide; nucleic acid therapeutic; antisense oligonucleotide; small
interfering RNA (siRNA); peptide nucleic acid (PNA); locked nucleic acid (LNA); phosphordiamidate
morpholino oligomer (PMO); cellular uptake; drug delivery; click chemistry

1. Introduction

The peptide-oligonucleotide conjugate (POC) is a name usually applied to a synthetic
molecule constituting one or more residues of a linear or, less often, a cyclic peptide
linked by a covalent bond to an oligonucleotide or its analog. As chimeric compounds
that include an (oligo)peptide part and a nucleic acid part, each peptide-oligonucleotide
conjugate (POC) represents a combination of its parent biomolecules, such as the immanent
base-pairing ability of nucleic acids and the multifaceted bioactivity of the structurally and
functionally diverse peptides. Although the compounds related to POCs occur in nature as
nucleopeptides [1–3], this review, as it is focused on the chemical methods of conjugating
peptides to oligonucleotides, will be necessarily limited to synthetic substances only.

The interest in peptide-oligonucleotide conjugates was sparked by the advent of
antisense technology [4], followed by the development of the first generation of therapeutic
oligonucleotides at the end of the 1980s [5,6]. After a period of research, it was generally
accepted that a successful nucleic acid drug ought to demonstrate better cellular uptake
than what the majority of the explored to-date oligonucleotide chemistries can offer [7,8].
This understanding coincided with the serendipitous discovery of what was later to be
called cell-penetrating peptides in the mid-1990s [9].

Clinical application of therapeutic oligonucleotides officially started in 1998, when the
US Food and Drug Administration (FDA) approved the first nucleic acid drug fomivirsen
(Vitravene®) [10] for the treatment of cytomegalovirus-induced blinding retinitis in AIDS
patients [11]. After the seminal work on RNA interference (RNAi) [12], it took over 20 years
for the first small interfering RNA (siRNA) therapeutic patisiran (Onpattro®) to appear [13].
To date, the progress in non-clinical and clinical studies with synthetic oligonucleotides
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has prompted the FDA approval of a total of 12 drugs, whereas over 130 are going through
various phases of clinical trials [14,15]. However, despite their huge therapeutic potential,
oligonucleotides and their analogs, due to their intrinsic physicochemical characteristics, in
most cases face the problem of ineffective transport through the cellular membrane, usually
via an endocytotic pathway [16,17]. Another related although more specific problem is the
delivery through the blood-brain barrier in the case of oligonucleotide therapeutics for
neurodegenerative diseases [18,19]. Moreover, in addition to passage through the outer
cellular membrane, it is necessary for oligonucleotides to escape from endosomes [20] and
translocate to appropriate compartments, such as the nucleus [21].

One of the ways to overcome the limitations of poor cellular uptake is through the
conjugation (a covalent attachment) of an oligonucleotide or its analogue to a moiety
that promotes cellular penetration. A number of such carriers from small molecules to
macromolecules and supramolecular assemblies have been proposed, such as choles-
terol [22–24] and other lipids [25–27]; polymers [28], in particular, polyethyleneimine [29];
dendrimers [30]; inorganic nanoparticles [31]; DNA nanostructures [32,33]; and others [34].
However, despite the tremendous progress in non-viral nucleic acid delivery over the past
25 years [35], there is still no consistent solution for conjugation with such moieties that
would be applicable to most cell types and a wide range of biological targets that can
significantly improve the in vivo efficacy of the prospective oligonucleotide therapeutics.

Cell-penetrating peptides (CPPs) were identified over 20 years ago as one of the
promising carriers for oligonucleotide delivery [36,37]. Due to their ability to penetrate into
cells and mediate the delivery of such cargo molecules as non-cell-penetrating peptides [38],
proteins [39,40], nanoparticles [41], quantum dots [42], and nucleic acids [43,44], CPPs
gradually became an invaluable tool to increase the concentration of difficult-to-deliver
macromolecules in certain cells, cell compartments, tissues, and organs [45]. The CPP
could be employed either as a non-covalent additive, which may self-assemble into peptide
nanoparticles to encapsulate cargo [46,47], or as a covalently attached moiety in the form of
a peptide conjugate [48,49]. The peptide-oligonucleotide conjugates (POCs), which will be
covered in this review, were employed as vehicles for oligonucleotide delivery in various
medicinal applications, such as antimicrobial, antiviral, anticancer, or splice-switching
therapies [50,51]. Recent studies have shown that conjugates of CPPs with various oligonu-
cleotides and, more often, their analogues demonstrate excellent efficiency, in particular, as
antibacterials or as splice-switching agents for such genetic diseases as Duchenne muscular
dystrophy or spinal muscular atrophy [52,53]. Thus, an overview of the currently applicable
methods for the chemical synthesis of peptide-oligonucleotide conjugates, with particular
emphasis on more recent developments, would be useful for an in-depth understanding of
this highly promising area of oligonucleotide therapeutics research.

2. Nucleic Acid Therapeutics

Currently, nucleic acid derivatives are considered powerful tools for treating vari-
ous diseases at the posttranscriptional level. Contrary to small-molecule drugs, oligonu-
cleotides, which are short, synthetic single- or double-stranded DNA, RNA, or their analog
sequences, have the unique ability to recognize and bind in a selective way to the comple-
mentary sequences of (predominantly) cellular RNAs, including pre-mRNAs, mRNAs, and
noncoding RNAs [54], such as micro-RNAs [55] as well as viral or microbial RNAs [56,57].
Moreover, genomic DNA, proteins, and even small biomolecules could be targeted by
oligonucleotide derivatives, such as triple-helix-forming probes, DNA decoys, and nucleic
acid aptamers [58–61]. Thus, nucleic acid therapeutics may affect biological processes in
which target genes and their expression products are involved, interfere with pathogen
metabolism, modulate the immune response to certain antigens, etc. There is a wide
variety of therapeutic oligonucleotide classes, such as antisense oligonucleotides, small
interfering RNAs (siRNAs) [62], ribozymes [63], deoxyribozymes (DNAzymes) [64,65],
antagomirs [66], and guide RNAs for CRISPR/Cas9 [67], that, despite their great variety,
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have a common feature in the mechanisms of their action, which is complementary base
pairing [68].

2.1. Antisense Oligonucleotides (ASOs)

Historically, antisense oligonucleotides (ASOs) were the earliest and, currently, the
best-studied class of nucleic acid therapeutics. The concept of ASOs originated in 1978,
when Zamecnik and Stephenson demonstrated that a specific 13-mer oligodeoxynucleotide
inhibited Rous sarcoma virus replication in chicken embryos [4]. The mechanism of
the therapeutic effect of ASOs rests on the ability of synthetic oligonucleotides or their
analogues to bind to a complementary RNA through the canonical Watson–Crick duplex
to alter the metabolism of the corresponding RNA in one of the following ways (Figure 1).

Figure 1. The aspects of the antisense mechanism.

A more general way for ASOs to interfere with RNA function, e.g., the initiation
or elongation of translation of an mRNA, is to physically shield a specific fragment of a
regulatory region of the RNA, e.g., the translation initiation site, by forming a duplex with
ASOs (steric block) [69–72]. This approach is particularly applicable when one needs to
preserve the functional RNA, e.g., in the case of splicing redirection of a pre-mRNA by
a splice-switching oligonucleotide [73–75]. Another way is to activate enzymatic RNA
digestion by recruiting a cellular RNase, most commonly RNase H [76], to hydrolyze the
RNA strand of the ASO-RNA duplex [77].

The first ASOs to be investigated were native oligodeoxynucleotides (Figure 2, 1a)
that proved to be rapidly digested by nucleases in the serum unless protected by at least
minimal chemical modification [78,79]. Thus, unmodified oligonucleotides proved to be
unsuitable for in vivo applications. For this reason, a range of chemical modifications
were introduced into ASOs to render the prospective oligonucleotide therapeutics suf-
ficiently resistant to enzymatic hydrolysis of the internucleotidic phosphodiester bond
(Figure 2) [80]. Therefore, the first-generation ASOs may be said to incorporate the modi-
fied phosphate linkages, such as phosphorothioate (1b) [81], methyl phosphonate (1c) [82],
more rarely phosphorodithioate (1d) [83] and boranophosphate (1e) [84], and recently
reported mesyl phosphoramidate (1g) [85,86], as well as many others [87,88]. Another
group of ASOs consists of oligonucleotides with modifications in the ribose ring that not
only offer a varying degree of protection against nucleases but, even more importantly,
increase the stability of the ASO-RNA duplex [89–91], notably 2′-O-methyl (2b) [92–94],
2′-O-(2-methoxy)ethyl (MOE) (2c) [95,96], 2′-deoxy-2′-α-fluoro (4) [97], and, especially, con-
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strained ribose analogues such as bridged/locked nucleic acids (B/LNAs) (3) [98–101] and
tricyclo-DNAs (5) [102]. A separate class of ASOs encompasses oligonucleotide analogs,
in which the natural ribose-phosphate backbone is replaced by a suitable surrogate; typ-
ical examples would be peptide nucleic acids (PNAs) (6) [103] and phosphordiamidate
morpholino oligomers (PMOs) (7) [104,105]. The latter, in particular, gave rise to the three
splice-switching oligonucleotide drugs for the treatment of Duchenne muscular dystrophy
approved by the FDA in 2016-2021: eteplirsen (Exondys 51®) [106], golodirsen (Vyondys
53®) [107], and casimersen (Amondys 45®) [108].

Figure 2. Oligonucleotides and their analogs: (1a) native DNA, (1b) phosphorothioate,
(1c) methyl phosphonate, (1d) phosphorodithioate, (1e) boranophosphate, (1f) mesyl phosphorami-
date, (2a) native RNA, (2b) 2′-O-methyl RNA, (2c) 2′-O-(2-methoxy)ethyl RNA, (3) bridged/locked
nucleic acid (B/LNA), (4) 2′-α-fluoro DNA, (5) tricyclo-DNA (tcDNA), (6) peptide nucleic acid (PNA),
and (7) phosphordiamidate morpholino oligomer (PMO).

2.2. Small Interfering RNAs (siRNAs)

Small interfering RNAs (siRNAs) are (usually) double-stranded oligoribonucleotides
(as in Figure 2, 2a) with a length of 20–25 nt per strand, which were found in plants in
1999 [109]. The year before, Fire and Mello discovered a natural process of specific gene
silencing termed “RNA interference” (RNAi) that was mediated by short double-stranded
RNAs (including siRNAs) via a mechanism that is notably different from the antisense
mechanism (the Nobel Prize in Physiology and Medicine of 2006) [12]. Later, Tuschl and
coworkers demonstrated that synthetic siRNAs are able to induce RNAi in mammals [110].

A typical siRNA has dinucleotide overhangs at the 3′-end of each strand. One strand
that is complementary to a specific region of the target mRNA is usually called the antisense
strand, while the other one is called the sense or passenger strand [111]. In nature, this
structure results from the action of the Dicer enzyme, which cleaves long double-stranded
RNAs or short hairpin RNAs into siRNA duplexes (Figure 3) [112]. Then, in the RNA-
induced silencing complex (RISC) with the participation of the Argonaut protein Ago2, the
siRNA duplex is unwound, and the complementary duplex of the antisense strand with
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the concomitant mRNA is formed, followed by degradation of the latter. This results in
potent expression downregulation for the corresponding gene via translation arrest at the
mRNA level, similarly to that of the antisense mechanism (Figure 3).

Figure 3. The mechanism of RNA interference (RNAi) mediated by small interfering RNAs (siRNAs).

As the origin and progression of many diseases are associated with upregulation of
a particular gene, the use of synthetic siRNAs for therapeutic gene silencing is of great
interest [113]. However, siRNA delivery to specific tissues, with the notable exception of the
liver via the respective GalNac conjugates [114], remains an obstacle on the way to the clin-
ics. Nevertheless, the recent FDA approval of two more therapeutic siRNAs (apart from the
pioneering patisiran), givosiran (Givlaari®) [115] and lumasiran (Oxlumo®) [116], as well as
one more approved by the European Medicines Agency (EMA), inclisiran (Leqvio®) [117],
is indicative of the great promise offered by this particular area of drug development.

2.3. CRISPR/Cas9

The clustered regularly interspaced short palindromic repeats (CRISPR) were first
discovered in E. coli in 1987 [118], but their detailed study only began in 1993 by Francisco
Mojica [119]. Later, Jansen et al. investigated that near the CRISPR locus, there is always a
set of homologous genes called CRISPR-associated systems or Cas genes that encode endo-
or exonucleases [120]. Although CRISPR/Cas systems were found in a large number of
prokaryotes, almost nothing was known about their function until 2005, when Mojica et al.
published a paper showing the relationship of CRISPR loci with adaptive immunity in
prokaryotes [121]. Several further studies have shown that between repeats in loci, there
are different DNA “spacers” corresponding to parts of the viral genomes corresponding
to past parasites of these bacteria [122]. Thus, spacers carry inherited memories of past
cellular invasions. CRISPR RNA (crRNA) is transcribed from these spacers and directs Cas
proteins to the foreign viruses, causing the cleavage of the foreign DNA [123]. In addition,
it has been shown that Cas proteins need a special sequence localized near the target DNA,
called a protospacer adjacent motif (PAM), for recognition and binding to the target [124].

From all the variety of CRISPR/Cas systems, scientists were most interested in the
type II system from Streptococcus pyogenes for therapeutic application in genetic engineering,
since only one Cas9 protein is required for its full operation [125]. In addition to Cas9, this
system requires the presence of crRNA and trans-activating CRISPR RNA (tracrRNA) [126],
which together form a duplex that directs Cas9 endonuclease to the target. Later, Doudna
and Charpentier with colleagues designed a system that included only two elements,
Cas9 and chimeric RNA combined from two molecules crRNA and tracrRNA, called a
single-guide RNA (sgRNA) [127]. With such a system, it became possible to direct Cas9 to
any DNA sequence for its cleavage only by changing the nucleotide sequence of sgDNA.
The work was deemed so significant that it was awarded a Nobel Prize in Chemistry in
2020. The possibility of using the CRISPR/Cas9 system in eukaryotic cells has been demon-
strated [128–130]. It was also shown that in eukaryotic cells, after CRISPR/Cas9-mediated
double-stranded DNA breaks, the DNA molecule is not degraded, but rather repaired by
two main pathways, namely non-homologous end-joining (NHEJ) and homology-directed
repair (HDR) [131]. HDR is preferred because it allows the desired nucleotide sequence to
be obtained by using an exogenous template as a recombination donor. Currently, many
variants of the Cas9 protein have been developed [132–134].
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Today, in most cases, a clinical application of CRISPR is based on ex vivo gene editing
of cells with their subsequent re-introduction into the patient [132]. The ex vivo editing
approach is highly effective for many diseases, including cancer and sickle cell disease.
In turn, in vivo editing is largely limited by the lack of availability of the target tissue
or organ. Despite this, recently a CRISPR-modified virus was injected into the patient’s
eye in an attempt to treat Leber congenital amaurosis [133]. However, before widespread
application of CRISPR technology in clinical practice, it is necessary to carry out many
more experiments to make final conclusions on the effectiveness and safety of this method
in vivo.

2.4. The Problem of Oligonucleotide Delivery

In contradistinction to small-molecule drugs, oligonucleotides are macromolecules,
and their physicochemical properties, in particular, their polarity and polyanionic nature of
the ribose phosphate backbone, essentially prevent passive diffusion through the phospho-
lipid bilayer of a biological membrane. Thus, overcoming a problem of selective delivery of
a nucleic acid drug to the right organ/tissue after systemic or local administration, followed
by efficient transport into the specific cells and, once inside the cell, translocation to the
correct cellular compartment to find its molecular target, is a keystone of oligonucleotide-
based therapy. On the way to bind a unique RNA, the oligonucleotide ought to cross a
number of extracellular and intracellular barriers, which have been extensively reviewed
by Juliano and coauthors [134–137] and others [138].

It is believed that oligonucleotides are taken up into cells via receptor-mediated endo-
cytosis [139]. Therefore, there is a need for an oligonucleotide therapeutic to escape from
endosomes into the cytosol to trigger RNAi (for siRNAs), or reach the nucleus for splice-
switching and RNase H activation [140,141]. All the way from the initial administration to
the ultimate site of therapeutic activity, the oligonucleotide may be attacked by various exo-
and endonucleases [142–144]. These are the main obstacles on the way to the successful
clinical application of therapeutic oligonucleotides.

Thereby, it becomes an important task to design special delivery vectors for the
effective transport of nucleic acid drugs into the cytosol and nucleus. Viral, e.g., adenoviral,
vectors have been developed as specific carriers for nucleic acids for gene transfer and gene
therapy [145]. However, despite several approved to-date gene therapies [146,147], there
are still considerable limitations due to immunogenicity and safety concerns. Mainly, the
application of a viral vector to deliver cargo to human cells induces an immune response.
Thus, repeated administration of the same viral constructs becomes useless [148].

Thus, non-viral vectors have received widespread attention as an alternative delivery
strategy that could ensure safe, efficient, and addressable oligonucleotide delivery. The non-
viral methods traditionally include the use of liposomes [149], polymers, dendrimers [150],
inorganic nanoparticles, or conjugation to certain small molecules [151]. Among the above,
cell-penetrating peptides have become one of the most promising carriers to help oligonu-
cleotides to translocate through cellular barriers via either covalent (peptide conjugate) or
non-covalent (peptide additive) association.

3. Peptide-Mediated Cellular Delivery: A Brief Overview

The term “cell-penetrating peptide” (CPP) was introduced by Langel and coau-
thors [152] and usually refers to a short- to medium-size peptide containing between
5 and 40 amino acids. A CPP can pass through cell membranes through energy-dependent
or energy-independent mechanisms, and moreover, it can facilitate the intracellular trans-
port of various cargo molecules, which are poorly able to cross the membranes alone, such
as other (non-cell-penetrating) peptides, proteins, nanoparticles, or nucleic acids [153].

The first CPP was discovered over 30 years ago at the end of the 1980s. Two research
groups, when studying the activity of the transactivation transcription activator (Tat)
domain of HIV-1, independently noticed that it can be efficiently internalized by cells
in vitro [154,155]. A few years later, the Proschiantz group, when studying the role of
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Drosophila homeodomain proteins in post-mitotic neurons, discovered that a 60-amino-acid
homeodomain protein sequence of the Antennapedia gene was able to cross biological
membranes by an energy-independent pathway. The discovery led to the study of the
ability of a series of synthetic peptides derived from the third helix of the Antennapedia
homeodomain to be internalized by cells. In particular, it was shown that a 16-mer peptide
named penetratin (pAntp) successfully translocated into cells, while shorter peptides were
not internalized [156].

Later, Lebleu and coauthors probed the sequence of Tat protein to ascertain which
sequence may be responsible for its cellular uptake. To achieve this, several peptides from
residues 37–60 of the Tat domain were synthesized. As a result, a shorter version of Tat
peptide 13 amino acids in length, located from amino acids 48 to 60, was identified as
necessary for penetration into cells [157].

In 1998, the successful application of pAntp for in vivo delivery into Bowes cells of
21-mer PNA blocking the expression of the galanin receptor was demonstrated [158]. One
year later, the Tat peptide was used for in vivo delivery of β-galactosidase [159]. These stud-
ies demonstrated the potential of CPPs for the in vivo delivery of cargo macromolecules,
which is being extensively studied up to now to transport oligonucleotides, their analogs,
and other difficult-to-deliver potential therapeutics across cellular membranes [160,161].

4. Cell-Penetrating Peptides (CPPs): Types and Examples

At different times, various criteria based on the sequence, function, or penetration
mechanism have been proposed for classification of CPPs. However, there is currently
no single taxonomy of these peptides. There are two CPP classifications in the liter-
ature: one that is based on the origin of peptides and the other one based on their
physicochemical properties.

By their origin, the peptides are classified into protein-derived ones, such as Tat or
penetratin; synthetic, such as polyarginine R8; and chimeric, which are combined from
peptide fragments with different properties, such as transportan. This type of classification
is not quite convenient and is mostly historical because it does not allow one to evaluate
CPPs from the point of view of their interaction with cells.

According to their physicochemical properties, CPPs are broadly divided into three
main classes: cationic, amphipathic, and hydrophobic peptides.

4.1. Polycationic CPPs

Polycationic peptides, as the name suggests, consist predominantly of positively
charged amino acid residues, such as Arg, Lys, His, or, more rarely, Orn and others. This
polycationic nature of peptides allows them to be effectively internalized by cells. One of
the first polycationic peptides can be rightfully considered the Tat peptide, which contains
the arginine-rich RKKRRQRRR sequence. A number of studies have been carried out to
determine the optimal composition and amount of positively charged amino acid residues.
Thus, it was found that, first, peptides rich in Lys, His, or Orn residues are less efficiently
absorbed by cells than peptides rich in Arg [162]. This can be rationalized not only by
a higher pKa of guanidine groups of arginine (pKa of ca. 13) but also by their ability
to form bidentate hydrogen bonds with negatively charged carboxyl, sulfate, and phos-
phate groups of the compounds present in the cellular membrane, such as phospholipids,
acidic polysaccharides, and proteins [163]. Second, the minimum required amount of Arg
residues is not less than 6, but to ensure effective cellular uptake, the optimal amount is
8–10 residues [164]. Most of the polycationic CPPs are of natural origin (Tat, penetratin),
but synthetic CPPs have also been developed and include arginine homopolymers, pep-
tides of the Pip series developed by the Gait group, and others [52] (more examples in
Table 1).
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4.2. Amphipathic CPPs

The amphipathic class is the most extensive among all CPPs (about 40%) [165]. In
addition to positively charged hydrophilic regions, amphipathic peptides also contain
hydrophobic regions represented by valine, leucine, isoleucine, and alanine residues [166].
Despite the fact that most amphipathic CPPs are chimeric or synthetic, there are also repre-
sentatives derived from natural proteins. The amphipathic CPP class is subdivided into
three subclasses: primary, secondary, and proline-rich CPPs. Often, primary amphipathic
CPPs are chimeric peptides obtained by covalently binding a domain consisting of hy-
drophobic amino acids (necessary for efficient targeting of cell membranes) with a nuclear
localization signal (NLS). An NLS is a short cationic peptide based on lysine, arginine,
or proline-rich motives directing peptide conjugates to the cell nucleus through nuclear
pores. Representatives of this subclass are MPG peptides [167] and Pep-1 [168], peptides
consisting of a hydrophilic part NLS from the large T-antigen of the simian vacuolating
virus 40 (SV40) and hydrophobic parts glycoprotein 41 (gp41) of the human immunod-
eficiency virus (HIV) or a tryptophan-rich cluster, respectively. Natural representatives
of this subclass are the ARF (1–22) peptide corresponding to the N-terminal domain of
the tumor suppressor protein p14ARF [169], BPrPp (1–28) and MPrPp (1–30) derived
from prion proteins [170,171], and others (for more examples, see Table 1). Secondary
amphipathic CPPs usually have α-helical conformation with hydrophilic and hydrophobic
residues grouped on opposite sides of the helix. Examples of such peptides are the model
amphipathic peptide (MAP) [172], transportan [158] or its analogue TP-10 [173], CADY
designed by combination aromatic tryptophan and cationic arginine residues [174], and
others. It should be noted that among the secondary amphipathic peptides, there are also
anionic representatives, such as anionic p28 obtained from azurin [175,176]. The last type
of amphipathic peptides is proline-rich CPPs. Due to its secondary amino group, proline
cannot serve as a donor of a hydrogen bond for either the α-helix or the β-fold. Such
peptides usually form a left-handed polyproline II helix (PPII). An example of proline-rich
peptides is a synthetic derivative of Bac 7 (a fragment of antimicrobial protein from the
bactenecin family containing 59 amino acids, with four 14-mer repeats); the functions of
cell permeability and antimicrobial activity of Bac 7 are concentrated in 24 amino acids
(Bac 1–24) [177,178]. Other examples are synthetic proline-rich peptides (PPR)n and (PRR)n,
where n is in the range of 3 to 6 [179].

4.3. Hydrophobic CPP

Hydrophobic CPPs consist of non-polar or low-charged amino acid residues and
are the smallest class of CPPs. The mechanisms of their cellular penetration are not fully
understood but apparently occur due to their high affinity for the hydrophobic domains
of cell membranes. Currently, only a limited number of hydrophobic peptides have been
found. Examples of hydrophobic CPPs are the C105Y peptide with its C-terminal part of
PFVYLI [180] and peptide Pep-7 [181]. More examples of CPPs are presented in Table 1.
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Table 1. Most common CPPs used for the delivery of therapeutic nucleic acids.

Name Sequence Reference

Polycationic

TAT RKKRRQRRR [182–184]

pAnt RQIKIWFQNRRMKWKKGGC [182,184]

Polyarginine Rn (n = 8–12) [164]

(RXR)4BR RXRRXRRXRRXRXB [185,186]

(KFF)3K KFFKFFKFFK [187]

Pip6a RXRRBRRXRYQFLIRXRBRXRB

[188]
Pip7b RXRRBRXYRFLIXRBRXRB
Pip8b RXRRBRXYQFLIRXRRBRB
Pip9b RXRRBRXFQILYRXRRBRB

Pip9b2 RXRRBRRFQILYRXRXRB

Amphipathic

MPG KETWWETWWTEWSQPKKRK [167]

Pep-1 GLAFLGFLGAAGSTMGAWSQPKKKRK [168]

ARF (1–22) MVRRFLVTLRIRRACGPPRVR [169]

BPrPp (1–28) MVKSKIGSWILVLFVAMWSDVGLCKKRPKP [170]

MPrPp (1–30) MANLGYWLLALFVTMWTDVGLCKKRPK [171]

MAP KLALKALKALKAALKLA [172]

Transportan GWTLNSAGYLLGKINLKALAALAKKIL [189]

TP-10 AGYLLGKINLKALAALAKKIL [173]

CADY GLWRALWRLLRSLWRLLWRA [174,190]

RICK KWLLRWLSRLLRWLARWLG [191]

599 GLFEAIEGFIENGWEGMIDGWYGGGGRRRRRRRRRK [192,193]

p28 LSTAADMQGVVTDGMASGLDKDYLKPD [175,176]

Bac7 RRIRPRPPRLPRPRPRPLPFP [177,178]

Proline-rich peptides (PPR)n or (PRR)n (n = 3–6) [179]

Hydrophobic

C105Y PFVYLI [180]

Pep-7 SDLWEMMMVSLACQ [181]

P4 LGAQSNF [194]

Pept1 PLILLRLLRGQF [195]

5. Mechanisms of Peptide-Mediated Delivery

The mechanisms of intracellular transport of CPPs are currently the subject of inten-
sive research. Yet, the pathways, which cell-penetrating peptides employ to penetrate into
cells, are still not fully understood. Difficulties in our understanding of cellular uptake
mechanisms mainly result from varying physicochemical properties, sizes, and concen-
tration dependence of different CPPs and their conjugates [196]. Nevertheless, it became
clear that the same CPP may use different pathways to enter the cell, depending on the
conditions of the experiment. In addition, a single CPP may use multiple entry pathways at
the same time. Internalization modes may be divided into two groups: energy-independent
(direct translocation) and energy-dependent (endocytosis) modes. It is believed that direct
translocation occurs when CPPs form nanocomplexes with therapeutic nucleic acids (non-
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covalent strategy) at high peptide concentrations [197,198]. However, most CPPs and their
conjugates appear to be taken up by cells via endocytosis [199–201].

5.1. Direct Translocation

The process of direct translocation as it is independent of energy can occur even at low
temperatures and in the presence of inhibitors of endocytosis. It involves several pathways
that are initially based on the interaction of a positively charged CPP with negatively
charged membrane components and a phospholipid bilayer. It was reported that one of
the pathways occurs when CPPs destabilize the membrane by forming toroidal pores in
it [202]. In a recent study on internalization of cationic CPPs, a mechanism was proposed
that postulates the formation of a pH gradient across the plasmatic membrane. According
to this scheme, at high pH, the carboxyl groups of fatty acids in the lipid bilayer bind
to the guanidinium groups of the extracellular CPP and mediate the transfer of the CPP
through the plasmatic membrane due to the formation of toroidal pores. In contact with
the lower cytosolic pH, the fatty acids of the cell membrane release the CPP into the cytosol,
and the pores close [203]. Another model of direct translocation via destabilization of the
membrane is the so-called carpet-like mechanism [204,205]. This model is characterized
by a change in membrane fluidity upon the interaction of positively charged amino acid
residues in a basic CPP with negative charges on the membrane surface. The “inverted
micelle” mechanism was also proposed, which envisages CPP capture by invagination
of the phospholipid bilayer and the formation of inverted micelles encapsulating the
peptide [206]. Thus, translocation of a CPP across the cellular membrane occurs inside
micelles, which then discharge the peptide into the cytosol.

5.2. Endocytosis

Endocytosis is a natural and energy-dependent process of taking up extracellular
molecular cargo inside the cell by encapsulation of the cargo in membranous vesicles, en-
dosomes, which occurs in all cell types. Endocytosis is carried out by a variety of pathways,
which may be broadly classified as macropinocytosis, endocytosis mediated by clathrin
or caveolin, and clathrin/caveolin-independent endocytosis [207]. Which pathway will
be predominant in any distinct case depends mainly on the size and physicochemical
nature of the molecular cargo [208]. To avoid their eventual degradation in lysosomes,
peptide-oligonucleotide conjugates (POCs) must be released into the cytosol from endo-
somes formed during endocytotic internalization. Then the conjugate must reach the
intracellular targets to have a chance to exhibit biological activity. Release from endosomes
appears to be the main limiting factor for the efficient intracellular trafficking of POCs [209].
Although there is a lot of work devoted to the study of the mechanisms for endosomal
release, the process is still far from being understood. For example, one model suggests that
positive CPP charges can interact with negatively charged components of the endosomal
membrane [210]. However, there is some evidence that cationic CPPs covalently bound to
large cargoes such as nucleic acids are more likely to remain trapped in endosomes [211].
To avoid endosomal entrapment, various strategies have been developed to increase the
efficiency of the endosomal release of various CPP conjugates [212–214]. In particular, an
approach based on the introduction of pH-sensitive domains into the peptide sequence for
destabilization of the lipid membrane at acidic pH inside endosomes showed promising
results of facilitating the release of CPPs [215]. Another similar method is based on the
introduction of histidine fragments into CPPs. The imidazole ring of histidine (pKa in
the range of 5.5–6.5 in proteins [216]) becomes protonated at endosomal pH, leading to
an increase in the osmotic pressure in the endosome, which results in the rupture of the
membrane and release of the content into the cytosol [217–219].

It is also necessary to mention the influence of a CPP on the therapeutic activity of its
oligonucleotide cargo. In principle, the cargo may be expected to disassemble from CPPs
after having been delivered to its intracellular target. This may happen by dissociation
of the complex or by cleavage of the conjugate, depending on the type of chemical bond
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joining the peptide and oligonucleotide together. In practice, this is not a prerequisite for
therapeutic activity. Generally, susceptibility to enzymatic degradation determines the
stability of the peptide component in biological media. Peptidases and proteases capable
of digesting CPPs are present both in the interior of cells, e.g., in the cytosol, endosomes,
and lysosomes, as well as in the extracellular milieu. It was reported that degradation of
peptides to a larger extent occurred in endosomes, with only minor contribution from cyto-
plasmic digestion [220]. Accordingly, when developing a therapeutic POC, it is important
to balance the peptide’s resistance to degradation for targeted cargo delivery. Currently,
there are few works that compare the antisense activity of the oligonucleotide itself with
that of its peptide conjugate. The paper [221] investigated the ability of a peptide-PNA con-
jugate (P-PNA) to downregulate the luciferase gene in comparison with unconjugated PNA.
It was shown that PNA itself does not penetrate into cells and exhibits no antisense activity,
while P-PNA inhibits luciferase expression by 60%. To determine whether CPP conjugation
has any effect on the antisense activity of PNA, both conjugated and unconjugated PNAs
were transfected into HeLa cells permeabilized by streptolysin O to show nearly the same
inhibitory activity (about 70%). In addition, it was shown that a cleavable bond between
PNA and CPPs has no effect on the antisense activity of the conjugate. These results were
achieved using the lysosomotropic agent chloroquine, further proving that endosomal
release is critical for antisense activity. Of course, the results could not be expected to apply
to all conjugates and their targets. This area is still relatively poorly studied and requires
additional research.

6. Peptide Additives (Non-Covalent) and Peptide Conjugates (Covalent)

In a broad sense, there may be two types of interactions of a CPP with its cargo:
non-covalent and covalent strategies. The majority of the extant peptide-mediated cellular
delivery methods for therapeutic nucleic acids are based on covalent bond formation be-
tween the peptide and the oligonucleotide parts. Many strategies to form a chemical bond,
either stable inside cells or biologically cleavable, between a CPP and an oligonucleotide
or the analogue have been explored to date using a variety of reagents and methods.
The chemical methods for obtaining covalently linked peptide-oligonucleotide conjugates
(POCs) will be discussed in detail below.

On the contrary, the non-covalent strategy does not require the formation of any
covalent bond and is often achieved by simply mixing the peptide carrier and its oligonu-
cleotide cargo. It is based on a physical interaction (electrostatic or hydrophobic) between
CPPs and a nucleic acid derivative. In this case, short primary or secondary amphipathic
CPPs consisting of hydrophobic and hydrophilic parts are most often used, e.g., MPG or
Pep-1. As a result, nanoparticulate complexes are formed that are able to pass through
the cell membrane with high efficiency via endocytosis [222]. In addition, the formation
of such nanocomplexes partially protects the nucleic acid from nuclease digestion. The
first example of the use of the non-covalent strategy for oligonucleotide delivery was the
MPG peptide additive back in 1997 [167]. Since then, this approach has been extended to
other CPPs such as Pep-1, Tat, and polyarginine. The main drawback of the non-covalent
strategy is polydispersity of the nanocomplexes, i.e., the production of nanoparticles with
different sizes and structures. Such nanoparticles in turn will contain varying amounts of
the drug, which may complicate the in vivo application.

7. Synthetic Approaches

There are two main concepts of the synthesis of peptide-oligonucleotide conjugates.
One is the stepwise solid-phase synthesis of the peptide fragment followed by the oligonu-
cleotide fragment, or vice versa, on the same solid support (also called on-line solid-phase
synthesis or in-line solid-phase synthesis in earlier publications). The other is the conju-
gation of separately assembled peptide and oligonucleotide fragments either on the solid
phase or, more frequently, in the solution phase post-synthetically.
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The first approach usually implies an automated solid-phase assembly of either the
peptide or, less frequently, the oligonucleotide fragment first and then the continuation
on the same support of the synthesis of the other fragment, oligonucleotide or peptide,
attached via a corresponding functionalized linker introduced at the appropriate stage of
the synthesis. The whole procedure is carried out without purification and cleavage of
the fragments from the support until the end of the assembly of a full-length conjugate.
Two sets of protecting groups and suitable protocols for the synthesis of both fragments
have to be used. To avoid side reactions, the two sets of protecting groups should be
compatible to allow for smooth deprotection and cleavage from the support at the end of the
synthesis so as not to damage the potentially sensitive amino acid and nucleotide residues
in both peptide and oligonucleotide fragments. This protecting group compatibility is the
main requirement for the successful stepwise solid-phase syntheses of POCs containing
problematic residues such as arginine.

In the second approach, the fragments are first synthesized separately using the op-
timized protocols of peptide or oligonucleotide synthesis, respectively, and sometimes
isolated and purified in either completely deprotected or (partially) protected form. The
requirement here is for the pair of mutually reactive chemical groups to be introduced into
the appropriate positions of the peptide and oligonucleotide fragments. Then the peptide
and oligonucleotide fragments are joined together by the chemoselective conjugation reac-
tion either in solution or on the solid phase to form a covalent bond with the participation
of the corresponding reactive groups in each fragment. Relative advantages and limitations
of the two approaches have been summarized in Table 2.

Table 2. Main approaches to the synthesis of POCs, and their advantages and limitations.

Stepwise Solid-Phase Synthesis

Conjugation via Advantages Disadvantages/Limitations

Bifunctional or
trifunctional linker

• Absence of time-consuming isolation/purification of both
peptide (P) and oligonucleotide (O) fragments

• No excess of either P or O fragment—less
solubility problems

• May be convenient for peptide-PNA conjugates (P-PNAs)
due to protecting group compatibility

• Poor compatibility of P and O
chemistries: the need to design a
suitable protecting
group scheme.

• Attachment of limited number
of amino acids without
side-chain protection

• Difficulty synthesizing longer
than medium-length conjugates

Post-Synthetic Conjugation

Conjugation via Advantages Disadvantages/Limitations

Thioether or
disulfide bond

• Many suitable conjugation procedures available
• Many reagents for functionalization of either

fragment available
• No problem with incompatibility of the two chemistries
• Conjugation of peptides with any amino acid composition
• Conjugation of peptides of almost any length

(up to proteins)

• Separate multistep preparation
and purification of
both fragments

• Reaction in aqueous solvents
• Solubility problems with

polycationic or highly
hydrophobic peptides

Native ligation
Oxime, thiazolidine, or

hydrazone linkage
Amide bond formation

Click chemistry
Diels-Alder reaction

Most often, the peptide attachment site is at the 5′- or 3′-end of the oligonucleotide,
but other positions have also been used for conjugation, such as the 2′-position of the ribose
ring or the heterocyclic base. Similarly, the N- or C-termini of the peptide have been used
as the site of conjugation, as well as the functional groups of the amino acid side chains.

8. Stepwise Solid-Phase Synthesis Approach (On-Line or In-Line Synthesis)

There are two principal schemes for the stepwise solid-phase synthesis of POCs
adopted from the 1990s, which differ in the structure of linker moieties joining the respective
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peptide and oligonucleotide parts together (Figure 4). In the first scheme, a branched
trifunctional linker is used, which uses the first functionality to reversibly attach to the solid
support, whereas the other two functionalities, one being a protected NH2 group and the
other a protected OH group, are used for successive peptide synthesis and oligonucleotide
synthesis, respectively (Figure 4a). The scheme was employed only occasionally for POC
synthesis [223]. In the second, more frequently applied, scheme, a bifunctional linker (or
a handle) reversibly attached to the solid support through the first functionality carries
either an OH group for the synthesis of the oligonucleotide fragment or a NH2 group
for the synthesis of the peptide fragment (Figure 4b). Thus, at first, either a peptide
or an oligonucleotide fragment is assembled, followed by the introduction of a second
linker carrying a temporarily protected OH or NH2 group for the synthesis of the second
fragment, either oligonucleotide or peptide, correspondingly, and then the second fragment
is synthesized using the respective chemistry on the same solid support. The schemes in
Figure 4 represent the simplest cases of binary POCs containing peptide and oligonucleotide
fragments in the ratio of 1:1. To obtain POCs with different peptide-to-oligonucleotide
ratios, e.g., 1:2 or 2:1, more complex synthetic schemes have to be designed.

Figure 4. Two main schemes for stepwise solid-phase synthesis of POCs: (a) with a branched trifunctional linker and
(b) with a bifunctional linker. Note: The oligonucleotide fragment can be assembled first, followed by the peptide fragment.
DMTr—4,4′-dimethoxytrityl group; Fmoc—9-fluorenylmethoxycarbonyl group; C and N—peptidic C- and N-termini,
respectively.

In most cases, the synthesis of the peptide fragment is carried out according to ei-
ther Fmoc or, rarely, Boc solid-phase chemistry, and the synthesis of the oligonucleotide
fragment is performed almost exclusively by the conventional phosphoramidite method.
Therefore, one of the main difficulties in the application of this scheme is the poor compat-
ibility of the respective chemistries for the synthesis of the two fragments. For example,
the oligonucleotide fragment may be degraded by undergoing depurination under the
harshly acidic conditions of the removal of the t-butyl-type protecting groups of the amino
acid side chains commonly used in Fmoc/t-butyl solid-phase peptide synthesis. This
makes it impractical to use the protecting groups of the t-butyl family, such as Boc, in the
synthesis of the peptide fragment in the purine (i.e., A and G)-containing POCs due to
the imminent danger of depurination during the standard concentrated trifluoroacetic
acid (TFA) deprotection. Conversely, the peptide fragment can also undergo side reactions
under the strongly basic conditions of the final deprotection of the acyl-type N-protecting
groups used in conventional oligonucleotide synthesis.
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Thus, the main difficulty is to select two orthogonal sets of protecting groups for
the peptide and oligonucleotide fragments, respectively, and optimize the conditions for
their final deprotection and cleavage from the solid support at the end of the synthesis
that will preserve the integrity of both fragments of the resulting conjugate. Thus, to
carry out successful high-yielding assembly of POCs via stepwise solid-phase synthesis,
it is necessary to take into account a number of factors, including careful selection of
the combinations of protecting groups, conditions for final deprotection and cleavage,
appropriate choice of the solid support, the anchoring group, linkers to join the respective
fragments, and optimization of methods for amide and phosphate bond formation.

It should be mentioned that in the case of PNA as an oligonucleotide fragment,
the problem of the synthesis of peptide-PNA conjugates is considerably simplified. As
PNA itself has a pseudo-peptide structure, the in-line synthesis of the conjugates can
be performed sequentially on the same support according to standard Boc/benzyl or
Fmoc/t-butyl protocol, and there is little difference which of the fragments, peptide or
oligonucleotide, has to be assembled at first [224–227].

8.1. Solid Support

The choice of a suitable solid support largely determines the ultimate success of any
solid-phase synthesis. The most common polymeric carrier for the synthesis of oligonu-
cleotides is a controlled pore glass (CPG), while polystyrene-based supports are better
suited for peptide synthesis. In the majority of published works, CPG was used as a solid
support for in-line synthesis of POCs [228,229], but not all cases were able to achieve a
high yield of the target conjugate. A number of researchers have proposed to use a copoly-
mer of polystyrene with polyethylene glycol (PEG-PS) as a solid support [230,231], while
others carried out the assembly of the conjugates on a standard polystyrene crosslinked
with 1% divinylbenzene [232]. In particular, in the work of Robles et al. [233], three solid
supports for the synthesis of a conjugate containing pentalysine as a peptide fragment
were compared: CPG, PEG-PS, and l% polystyrene-co-divinylbenzene. As a result, the
authors almost immediately abandoned the use of PEG-PS as the ninhydrin test showed
incomplete coupling of lysine residues. Then, analysis of the final product by gel elec-
trophoresis revealed the presence of two main bands in the lane corresponding to the
conjugate synthesized on CPG. Thus, the authors concluded that the best result for the
synthesis of peptide conjugates is achieved on 1% polystyrene-co-divinylbenzene resin.

In general, the choice of a solid support should be determined by the strategy of the
synthesis of the conjugate (start from the oligonucleotide fragment or start from the peptide
fragment). Currently, there is a wide range of solid supports available, which are suitable
for both oligonucleotide synthesis and peptide synthesis; however, there is no universally
applicable support ideal for both. The choice is restricted only by the aims and particulars
of research.

8.2. Linkers
8.2.1. Bifunctional Linkers

As mentioned above, it is important to introduce linkers, which serve as a bridge
between solid support and peptide and oligonucleotide fragments. The linker should be
selected so as to provide selective cleavage of the conjugate from the support at the end of
the synthesis. Thus, it has to have an anchoring group to reversibly attach to a solid support
and a second functionality to ensure peptide or oligonucleotide chain extension. There
are two types of bifunctional linkers: those to carry out the initial synthesis of the peptide
fragment and those to carry out the initial synthesis of the oligonucleotide fragment.

Generally, the linkers used for common solid-phase peptide synthesis are acid la-
bile and thus unsuitable for further synthesis of the oligonucleotide fragment. Therefore,
most linkers employed to assemble POCs contain an ester bond, which is base labile
and cleavable by alkaline hydrolysis, aminolysis, or β-elimination (Figure 5a). There
are numerous examples in the literature of the application of such linkers, which were
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cleaved by concentrated ammonia [234–236], ethanolamine [237], sodium hydroxide [238],
or tetrabutylammonium fluoride (TBAF) [239] treatment. As reported by Haralambidis
et al., treating the conjugate linked to the support via the peptide C-terminal ester with
concentrated aqueous ammonia resulted in a mixture of the C-terminal amide and carboxy-
late [240]. To obtain only the carboxylate peptide fragment, TBAF has been used [239,241],
but subsequent treatment with ammonia is still necessary for the complete deprotection of
the oligonucleotide fragment. To avoid this, the conditions for simultaneous cleavage from
the solid support and final deprotection were optimized by Truffert et al. [238]. In this case,
the authors used 0.1 M sodium hydroxide at ambient temperature. As a result, the product
was cleaved from the support in just 2 h and complete deblocking of the oligonucleotide
fragment occurred in 24 h.

Figure 5. Bifunctional linkers used in the stepwise solid-phase synthesis approach: (a) starting with
a peptide fragment via the C-terminus (X) and (b) starting with an oligonucleotide fragment (Y).
TBDMS—t-butyldimethylsilyl protecting group.

If the conjugate synthesis begins with the oligonucleotide fragment, it is often practical
to select a linker incorporating the first nucleoside (Figure 5b). The examples are given
in [242–244]. The final cleavage from the solid support was carried out by conventional
concentrated aqueous ammonia treatment.

Furthermore, it is necessary that the first assembled fragment, either peptide or
oligonucleotide, contains a functional group for the synthesis of the second fragment.
The most published works usually use a hydroxy amino acid in the peptide fragment as
the anchor, and then the oligonucleotide fragment is assembled by the phosphoramidite
method, but there are some opposite cases [242–244]. Otherwise, the peptide is modified
with an additional bifunctional linker, which usually contains a protected hydroxyl group
and an activated carboxyl group. After its incorporation into the assembled peptide, the
oligonucleotide fragment is synthesized (Figure 4b).

A pioneering article published by Haralambidis et al. back in 1987 is one of the first exam-
ples of such a synthesis [245]. The authors used p-nitrophenyl 3-[6-(4,4′-dimethoxytrityloxy)
ethylcarbamoyl] propanoate as a bifunctional linker containing an activated carboxyl group
and a protected hydroxyl group (Figure 6). After the completion of the synthesis, a mixture of
TFA and 1,2-ethanedithiol (9:1) was used to remove the protecting groups from the peptide.
Cleavage from the solid support was carried out by treatment with concentrated aqueous
ammonia for 4 h.

Figure 6. Example of a bifunctional linker connecting peptide and oligonucleotide fragments.
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A similar approach was used to synthesize POCs carrying fibrin/filaggrin citrullinated
peptides to detect anti-citrullinated protein/peptide antibodies (ACPAs) in patients with
rheumatoid arthritis using the ELISA test [246].

8.2.2. Trifunctional Linkers

In addition to the bifunctional linkers mentioned above, trifunctional branched linkers
were widely employed in practice. These linkers contained both OH and NH2 groups
for the synthesis of both oligonucleotide and peptide fragments, respectively, which were
usually protected by the orthogonal DMTr and Fmoc groups (Figure 7). It makes possible
to assemble one fragment of the conjugate, peptide or oligonucleotide at first, and then the
other. With a trifunctional linker, usually the peptide synthesis is carried out before the
oligonucleotide synthesis (Figure 4a).

Figure 7. Trifunctional linkers used in the stepwise solid-phase synthesis approach. CNEt—2-
cyanoethyl; dbf—di-N,N-butylformamidine.

A special case of such a branched trifunctional linker is the amino acid lysine [247].
With the carboxyl group reversibly attached to a solid support, the α- and ε-amino groups
protected by the Fmoc and Boc groups, respectively, were used to synthesize the conjugate
fragments. The peptide fragment is usually assembled first at the ε-amino group of
lysine according to the Boc scheme. Then the α-amino group is modified with a suitable
bifunctional linker containing a DMTr-protected hydroxyl group, and the oligonucleotide
fragment is then assembled by the phosphoramidite method.

Apart from lysine, a number of trifunctional linkers are described in the literature,
e.g., 6-amino-2-(hydroxymethyl)hexan-1-ol [223], 3-aminopropane-1,2-diol [248], and oth-
ers [249–251].

9. Post-Synthetic Conjugation Approaches

Poor compatibility of peptide and oligonucleotide chemistries is the main problem in
the stepwise solid-phase synthesis approach. Separate syntheses of peptide and oligonu-
cleotide parts followed by linking the fragments, either protected or, more often, partially
or fully deprotected a priori, by a selective chemical reaction offers to avoid this difficulty.
The approach is called the method of post-synthetic conjugation, which can be carried
out in solution, most often with fully deprotected fragments (Figure 8a). Otherwise, post-
synthetic conjugation called fragment conjugation on the solid phase is carried out when
one of the components is still attached to the solid support during the coupling reaction
of peptide and oligonucleotide parts (Figure 8b). In the latter case, the fragment in solu-
tion may be fully or partially deprotected, while the support-bound component usually
remains protected.

Figure 8. The main schemes of the post-synthetic conjugation approach: (a) conjugation in solution and (b) fragment
conjugation on the solid phase.
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To form a covalent bond between the peptide and oligonucleotide fragments, they
must contain functional groups that are mutually reactive in a chemoselective way. There
are many methods to form a chemical bond between the conjugate fragments. We will
consider them below.

9.1. Conjugation via Thioether or Disulfide Bonds

The high reactivity of the thiol group is widely used for the synthesis of POCs. Specific
binding of peptide and oligonucleotide fragments can occur through the formation of
either a thioether or a disulfide bond. In the first case, the formation of the thioether bond
can occur in two main ways: via the Michael addition of thiols to maleimides (Figure 9a)
or via the nucleophilic substitution of haloacetamides (Figure 9b).

Figure 9. Conjugation through the thioether bond: (a) Michael addition of thiols to maleimides and
(b) nucleophilic substitution of haloacetamides; X = I, Br, or Cl.

A haloacetyl group is usually introduced into the peptide or oligonucleotide modi-
fied with an aminohexyl group using halogenoacetic anhydride treatment [252–254]. A
maleimido group can be introduced into the peptide or oligonucleotide using a variety of
reagents, such as activated esters of β-maleimidopropionic [255,256], 4-maleimidomethylcy
clohexanecarboxylic [257,258], ε-maleimidohexanoic [259,260], or 3-maleimidobenzoic [261]
acids (Figure 10). The cysteine residue in the peptide often serves as a source of the thiol
group [262].

Figure 10. Reagents for the introduction of the malemide group: activated N-succinimidyl esters of
β-maleimidopropionic (a), 4-maleimidomethylcyclohexanecarboxylic (b), ε-maleimidohexanoic (c),
and 3-maleimidobenzoic (d) acids; R = H or SO3Na.

It should be mentioned that maleimido peptides containing Lys residues have lower
stability during long-term storage due to the reaction of a maleimide group with ε-amino
groups of Lys [263]. To avoid side reactions, the authors recommended to use the modified
peptide immediately for the conjugation reaction. Thus, it may be a better option to
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introduce the maleimide group into the oligonucleotide fragment, although a number of
studies adhere to the opposite point of view.

In the case of disulfide-linked conjugates, there are two ways of forming the disulfide
bond between peptide and oligonucleotide fragments. The first way (Figure 11a) is the
direct oxidation of the two fragments, each containing a thiol group [264]. The second way
consists of the modification of one of the thiol-containing fragments to form an activated
disulfide, most often with a pyridylsulfenyl (Pys) [265,266] or a 3-nitropyridylsulfenyl
(Npys) group (Figure 11b) [267,268].

Figure 11. Conjugation through the disulfide bond: (a) by direct oxidation and (b) via activation by a
pyridylsulfenyl (Pys) or a 3-nitropyridylsulfenyl (Npys) group.

A significant disadvantage of the first way is poor selectivity. Homodimers can form
from peptide or oligonucleotide fragments as by-products in the reaction. The use of the
activating groups such as Pys or Npys provides the necessary selectivity of the conjugation
and increases the yield of the conjugate. According to the comparison conducted in
the [269], oligonucleotide activation results in the highest conjugation yields. Moreover, the
activated pyridyl disulfides are base labile and thus problematic to use during solid-phase
oligonucleotide synthesis because of the final deprotection with concentrated aqueous
ammonia. Therefore, conjugation in solution seems to be the most appropriate scheme for
coupling of peptides and oligonucleotides through the disulfide bond.

Recently, another method for the synthesis of POCs with a disulfide bond using S-
sulfonate-protected cysteine of the peptide was developed. S-sulfonates undergo thiolysis
to form disulfide-linked conjugates with free thiol compounds. The thiol group was
introduced into the oligonucleotide through the 2′-position, followed by attachment of the
nucleoside to a solid support. The method has been optimized for both conjugation in
solution [270] and fragment conjugation on the solid phase [271].

9.2. Conjugation through Oxime, Thiazolidine, or Hydrazone Bonds

The use of oxime, thiazolidine, and hydrazine groups to form a covalent bond be-
tween peptide and oligonucleotide fragments is widely used for conjugation. The reaction
takes place under mild conditions and uses highly reactive functional groups. Namely,
carbonyl compounds, such as aldehydes, especially glyoxylic acid derivatives or, more
rarely, ketones, react with compounds containing aminooxy groups, 1,2-aminothiol groups
(usually coming from cysteine), and hydrazine or hydrazide groups to form O-alkyl oximes,
thiazolidines, and hydrazones, respectively (Figure 12). It should be noted that an oligonu-
cleotide equipped with a carbonyl group and a peptide with, e.g., an aminooxy group, are
more preferable to couple because aminooxy oligonucleotides tend to react with traces
of aldehydes and ketones, such as acetaldehyde and acetone, present in solvents. In the
case of thiazolidine formation, the reaction is better to be carried out under oxygen-free
conditions due to the risk of oxidation of a free thiol group.
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Figure 12. Conjugation through thiazolidine (a), oxime (b), and hydrazone (c) bonds, respectively.

Several phosphoramidite reagents for the introduction of masked aldehyde precursors,
such as 1,2-aminoalcohol (Figure 13a), 1,2-diol (Figure 13b), or acetal (Figure 13c), onto the
5′-end of an oligonucleotide during solid-phase synthesis have been developed [272–274].
The release of glyoxylic acid amide or aliphatic or aromatic aldehyde groups was carried out
after the end of oligonucleotide synthesis after usual ammonia deprotection by treatment
with acetic acid, followed by periodate ion oxidation (Figure 13a,b).

Figure 13. Masked phosphoramidite derivatives for the introduction of glyoxylic acid amide (a) and
aldehyde (b,c) groups into oligonucleotides at the 5′-end.

A similar strategy for the introduction of an aldehyde or a glyoxylic amide onto
the 3′-end of an oligonucleotide was developed. Commercially available CPG supports
(Figure 14a,b) can be employed to generate an aldehyde group after periodate cleav-
age of the corresponding 1,2-diol or 1,2-aminoalcohol [275,276]. Another solid support
(Figure 14c) was obtained from commercially available LCAA-CPG and Nα-Fmoc-O-t-
Bu-serine in several steps and used to produce a glyoxylic acid amide upon periodate
oxidation [277]. Oligonucleotides having aldehyde or glyoxylic acid amide groups were
obtained in the same way.
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Figure 14. CPG supports for the introduction of aldehyde (a,b) or glyoxylic acid amide (c) groups at
the 3′-end of an oligonucleotide.

Such derivatives of oligonucleotides containing aldehyde or glyoxylic acid amide
groups at the 3′- or 5′-ends employed to obtain POCs in good yields via oxime, thiazolidine,
or hydrazone formation have been described in [274,276,278–281], respectively.

Moreover, oligonucleotide derivatives containing reactive carbonyl groups at both
3′- and 5′-ends have been obtained in the same way. Subsequent addition of aminooxy
peptides to such bifunctional oligonucleotide derivatives furnished the respective 3′,5′-bis-
conjugates through oxime bond formation [282]. There is a limitation to this approach as
only bis-conjugates with the same peptide can be obtained from bis-aldehyde-containing
oligonucleotides. However, the same method could be modified to produce conjugates
with two different peptides or with a peptide and a label, e.g., a fluorophore [283].

Recently, conjugation through an oxime bond was reported for 5-formyl-dC or 7-(2-
oxoethyl)-7-deaza-dG and a peptide containing unnatural oxylysine amino acid [284]. This
method makes it possible to conjugate peptides at the internal nucleobase position within
the oligonucleotide fragment, leaving the 3′- and 5′-end free.

In addition to oligonucleotides modified with carbonyl groups, phosphoramidite
reagents for the introduction of hydrazide or aminooxy groups into oligonucleotides via
solid-phase synthesis have been developed [285]. Such oligonucleotides could also be
applied for conjugation to peptides (Figure 15).

Figure 15. Phosphoramidite reagents for the introduction of aminooxy (a,b) and hydrazide (c) groups
into oligonucleotides. Trt—triphenylmethyl (trityl) group.

POCs conjugated at the 2′-position of the ribose residue through the incorporation
of a suitably modified nucleoside have also been prepared [286–288]. An advantage of
2′-conjugation is that it leaves both 5′- and 3′-ends of the oligonucleotide free to attach other
groups, such as fluorescent or radioactive labels. One of the examples involves the use
of 2′-O-(2,3-dibenzoyloxypropyl)-rU phosphoramidite. Oligonucleotides containing the
2′-O-β-oxoethyl group were obtained after ammonia deprotection removing the benzoyl
groups, followed by periodate oxidation of the corresponding 2′-O-(2,3-dihydroxypropyl)-
rU precursor [289]. The 2′-conjugates linked by oxime, thiazolidine, and hydrazine bonds
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were successfully obtained, and the latter were produced by sodium cyanoborohydride
reduction of the corresponding hydrazones, which were found to be sensitive to hydrolysis.

An elegant method of obtaining 2′-conjugates via N-methoxyoxazolidine formation
was developed recently [290]. Unusually, this approach employed a peptide with an
aldehyde group for conjugation to an oligonucleotide containing a 2′-N-methoxyamino
group and a free 3′-OH. The conjugate decomposed into peptide and oligonucleotide
fragments under slightly acidic conditions, displaying negligible decay at pH 7. Such POCs
could fall apart at acidic pH and release their cargo after going inside cells via endocytosis.

9.3. Conjugation through Amide Bonds

One of intrinsically selective ways to form an amide bond is the native chemical
ligation approach of Dawson and Kent. Originally, the method was developed for the
condensation of a fully unprotected synthetic peptide C-terminal thioester and the pep-
tide containing an N-terminal cysteine residue [291]. Stetsenko and Gait adapted the
native ligation method for the synthesis of POCs [292,293]. In this method, a 5′-modified
oligonucleotide incorporating a cysteine residue with the thiol group masked by t-butyl
disulfide and a peptide with an N-terminal thioester are synthesized separately on their
own solid supports, cleaved and deprotected, and isolated and purified, if necessary, and
then conjugated in solution after reductive removal of the t-butyl disulfide (Figure 16).
Later, Cys-containing uridine phosphoramidite was developed by Diezmann et al. to carry
out internal 2′-conjugation with peptides by native chemical ligation [294].

Figure 16. Synthesis of peptide-oligonucleotide conjugates via native chemical ligation. R—benzyl [292].

Recently, a site-specific peptide-oligonucleotide conjugation method involving the
oxanine nucleobase and the N-terminal Cys residue in a peptide was proposed. As a
result of intramolecular rearrangement after nucleophilic attack by the thiol group, it was
possible to obtain a conjugate with the peptide located anywhere within an oligonucleotide
chain [295]. A disadvantage of the above method is a possible disruption of complementary
base pairing.

In addition to native ligation, a convenient method of conjugation through the amide
bond mediated by a peptide-coupling reagent, such as HBTU, was developed for oligonu-
cleotides modified with a 5′-terminal carboxyl group. Kachalova et al. described a non-
nucleosidic phosphoramidite building block, which has the carboxylic acid moiety masked
by the acid-labile 2-chlorotrityl group. First, the oligonucleotide fragment, while still
protected and attached to the solid support, was detritylated under usual mildly acidic
conditions to unmask the carboxyl group, followed by activation with a suitable peptide-
coupling reagent, such as HBTU/HOBt/DMF. Then the conjugation was carried out by
adding an amine or a short peptide with a free N-terminus to the oligonucleotide immobi-
lized on the solid support [296]. The phosphoramidite is now commercially available from
major suppliers, such as 5′-carboxy-modifier C5. Later, the method was optimized for the
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synthesis of 2′-conjugates through the formation of amide bonds either on the solid phase
or in solution [297,298].

An example of an opposite approach employs an oligonucleotide modified with a
thymidine residue having an amino group at the C-5 position [299]. Conjugation was
carried out with the C-termini of various amino acids and dipeptides. In this case, water-
soluble 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide was used as an activating reagent
for the carboxyl group. A drawback of this method is the danger of racemization of
the peptide.

In a number of studies, phosphordiamidate morpholino oligomers (PMOs) were em-
ployed as oligonucleotide components. It was found that the conjugation of cell-penetrating
peptides containing multiple arginine residues to charge-neutral PMOs (see Figure 2, 7)
is usually more straightforward than to negatively charged oligonucleotides due to the
absence of ionic interaction for PMOs. In this case, the C-terminus of the peptide ending
in an achiral amino acid, such as β-alanine or ε-aminohexanoic acid, was activated by a
mixture of HBTU/HOBt/DIEA under non-aqueous conditions and then conjugated to the
3′-terminal NH group of the PMO [300,301].

9.4. Conjugation through Click Chemistry (1,3-Dipolar Cycloaddition Reaction of Alkynes to Azides)

The reaction between azides and alkynes has been known for a long time [302,303].
However, when the Meldal and Sharpless groups independently reported the copper(I)-
catalyzed variant of the reaction [304,305], it was hailed as a golden standard of click
chemistry [306]. Up to now, the 1,3-dipolar cycloaddition of terminal alkynes to azides has
been widely employed to prepare peptide-oligonucleotide conjugates.

Oligonucleotides can be readily functionalized with terminal alkyne residues by
means of special phosphoramidite modifiers containing an alkynyl group, such as 5′-O-
propynyl-N3-benzoyl-dT phosphoramidite used by Gogoi et al. (Figure 17) [307]. On the
contrary, PNAs or PMOs are more frequently functionalized by the azido group using
special derivatives, such as α-Fmoc-ε-azido-L-lysine [308]. In an interesting adaptation
of this reaction for the attachment of the peptide fragment at the internal position of an
oligonucleotide, Astakhova et al. synthesized a 21-mer oligonucleotide containing single
or double internal 2′-alkynyl-LNA nucleotides, and then conjugation was carried out with
azide derivatives of peptides [309].

Figure 17. An example of peptide-oligonucleotide conjugation via the copper(I)-catalyzed 1,3-dipolar
cycloaddition reaction of alkynes to azides [307].

Phosphorothioate (PS) oligonucleotides (Figure 2, 1b) represent one of the most com-
monly used type of modified DNA analogues due to their increased resistance to nuclease
digestion and favorable pharmacokinetics. However, until recently, there were almost no
examples of conjugation reactions with phosphorothioates by the Cu(I)-catalyzed azide-
alkyne cycloaddition, which was associated with the adverse influence of copper ions on
the stability of the PS bond, giving rise to the impression that this type of click chemistry is
incompatible with phosphorothioate oligonucleotides. The Strömberg group designed an
optimized alkyne-azide cycloaddition protocol for the high-yielding synthesis of phospho-
rothioate conjugates [310]. The reaction was carried out by the fragment coupling method
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on the solid phase using either commercial or synthesized in-house PS oligonucleotides,
easily obtainable linkers, and the copper (I) bromide-dimethyl sulfide complex as a catalyst.

The peptide fragments can also be functionalized with either an azide or an alkyne dur-
ing solid-phase synthesis using, e.g., Boc-(2S,4S)-4-azidoproline to introduce the azido group
and propynoic acid or Fmoc-L-β-homopropargylglycine to obtain the alkynyl derivative.

One of the advantages of this type of conjugation is the possibility of carrying out the
reaction both in aqueous and in organic solvents. In addition, 1,3-dipolar cycloaddition
between alkynes and azides is intrinsically chemoselective, which allows for conjugation
of the fragments without the need for any protecting groups. It was also found that, in
contrast to the thiol-maleimide conjugation, when the solubility of the peptide strongly
influences the reaction rate, the copper-catalyzed alkyne-azide cycloaddition proceeds well
even with sparingly soluble peptides [311].

9.5. Conjugation through the Diels-Alder Reaction

The Diels-Alder and inverse electron-demand Diels-Alder reactions are a convenient
and increasingly popular method for bioconjugation of various molecules as they can
occur in aqueous media with high yield and chemoselectivity. The Diels-Alder reaction
in general is a [4 + 2] cycloaddition occurring between a 1,3-diene and an unsaturated
compound—the dienophile. Typically, dienes contain electron-donating and dienophiles
contain electron-withdrawing substituents. Less common is the inverse variant of the
reaction, when the dienophile is electron rich and the diene is electron poor.

Grandas et al. described the application of Diels-Alder cycloaddition for the prepa-
ration of peptide-oligonucleotide conjugates [312]. The conjugates were obtained by the
reaction between an oligonucleotide derivatized at the 5′-end by an acyclic diene and a
maleimido peptide (Figure 18). The cycloaddition was carried out under mild conditions
in aqueous solution at 37 ◦C. The speed of the reaction was found to vary depending on
the size of the reagents, but it can be completed in 8–10 h by treating the diene-modified
oligonucleotide with a small excess of the maleimido peptide.

Figure 18. Conjugation through Diels-Alder reaction.

As maleimide is not stable to the ammonia deprotection of oligonucleotides, the
maleimide moiety attached to the peptide was more often used as a dienophile in conju-
gation reactions until the Grandas group developed a clever method for the introduction
of the maleimide group into oligonucleotides [313]. In this approach, 2,5-dimethylfuran
was exploited as a protecting group for maleimide removable by heat-promoted retro-
Diels-Alder reaction without affecting the oligonucleotide. Moreover, it was shown that
simultaneous deprotection and conjugation provided a faster reaction and better yields.

Recently, inverse electron-demand Diels-Alder reaction has been applied for the
preparation of POCs [314]. The authors used 7-oxanorbornene as a dienophile and
tetrazine as a diene. The 7-oxanorbornenes were synthesized by Diels-Alder reactions
between maleimides and furans. The oligonucleotide or peptide fragments can be ob-
tained using special oxanorbornene-containing phosphoramidite or carboxylic acid, re-
spectively (Figure 19). The conjugates were produced in good yields with a low amount
of by-products.
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Figure 19. Oxanorbornene derivatives for the introduction of a masked maleimide into oligonu-
cleotides (a) or peptides (b). CNEt—β-cyanoethyl group.

The methods described above of course are not exhaustive. Many more ingenious
methods for post-synthetic conjugation of oligonucleotides to peptides have been devel-
oped over more than three decades of research, but nowadays many of these are only rarely
referred to in the literature [315–317].

10. Comparison of the Two Approaches: Conclusions

The undoubted advantage of the stepwise solid-phase synthesis approach is the ab-
sence of time-consuming isolation and purification of the individual peptide and oligonu-
cleotide fragments of the conjugate. When the stepwise yields are sufficiently high, the final
product requires only a single purification procedure, usually chromatography. Yet, this
approach has obvious disadvantages arising from limited compatibility of the chemistries
used for the synthesis of peptide and oligonucleotide fragments of the conjugate, notwitht-
sanding the side reactions during the deprotection of both. As there is only a limited
number of amino acids that can be attached without the use of protective groups, judicious
choice of the latter is required; the most difficult case remains arginine. Another restriction
is the increasing difficulty of obtaining longer than medium-length conjugates because
of the number of steps required in solid-phase synthesis and the need to maintain as
high yield as possible on each step; this likely leaves out of question any of the potential
“difficult sequences”.

In turn, the second approach also has a number of disadvantages. The post-synthetic
conjugation involves a number of prior steps. First, it is necessary to complete the solid-
phase assembly, complete or, sometimes, partial deprotection, and, most often, purification
of the two fragments and then carry out the synthesis, isolation, and purification of the
conjugate. That may result in significant losses in the isolated yield of the final product. In
addition, predominantly in the case of a cationic or a highly hydrophobic peptide, there
may be serious problems with its solubility and the solubility of the resulting conjugate due
to possible aggregation and precipitation. Thus, charge-neutral oligonucleotide analogues,
such as PNA or PMO, are better suited for peptide conjugation in solution. However,
despite all the disadvantages, the second approach is currently a favored and much more
frequently exploited method, not the least because of the availability of many excellent
conjugation chemistries, such as aldehyde and oxime/hydrazone, alkyne and azide, and
Diels-Alder reactions. It allows one to avoid a painstaking selection of synthetic conditions
necessary for in-line synthesis. That is why, with the exception of a handful of papers
published some years ago [235,246], at present there are almost no new examples of the
application of the stepwise solid-phase synthesis approach for the preparation of POCs in
the literature. However, it should be noted that in the case of PNA, as mentioned earlier,
in-line synthesis could still be the method of choice. Nevertheless, the post-synthetic
conjugation approach looks more attractive today, although it is also not without drawbacks
and limitations.

Unfortunately, there is no universal method for the synthesis of peptide-oligonucleotide
conjugates, and we probably should not expect the one to come due to the exceeding variety
in the physicochemical properties of cell-penetrating peptides (see Table 1). Thus, in the
majority of cases, the choice of the method and conditions for the synthesis of POCs have
be determined individually in each specific instance. However, the expanding therapeutic
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potential of oligonucleotides and the advantages of their targeted delivery by conjugation
to peptides lead to the continuing search for new and more convenient methods for the
preparation of their conjugates.

Author Contributions: Writing—original draft preparation, K.K. and D.S.; writing—review and
editing, D.S. and A.F.; visualization, K.K. and D.S.; supervision, D.S.; project administration, D.S.
and A.F.; funding acquisition, D.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Russian Foundation for Basic Research (grant nos. 18-515-
57006, 18-29-08062, and 18-29-09045) and the Ministry of Science and Higher Education of the Russian
Federation (project of Novosibirsk State University, no. FSUS-2020-0035).

Conflicts of Interest: No conflict of interest exist.

References
1. Schattenkerk, C.; Wreesmann, C.T.J.; de Graaf, M.J.; van der Marel, G.A.; van Boom, J.H. Synthesis of a naturally occurring

nucleopeptide fragment via a phosphotriester approach. Tetrahedron Lett. 1984, 25, 5197–5200. [CrossRef]
2. Dreef-Tromp, C.M.; van den Elst, H.; van den Boogaart, J.E.; van der Marel, G.A.; van Boom, J.H. Solid-phase synthesis of an

RNA nucleopeptide fragment from the nucleoprotein of poliovirus. Nucleic Acids Res. 1992, 20, 2435–2439. [CrossRef]
3. Robles, J.; Pedroso, E.; Grandas, A. Solid-phase synthesis of a nucleopeptide from the linking site of adenovirus-2 nucleoprotein,

-Ser(p5′CATCAT)-Gly-Asp-. Convergent versus stepwise strategy. Nucleic Acids Res. 1995, 23, 4151–4161. [CrossRef]
4. Zamecnik, P.C.; Stephenson, M.L. Inhibition of Rous sarcoma virus replication and cell transformation by a specific oligodeoxynu-

cleotide. Proc. Natl. Acad. Sci. USA 1978, 75, 280–284. [CrossRef] [PubMed]
5. Uhlmann, E.; Peyman, A. Antisense oligonucleotides: A new therapeutic principle. Chem. Rev. 1990, 90, 543–584. [CrossRef]
6. De Mesmaeker, A.; Haener, R.; Martin, P.; Moser, H.E. Antisense Oligonucleotides. Acc. Chem. Res. 1995, 28, 366–374. [CrossRef]
7. Opalinska, J.B.; Gewirtz, A.M. Nucleic-acid therapeutics: Basic principles and recent applications. Nat. Rev. Drug Discov. 2002, 1,

503–514. [CrossRef] [PubMed]
8. Goodchild, J. Therapeutic oligonucleotides. Methods Mol. Biol. 2011, 764, 1–15.
9. Brasseur, R.; Divita, G. Happy birthday cell penetrating peptides: Already 20 years. Biochim. Biophys. Acta 2010, 1798, 2177–2181.

[CrossRef] [PubMed]
10. Perry, C.M.; Balfour, J.A. Fomivirsen. Drugs 1999, 57, 375–380. [CrossRef] [PubMed]
11. Roehr, B. Fomivirsen approved for CMV retinitis. J. Int. Assoc. Physicians AIDS Care 1998, 4, 14–16.
12. Fire, A.; Xu, S.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic interference by double-

stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806–811. [CrossRef]
13. Hoy, S.M. Patisiran: First Global Approval. Drugs 2018, 78, 1625–1631. [CrossRef] [PubMed]
14. Dhuri, K.; Bechtold, C.; Quijano, E.; Pham, H.; Gupta, A.; Vikram, A.; Bahal, R. Antisense Oligonucleotides: An Emerging Area in

Drug Discovery and Development. J. Clin. Med. 2020, 9, 2004. [CrossRef]
15. Xiong, H.; Veedu, R.N.; Diermeier, S.D. Recent Advances in Oligonucleotide Therapeutics in Oncology. Int. J. Mol. Sci. 2021, 22,

3295. [CrossRef]
16. Juliano, R.L. The delivery of therapeutic oligonucleotides. Nucleic Acids Res. 2016, 44, 6518–6548. [CrossRef]
17. Godfrey, C.; Desviat, L.R.; Smedsrod, B.; Pietri-Rouxel, F.; Denti, M.A.; Disterer, P.; Lorain, S.; Nogales-Gadea, G.; Sardone, V.;

Anwar, R.; et al. Delivery is key: Lessons learnt from developing splice-switching antisense therapies. EMBO. Mol. Med. 2017, 9,
545–557. [CrossRef] [PubMed]

18. Evers, M.M.; Toonen, L.J.; van Roon-Mom, W.M. Antisense oligonucleotides in therapy for neurodegenerative disorders. Adv.
Drug Deliv. Rev. 2015, 87, 90–103. [CrossRef]

19. Silva, A.C.; Lobo, D.D.; Martins, I.M.; Lopes, S.M.; Henriques, C.; Duarte, S.P.; Dodart, J.-C.; Nobre, R.J.; Pereira de Almeida, L.
Antisense oligonucleotide therapeutics in neurodegenerative diseases: The case of polyglutamine disorders. Brain 2019, 143,
407–429. [CrossRef]

20. Wan, Y.; Moyle, P.M.; Toth, I. Endosome Escape Strategies for Improving the Efficacy of Oligonucleotide Delivery Systems. Curr.
Med. Chem. 2015, 22, 3326–3346. [CrossRef]

21. Juliano, R.L.; Ming, X.; Nakagawa, O. Cellular uptake and intracellular trafficking of antisense and siRNA oligonucleotides.
Bioconjugate Chem. 2012, 23, 147–157. [CrossRef] [PubMed]

22. Khan, T.; Weber, H.; DiMuzio, J.; Matter, A.; Dogdas, B.; Shah, T.; Thankappan, A.; Disa, J.; Jadhav, V.; Lubbers, L.; et al. Silencing
Myostatin Using Cholesterol-conjugated siRNAs Induces Muscle Growth. Mol. Ther.-Nucleic Acids 2016, 5, e342. [CrossRef]
[PubMed]

23. Østergaard, M.E.; Jackson, M.; Low, A.; Chappell, A.E.; Lee, R.G.; Peralta, R.Q.; Yu, J.; Kinberger, G.A.; Dan, A.; Carty, R.; et al.
Conjugation of hydrophobic moieties enhances potency of antisense oligonucleotides in the muscle of rodents and non-human
primates. Nucleic Acids Res. 2019, 47, 6045–6058. [CrossRef]

http://doi.org/10.1016/S0040-4039(01)81562-8
http://doi.org/10.1093/nar/20.10.2435
http://doi.org/10.1093/nar/23.20.4151
http://doi.org/10.1073/pnas.75.1.280
http://www.ncbi.nlm.nih.gov/pubmed/75545
http://doi.org/10.1021/cr00102a001
http://doi.org/10.1021/ar00057a002
http://doi.org/10.1038/nrd837
http://www.ncbi.nlm.nih.gov/pubmed/12120257
http://doi.org/10.1016/j.bbamem.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20826125
http://doi.org/10.2165/00003495-199957030-00010
http://www.ncbi.nlm.nih.gov/pubmed/10193689
http://doi.org/10.1038/35888
http://doi.org/10.1007/s40265-018-0983-6
http://www.ncbi.nlm.nih.gov/pubmed/30251172
http://doi.org/10.3390/jcm9062004
http://doi.org/10.3390/ijms22073295
http://doi.org/10.1093/nar/gkw236
http://doi.org/10.15252/emmm.201607199
http://www.ncbi.nlm.nih.gov/pubmed/28289078
http://doi.org/10.1016/j.addr.2015.03.008
http://doi.org/10.1093/brain/awz328
http://doi.org/10.2174/0929867322666150825162941
http://doi.org/10.1021/bc200377d
http://www.ncbi.nlm.nih.gov/pubmed/21992697
http://doi.org/10.1038/mtna.2016.55
http://www.ncbi.nlm.nih.gov/pubmed/27483025
http://doi.org/10.1093/nar/gkz360


Molecules 2021, 26, 5420 26 of 36

24. Chernikov, I.V.; Meschaninova, M.I.; Chernolovskaya, E.L. Preparation, Determination of Activity, and Biodistribution of
Cholesterol-Containing Nuclease-Resistant siRNAs In Vivo. In RNA interference and CRISPR Technologies; Humana: New York,
NY, USA, 2020; pp. 57–77.

25. Patwa, A.; Gissot, A.; Bestel, I.; Barthélémy, P. Hybrid lipid oligonucleotide conjugates: Synthesis, self-assemblies and biomedical
applications. Chem. Soc. Rev. 2011, 40, 5844–5854. [CrossRef] [PubMed]

26. Zhao, B.; Tian, Q.; Bagheri, Y.; You, M. Lipid-Oligonucleotide Conjugates for Simple and Efficient Cell Membrane Engineering
and Bioanalysis. Curr. Opin. Biomed. Eng. 2020, 13, 76–83. [CrossRef]

27. Li, X.; Feng, K.; Li, L.; Yang, L.; Pan, X.; Yazd, H.S.; Cui, C.; Li, J.; Moroz, L.; Sun, Y.; et al. Lipid–oligonucleotide conjugates for
bioapplications. Natl. Sci. Rev. 2020, 7, 1933–1953. [CrossRef]

28. Khan, A.; Benboubetra, M.; Sayyed, P.Z.; Ng, K.W.; Fox, S.; Beck, G.; Benter, I.F.; Akhtar, S. Sustained polymeric delivery of gene
silencing antisense ODNs, siRNA, DNAzymes and ribozymes: In vitro and in vivo studies. J. Drug Target. 2004, 12, 393–404.
[CrossRef]

29. Reimann, E.M.; Soloff, M.S. The effect of radioactive contaminants on the estimation of binding parameters by Scatchard analysis.
Biochim. Biophys. Acta 1978, 533, 130–139. [CrossRef]

30. Ravina, M.; Paolicelli, P.; Seijo, B.; Sanchez, A. Knocking down gene expression with dendritic vectors. Mini-Rev. Med. Chem.
2010, 10, 73–86. [CrossRef]

31. Parveen, S.; Misra, R.; Sahoo, S.K. Nanoparticles: A boon to drug delivery, therapeutics, diagnostics and imaging. Nanomed.
Nanotechnol. Biol. Med. 2012, 8, 147–166. [CrossRef]

32. Hu, Q.; Li, H.; Wang, L.; Gu, H.; Fan, C. DNA Nanotechnology-Enabled Drug Delivery Systems. Chem. Rev. 2019, 119, 6459–6506.
[CrossRef]

33. Xu, F.; Xia, Q.; Wang, P. Rationally Designed DNA Nanostructures for Drug Delivery. Front. Chem. 2020, 8, 751. [CrossRef]
34. Craig, K.; Abrams, M.; Amiji, M. Recent preclinical and clinical advances in oligonucleotide conjugates. Expert Opin. Drug Deliv.

2018, 15, 629–640. [CrossRef] [PubMed]
35. Roberts, T.C.; Langer, R.; Wood, M.J.A. Advances in oligonucleotide drug delivery. Nat. Rev. Drug Discov. 2020, 19, 673–694.

[CrossRef] [PubMed]
36. McClorey, G.; Banerjee, S. Cell-Penetrating Peptides to Enhance Delivery of Oligonucleotide-Based Therapeutics. Biomedicines

2018, 6, 51. [CrossRef] [PubMed]
37. Lehto, T.; Kurrikoff, K.; Langel, U. Cell-penetrating peptides for the delivery of nucleic acids. Expert Opin. Drug Deliv. 2012, 9,

823–836. [CrossRef] [PubMed]
38. Boisguerin, P.; Redt-Clouet, C.; Franck-Miclo, A.; Licheheb, S.; Nargeot, J.; Barrere-Lemaire, S.; Lebleu, B. Systemic delivery

of BH4 anti-apoptotic peptide using CPPs prevents cardiac ischemia-reperfusion injuries in vivo. J. Control. Release 2011, 156,
146–153. [CrossRef] [PubMed]

39. Zaro, J.L.; Fei, L.; Shen, W.C. Recombinant peptide constructs for targeted cell penetrating peptide-mediated delivery. J. Control.
Release 2012, 158, 357–361. [CrossRef] [PubMed]

40. Ru, Q.; Shang, B.Y.; Miao, Q.F.; Li, L.; Wu, S.Y.; Gao, R.J.; Zhen, Y.S. A cell penetrating peptide-integrated and enediyne-energized
fusion protein shows potent antitumor activity. Eur. J. Pharm. Sci. 2012, 47, 781–789. [CrossRef]

41. Silva, S.; Almeida, A.J.; Vale, N. Combination of Cell-Penetrating Peptides with Nanoparticles for Therapeutic Application: A
Review. Biomolecules 2019, 9, 22. [CrossRef]

42. Falanga, A.; Vitiello, M.T.; Cantisani, M.; Tarallo, R.; Guarnieri, D.; Mignogna, E.; Netti, P.; Pedone, C.; Galdiero, M.; Galdiero, S.
A peptide derived from herpes simplex virus type 1 glycoprotein H: Membrane translocation and applications to the delivery of
quantum dots. Nanomed. Nanotechnol. Biol. Med. 2011, 7, 925–934. [CrossRef] [PubMed]

43. Abes, R.; Arzumanov, A.A.; Moulton, H.M.; Abes, S.; Ivanova, G.D.; Iversen, P.L.; Gait, M.J.; Lebleu, B. Cell-penetrating-peptide-
based delivery of oligonucleotides: An overview. Biochem. Soc. Trans. 2007, 35, 775–779. [CrossRef]

44. Said Hassane, F.; Saleh, A.F.; Abes, R.; Gait, M.J.; Lebleu, B. Cell penetrating peptides: Overview and applications to the delivery
of oligonucleotides. Cell Mol. Life Sci. 2010, 67, 715–726. [CrossRef] [PubMed]

45. Guidotti, G.; Brambilla, L.; Rossi, D. Cell-Penetrating Peptides: From Basic Research to Clinics. Trends Pharmacol. Sci. 2017, 38,
406–424. [CrossRef]

46. Crombez, L.; Morris, M.C.; Deshayes, S.; Heitz, F.; Divita, G. Peptide-based nanoparticle for ex vivo and in vivo drug delivery.
Curr. Pharm. Des. 2008, 14, 3656–3665. [CrossRef]

47. Bhardwaj, I.; Jha, D.; Admane, P.; Panda, A.K.; Haridas, V. Self-assembling tryptophan-based designer peptides as intracellular
delivery vehicles. Bioorganic Med. Chem. Lett. 2016, 26, 672–676. [CrossRef]

48. Lebleu, B.; Moulton, H.M.; Abes, R.; Ivanova, G.D.; Abes, S.; Stein, D.A.; Iversen, P.L.; Arzumanov, A.A.; Gait, M.J. Cell
penetrating peptide conjugates of steric block oligonucleotides. Adv. Drug Deliv. Rev. 2008, 60, 517–529. [CrossRef] [PubMed]

49. Taskova, M.; Mantsiou, A.; Astakhova, K. Synthetic Nucleic Acid Analogues in Gene Therapy: An Update for Peptide-
Oligonucleotide Conjugates. Chembiochem 2017, 18, 1671–1682. [CrossRef] [PubMed]

50. Borrelli, A.; Tornesello, A.L.; Tornesello, M.L.; Buonaguro, F.M. Cell Penetrating Peptides as Molecular Carriers for Anti-Cancer
Agents. Molecules 2018, 23, 295. [CrossRef]

51. Boisguerin, P.; Deshayes, S.; Gait, M.J.; O’Donovan, L.; Godfrey, C.; Betts, C.A.; Wood, M.J.; Lebleu, B. Delivery of therapeutic
oligonucleotides with cell penetrating peptides. Adv. Drug Deliv. Rev. 2015, 87, 52–67. [CrossRef]

http://doi.org/10.1039/c1cs15038c
http://www.ncbi.nlm.nih.gov/pubmed/21611637
http://doi.org/10.1016/j.cobme.2019.12.006
http://doi.org/10.1093/nsr/nwaa161
http://doi.org/10.1080/10611860400003858
http://doi.org/10.1016/0005-2795(78)90556-1
http://doi.org/10.2174/138955710791112569
http://doi.org/10.1016/j.nano.2011.05.016
http://doi.org/10.1021/acs.chemrev.7b00663
http://doi.org/10.3389/fchem.2020.00751
http://doi.org/10.1080/17425247.2018.1473375
http://www.ncbi.nlm.nih.gov/pubmed/29727206
http://doi.org/10.1038/s41573-020-0075-7
http://www.ncbi.nlm.nih.gov/pubmed/32782413
http://doi.org/10.3390/biomedicines6020051
http://www.ncbi.nlm.nih.gov/pubmed/29734750
http://doi.org/10.1517/17425247.2012.689285
http://www.ncbi.nlm.nih.gov/pubmed/22594635
http://doi.org/10.1016/j.jconrel.2011.07.037
http://www.ncbi.nlm.nih.gov/pubmed/21839124
http://doi.org/10.1016/j.jconrel.2012.01.039
http://www.ncbi.nlm.nih.gov/pubmed/22326404
http://doi.org/10.1016/j.ejps.2012.09.002
http://doi.org/10.3390/biom9010022
http://doi.org/10.1016/j.nano.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21664490
http://doi.org/10.1042/BST0350775
http://doi.org/10.1007/s00018-009-0186-0
http://www.ncbi.nlm.nih.gov/pubmed/19898741
http://doi.org/10.1016/j.tips.2017.01.003
http://doi.org/10.2174/138161208786898842
http://doi.org/10.1016/j.bmcl.2015.11.041
http://doi.org/10.1016/j.addr.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18037527
http://doi.org/10.1002/cbic.201700229
http://www.ncbi.nlm.nih.gov/pubmed/28614621
http://doi.org/10.3390/molecules23020295
http://doi.org/10.1016/j.addr.2015.02.008


Molecules 2021, 26, 5420 27 of 36

52. Gait, M.J.; Arzumanov, A.A.; McClorey, G.; Godfrey, C.; Betts, C.; Hammond, S.; Wood, M.J.A. Cell-Penetrating Peptide
Conjugates of Steric Blocking Oligonucleotides as Therapeutics for Neuromuscular Diseases from a Historical Perspective to
Current Prospects of Treatment. Nucleic Acid Ther. 2019, 29, 1–12. [CrossRef]

53. Hammond, S.M.; Abendroth, F.; Gait, M.J.; Wood, M.J.A. Evaluation of Cell-Penetrating Peptide Delivery of Antisense Oligonu-
cleotides for Therapeutic Efficacy in Spinal Muscular Atrophy. Methods Mol. Biol. 2019, 2036, 221–236.

54. Levin, A.A. Treating Disease at the RNA Level with Oligonucleotides. N. Engl. J. Med. 2019, 380, 57–70. [CrossRef] [PubMed]
55. Bernardo, B.C.; Ooi, J.Y.; Lin, R.C.; McMullen, J.R. miRNA therapeutics: A new class of drugs with potential therapeutic

applications in the heart. Future Med. Chem. 2015, 7, 1771–1792. [CrossRef]
56. Wagner, A.; Bock, C.T.; Fechner, H.; Kurreck, J. Application of modified antisense oligonucleotides and siRNAs as antiviral drugs.

Future Med. Chem. 2015, 7, 1637–1642. [CrossRef]
57. Hegarty, J.P.; Stewart, D.B., Sr. Advances in therapeutic bacterial antisense biotechnology. Appl. Microbiol. Biotechnol. 2018, 102,

1055–1065. [CrossRef] [PubMed]
58. Duca, M.; Vekhoff, P.; Oussedik, K.; Halby, L.; Arimondo, P.B. The triple helix: 50 years later, the outcome. Nucleic Acids Res. 2008,

36, 5123–5138. [CrossRef] [PubMed]
59. Rad, S.M.; Langroudi, L.; Kouhkan, F.; Yazdani, L.; Koupaee, A.N.; Asgharpour, S.; Shojaei, Z.; Bamdad, T.; Arefian, E.

Transcription factor decoy: A pre-transcriptional approach for gene downregulation purpose in cancer. Tumour Biol. 2015, 36,
4871–4881. [CrossRef] [PubMed]

60. Kanwar, J.R.; Roy, K.; Maremanda, N.G.; Subramanian, K.; Veedu, R.N.; Bawa, R.; Kanwar, R.K. Nucleic acid-based aptamers:
Applications, development and clinical trials. Curr. Med. Chem. 2015, 22, 2539–2557. [CrossRef] [PubMed]

61. Adachi, T.; Nakamura, Y. Aptamers: A Review of Their Chemical Properties and Modifications for Therapeutic Application.
Molecules 2019, 24, 4229. [CrossRef]

62. Alagia, A.; Eritja, R. siRNA and RNAi optimization. Wiley Interdiscip. Rev. RNA. 2016, 7, 316–329. [CrossRef] [PubMed]
63. Han, S.R.; Lee, C.H.; Im, J.Y.; Kim, J.H.; Kim, J.H.; Kim, S.J.; Cho, Y.W.; Kim, E.; Kim, Y.; Ryu, J.H.; et al. Targeted suicide

gene therapy for liver cancer based on ribozyme-mediated RNA replacement through post-transcriptional regulation. Mol.
Ther.-Nucleic Acids 2021, 23, 154–168. [CrossRef] [PubMed]

64. Fokina, A.A.; Stetsenko, D.A.; Francois, J.C. DNA enzymes as potential therapeutics: Towards clinical application of 10–23
DNAzymes. Expert. Opin. Biol. 2015, 15, 689–711. [CrossRef]

65. Fokina, A.A.; Chelobanov, B.P.; Fujii, M.; Stetsenko, D.A. Delivery of therapeutic RNA-cleaving oligodeoxyribonucleotides
(deoxyribozymes): From cell culture studies to clinical trials. Expert Opin. Drug Deliv. 2017, 14, 1077–1089. [CrossRef] [PubMed]

66. Krutzfeldt, J.; Rajewsky, N.; Braich, R.; Rajeev, K.G.; Tuschl, T.; Manoharan, M.; Stoffel, M. Silencing of microRNAs in vivo with
‘antagomirs’. Nature 2005, 438, 685–689. [CrossRef]

67. Haussecker, D. Stacking up CRISPR against RNAi for therapeutic gene inhibition. FEBS. J. 2016, 283, 3249–3260. [CrossRef]
68. Cavagnari, B.M. Gene therapy: Nucleic acids as drugs. Action mechanisms and delivery into the cell. Arch. Argent. De Pediatr.

2011, 109, 237–244.
69. Yamamoto, T.; Nakatani, M.; Narukawa, K.; Obika, S. Antisense drug discovery and development. Future Med. Chem. 2011, 3,

339–365. [CrossRef]
70. Smith, C.I.E.; Zain, R. Therapeutic Oligonucleotides: State of the Art. Annu. Rev. Pharmacol. Toxicol. 2019, 59, 605–630. [CrossRef]
71. Scharner, J.; Aznarez, I. Clinical Applications of Single-Stranded Oligonucleotides: Current Landscape of Approved and

In-Development Therapeutics. Mol. Ther. 2021, 29, 540–554. [CrossRef]
72. Kuijper, E.C.; Bergsma, A.J.; Pijnappel, W.; Aartsma-Rus, A. Opportunities and challenges for antisense oligonucleotide therapies.

J. Inherit. Metab. Dis. 2021, 44, 72–87. [CrossRef] [PubMed]
73. Jarver, P.; O′Donovan, L.; Gait, M.J. A chemical view of oligonucleotides for exon skipping and related drug applications. Nucleic

Acid Ther. 2014, 24, 37–47. [CrossRef]
74. Li, D.; Mastaglia, F.L.; Fletcher, S.; Wilton, S.D. Precision Medicine through Antisense Oligonucleotide-Mediated Exon Skipping.

Trends Pharmacol. Sci. 2018, 39, 982–994. [CrossRef] [PubMed]
75. Shimo, T.; Maruyama, R.; Yokota, T. Designing Effective Antisense Oligonucleotides for Exon Skipping. Methods Mol. Biol. 2018,

1687, 143–155. [PubMed]
76. Crooke, S.T. Molecular Mechanisms of Antisense Oligonucleotides. Nucleic Acid Ther. 2017, 27, 70–77. [CrossRef] [PubMed]
77. Lima, W.F.; Crooke, S.T. Binding affinity and specificity of Escherichia coli RNase H1: Impact on the kinetics of catalysis of

antisense oligonucleotide-RNA hybrids. Biochemistry 1997, 36, 390–398. [CrossRef] [PubMed]
78. Shaw, J.P.; Kent, K.; Bird, J.; Fishback, J.; Froehler, B. Modified deoxyoligonucleotides stable to exonuclease degradation in serum.

Nucleic Acids Res. 1991, 19, 747–750. [CrossRef]
79. Ortigao, J.F.; Rosch, H.; Selter, H.; Frohlich, A.; Lorenz, A.; Montenarh, M.; Seliger, H. Antisense effect of oligodeoxynucleotides

with inverted terminal internucleotidic linkages: A minimal modification protecting against nucleolytic degradation. Antisense
Res. Dev. 1992, 2, 129–146. [CrossRef]

80. Mansoor, M.; Melendez, A.J. Advances in antisense oligonucleotide development for target identification, validation, and as
novel therapeutics. Gene Regul. Syst. Biol. 2008, 2, 275–295. [CrossRef]

81. Eckstein, F. Phosphorothioates, essential components of therapeutic oligonucleotides. Nucleic Acid Ther. 2014, 24, 374–387.
[CrossRef]

http://doi.org/10.1089/nat.2018.0747
http://doi.org/10.1056/NEJMra1705346
http://www.ncbi.nlm.nih.gov/pubmed/30601736
http://doi.org/10.4155/fmc.15.107
http://doi.org/10.4155/fmc.15.114
http://doi.org/10.1007/s00253-017-8671-0
http://www.ncbi.nlm.nih.gov/pubmed/29209794
http://doi.org/10.1093/nar/gkn493
http://www.ncbi.nlm.nih.gov/pubmed/18676453
http://doi.org/10.1007/s13277-015-3344-z
http://www.ncbi.nlm.nih.gov/pubmed/25835969
http://doi.org/10.2174/0929867322666150227144909
http://www.ncbi.nlm.nih.gov/pubmed/25723512
http://doi.org/10.3390/molecules24234229
http://doi.org/10.1002/wrna.1337
http://www.ncbi.nlm.nih.gov/pubmed/26840434
http://doi.org/10.1016/j.omtn.2020.10.036
http://www.ncbi.nlm.nih.gov/pubmed/33335800
http://doi.org/10.1517/14712598.2015.1025048
http://doi.org/10.1080/17425247.2017.1266326
http://www.ncbi.nlm.nih.gov/pubmed/27892730
http://doi.org/10.1038/nature04303
http://doi.org/10.1111/febs.13742
http://doi.org/10.4155/fmc.11.2
http://doi.org/10.1146/annurev-pharmtox-010818-021050
http://doi.org/10.1016/j.ymthe.2020.12.022
http://doi.org/10.1002/jimd.12251
http://www.ncbi.nlm.nih.gov/pubmed/32391605
http://doi.org/10.1089/nat.2013.0454
http://doi.org/10.1016/j.tips.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30282590
http://www.ncbi.nlm.nih.gov/pubmed/29067661
http://doi.org/10.1089/nat.2016.0656
http://www.ncbi.nlm.nih.gov/pubmed/28080221
http://doi.org/10.1021/bi962230p
http://www.ncbi.nlm.nih.gov/pubmed/9003192
http://doi.org/10.1093/nar/19.4.747
http://doi.org/10.1089/ard.1992.2.129
http://doi.org/10.4137/GRSB.S418
http://doi.org/10.1089/nat.2014.0506


Molecules 2021, 26, 5420 28 of 36

82. Miller, P.S. Oligonucleoside methylphosphonates as antisense reagents. Bio/Technology 1991, 9, 358–362. [CrossRef]
83. Marshall, W.S.; Caruthers, M.H. Phosphorodithioate DNA as a potential therapeutic drug. Science 1993, 259, 1564–1570. [CrossRef]
84. Summers, J.S.; Shaw, B.R. Boranophosphates as mimics of natural phosphodiesters in DNA. Curr. Med. Chem. 2001, 8, 1147–1155.

[CrossRef] [PubMed]
85. Miroshnichenko, S.K.; Patutina, O.A.; Burakova, E.A.; Chelobanov, B.P.; Fokina, A.A.; Vlassov, V.V.; Altman, S.; Zenkova, M.A.;

Stetsenko, D.A. Mesyl phosphoramidate antisense oligonucleotides as an alternative to phosphorothioates with improved
biochemical and biological properties. Proc. Natl. Acad. Sci. USA 2019, 116, 1229–1234. [CrossRef] [PubMed]

86. Patutina, O.A.; Gaponova Miroshnichenko, S.K.; Sen’kova, A.V.; Savin, I.A.; Gladkikh, D.V.; Burakova, E.A.; Fokina, A.A.;
Maslov, M.A.; Shmendel, E.V.; Wood, M.J.A.; et al. Mesyl phosphoramidate backbone modified antisense oligonucleotides
targeting miR-21 with enhanced in vivo therapeutic potency. Proc. Natl. Acad. Sci. USA 2020, 117, 32370–32379. [CrossRef]
[PubMed]

87. Dellinger, D.J.; Sheehan, D.M.; Christensen, N.K.; Lindberg, J.G.; Caruthers, M.H. Solid-phase chemical synthesis of phospho-
noacetate and thiophosphonoacetate oligodeoxynucleotides. J. Am. Chem. Soc. 2003, 125, 940–950. [CrossRef] [PubMed]

88. Yamada, C.M.; Dellinger, D.J.; Caruthers, M.H. Synthesis and biochemical evaluation of phosphonoformate oligodeoxyribonu-
cleotides. J. Am. Chem. Soc. 2006, 128, 5251–5261. [CrossRef] [PubMed]

89. Manoharan, M. 2′-carbohydrate modifications in antisense oligonucleotide therapy: Importance of conformation, configuration
and conjugation. Biochim. Biophys. Acta 1999, 1489, 117–130. [CrossRef]

90. Prakash, T.P.; Bhat, B. 2′-Modified oligonucleotides for antisense therapeutics. Curr. Top. Med. Chem. 2007, 7, 641–649. [CrossRef]
91. Prakash, T.P. An overview of sugar-modified oligonucleotides for antisense therapeutics. Chem. Biodivers. 2011, 8, 1616–1641.

[CrossRef] [PubMed]
92. Lamond, A.I.; Sproat, B.S. Antisense oligonucleotides made of 2′-O-alkylRNA: Their properties and applications in RNA

biochemistry. FEBS. Lett. 1993, 325, 123–127. [CrossRef]
93. Hou, Y.M.; Gamper, H.B. Inhibition of tRNA aminoacylation by 2′-O-methyl oligonucleotides. Biochemistry 1996, 35, 15340–15348.

[CrossRef]
94. Majlessi, M.; Nelson, N.C.; Becker, M.M. Advantages of 2′-O-methyl oligoribonucleotide probes for detecting RNA targets.

Nucleic Acids Res. 1998, 26, 2224–2229. [CrossRef] [PubMed]
95. Altmann, K.H.; Dean, N.M.; Fabbro, D.; Freier, S.M.; Geiger, T.; Hanera, R.; Hiisken, D.A.; Martina, P.; Monia, B.P.B.; Miiller, M.;

et al. Second Generation of Antisense Oligonucleotides: From Nuclease Resistance to Biological Efficacy in Animals. Chim.
(Aarau) 1996, 50, 168–176.

96. Chi, K.N.; Eisenhauer, E.; Fazli, L.; Jones, E.C.; Goldenberg, S.L.; Powers, J.; Tu, D.; Gleave, M.E. A phase I pharmacokinetic and
pharmacodynamic study of OGX-011, a 2′-methoxyethyl antisense oligonucleotide to clusterin, in patients with localized prostate
cancer. J. Natl. Cancer Inst. 2005, 97, 1287–1296. [CrossRef] [PubMed]

97. Kawasaki, A.M.; Casper, M.D.; Freier, S.M.; Lesnik, E.A.; Zounes, M.C.; Cummins, L.L.; Gonzalez, C.; Cook, P.D. Uniformly
modified 2′-deoxy-2′-fluoro phosphorothioate oligonucleotides as nuclease-resistant antisense compounds with high affinity and
specificity for RNA targets. J. Med. Chem. 1993, 36, 831–841. [CrossRef] [PubMed]

98. Imanishi, T.; Obika, S. BNAs: Novel nucleic acid analogs with a bridged sugar moiety. Chem. Commun. 2002, 1653–1659.
[CrossRef]

99. Kaur, H.; Babu, B.R.; Maiti, S. Perspectives on chemistry and therapeutic applications of Locked Nucleic Acid (LNA). Chem. Rev.
2007, 107, 4672–4697. [CrossRef]

100. Veedu, R.N.; Wengel, J. Locked nucleic acids: Promising nucleic acid analogs for therapeutic applications. Chem. Biodivers. 2010,
7, 536–542. [CrossRef] [PubMed]

101. Soler-Bistue, A.; Zorreguieta, A.; Tolmasky, M.E. Bridged Nucleic Acids Reloaded. Molecules 2019, 24, 2297. [CrossRef]
102. Renneberg, D.; Bouliong, E.; Reber, U.; Schumperli, D.; Leumann, C.J. Antisense properties of tricyclo-DNA. Nucleic Acids Res.

2002, 30, 2751–2757. [CrossRef]
103. Nielsen, P.E. Peptide nucleic acids (PNA) in chemical biology and drug discovery. Chem. Biodivers. 2010, 7, 786–804. [CrossRef]
104. Summerton, J.; Weller, D. Morpholino antisense oligomers: Design, preparation, and properties. Antisense Nucleic Acid Drug Dev.

1997, 7, 187–195. [CrossRef]
105. Summerton, J. History and Properties of Morpholino Antisense Oligos. J. Drug Discov. Develop. Deliv. 2016, 3, 1019.
106. Aartsma-Rus, A.; Krieg, A.M. FDA Approves Eteplirsen for Duchenne Muscular Dystrophy: The Next Chapter in the Eteplirsen

Saga. Nucleic Acid Ther. 2017, 27, 1–3. [CrossRef]
107. Heo, Y.A. Golodirsen: First Approval. Drugs 2020, 80, 329–333. [CrossRef]
108. Shirley, M. Casimersen: First Approval. Drugs 2021, 81, 875–879. [CrossRef] [PubMed]
109. Hamilton, A.J.; Baulcombe, D.C. A species of small antisense RNA in posttranscriptional gene silencing in plants. Science 1999,

286, 950–952. [CrossRef] [PubMed]
110. Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21-nucleotide RNAs mediate RNA

interference in cultured mammalian cells. Nature 2001, 411, 494–498. [CrossRef]
111. Kurreck, J. RNA interference: From basic research to therapeutic applications. Angew. Chem. 2009, 48, 1378–1398. [CrossRef]

[PubMed]

http://doi.org/10.1038/nbt0491-358
http://doi.org/10.1126/science.7681216
http://doi.org/10.2174/0929867013372409
http://www.ncbi.nlm.nih.gov/pubmed/11472233
http://doi.org/10.1073/pnas.1813376116
http://www.ncbi.nlm.nih.gov/pubmed/30622178
http://doi.org/10.1073/pnas.2016158117
http://www.ncbi.nlm.nih.gov/pubmed/33288723
http://doi.org/10.1021/ja027983f
http://www.ncbi.nlm.nih.gov/pubmed/12537492
http://doi.org/10.1021/ja060112b
http://www.ncbi.nlm.nih.gov/pubmed/16608361
http://doi.org/10.1016/S0167-4781(99)00138-4
http://doi.org/10.2174/156802607780487713
http://doi.org/10.1002/cbdv.201100081
http://www.ncbi.nlm.nih.gov/pubmed/21922654
http://doi.org/10.1016/0014-5793(93)81427-2
http://doi.org/10.1021/bi9621167
http://doi.org/10.1093/nar/26.9.2224
http://www.ncbi.nlm.nih.gov/pubmed/9547284
http://doi.org/10.1093/jnci/dji252
http://www.ncbi.nlm.nih.gov/pubmed/16145049
http://doi.org/10.1021/jm00059a007
http://www.ncbi.nlm.nih.gov/pubmed/8464037
http://doi.org/10.1039/b201557a
http://doi.org/10.1021/cr050266u
http://doi.org/10.1002/cbdv.200900343
http://www.ncbi.nlm.nih.gov/pubmed/20232325
http://doi.org/10.3390/molecules24122297
http://doi.org/10.1093/nar/gkf412
http://doi.org/10.1002/cbdv.201000005
http://doi.org/10.1089/oli.1.1997.7.187
http://doi.org/10.1089/nat.2016.0657
http://doi.org/10.1007/s40265-020-01267-2
http://doi.org/10.1007/s40265-021-01512-2
http://www.ncbi.nlm.nih.gov/pubmed/33861387
http://doi.org/10.1126/science.286.5441.950
http://www.ncbi.nlm.nih.gov/pubmed/10542148
http://doi.org/10.1038/35078107
http://doi.org/10.1002/anie.200802092
http://www.ncbi.nlm.nih.gov/pubmed/19153977


Molecules 2021, 26, 5420 29 of 36

112. Bernstein, E.; Caudy, A.A.; Hammond, S.M.; Hannon, G.J. Role for a bidentate ribonuclease in the initiation step of RNA
interference. Nature 2001, 409, 363–366. [CrossRef]

113. Zhou, L.Y.; Qin, Z.; Zhu, Y.H.; He, Z.Y.; Xu, T. Current RNA-based Therapeutics in Clinical Trials. Curr. Gene Ther. 2019, 19,
172–196. [CrossRef]

114. Nair, J.K.; Willoughby, J.L.; Chan, A.; Charisse, K.; Alam, M.R.; Wang, Q.; Hoekstra, M.; Kandasamy, P.; Kel’in, A.V.; Milstein, S.;
et al. Multivalent N-acetylgalactosamine-conjugated siRNA localizes in hepatocytes and elicits robust RNAi-mediated gene
silencing. J. Am. Chem. Soc. 2014, 136, 16958–16961. [CrossRef]

115. Scott, L.J. Givosiran: First Approval. Drugs 2020, 80, 335–339. [CrossRef]
116. Scott, L.J.; Keam, S.J. Lumasiran: First Approval. Drugs 2021, 81, 277–282. [CrossRef]
117. Raal, F.J.; Kallend, D.; Ray, K.K.; Turner, T.; Koenig, W.; Wright, R.S.; Wijngaard, P.L.J.; Curcio, D.; Jaros, M.J.; Leiter, L.A.; et al.

Inclisiran for the Treatment of Heterozygous Familial Hypercholesterolemia. New Engl. J. Med. 2020, 382, 1520–1530. [CrossRef]
[PubMed]

118. Ishino, Y.; Shinagawa, H.; Makino, K.; Amemura, M.; Nakata, A. Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and identification of the gene product. J. Bacteriol. 1987, 169, 5429–5433.
[CrossRef] [PubMed]

119. Mojica, F.J.; Juez, G.; Rodriguez-Valera, F. Transcription at different salinities of Haloferax mediterranei sequences adjacent to
partially modified PstI sites. Mol. Microbiol. 1993, 9, 613–621. [CrossRef] [PubMed]

120. Jansen, R.; Embden, J.D.; Gaastra, W.; Schouls, L.M. Identification of genes that are associated with DNA repeats in prokaryotes.
Mol. Microbiol. 2002, 43, 1565–1575. [CrossRef]

121. Mojica, F.J.; Diez-Villasenor, C.; Garcia-Martinez, J.; Soria, E. Intervening sequences of regularly spaced prokaryotic repeats derive
from foreign genetic elements. J. Mol. Evol. 2005, 60, 174–182. [CrossRef]

122. Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P. CRISPR provides
acquired resistance against viruses in prokaryotes. Science 2007, 315, 1709–1712. [CrossRef]

123. Brouns, S.J.; Jore, M.M.; Lundgren, M.; Westra, E.R.; Slijkhuis, R.J.; Snijders, A.P.; Dickman, M.J.; Makarova, K.S.; Koonin, E.V.;
van der Oost, J. Small CRISPR RNAs guide antiviral defense in prokaryotes. Science 2008, 321, 960–964. [CrossRef] [PubMed]

124. Mojica, F.J.M.; Diez-Villasenor, C.; Garcia-Martinez, J.; Almendros, C. Short motif sequences determine the targets of the
prokaryotic CRISPR defence system. Microbiology 2009, 155, 733–740. [CrossRef]

125. Sapranauskas, R.; Gasiunas, G.; Fremaux, C.; Barrangou, R.; Horvath, P.; Siksnys, V. The Streptococcus thermophilus CRISPR/Cas
system provides immunity in Escherichia coli. Nucleic Acids Res. 2011, 39, 9275–9282. [CrossRef]

126. Deltcheva, E.; Chylinski, K.; Sharma, C.M.; Gonzales, K.; Chao, Y.; Pirzada, Z.A.; Eckert, M.R.; Vogel, J.; Charpentier, E. CRISPR
RNA maturation by trans-encoded small RNA and host factor RNase III. Nature 2011, 471, 602–607. [CrossRef] [PubMed]

127. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef] [PubMed]

128. Mali, P.; Yang, L.; Esvelt, K.M.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-guided human genome
engineering via Cas9. Science 2013, 339, 823–826. [CrossRef] [PubMed]

129. Jinek, M.; East, A.; Cheng, A.; Lin, S.; Ma, E.; Doudna, J. RNA-programmed genome editing in human cells. Elife 2013, 2, e00471.
[CrossRef]

130. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A.; et al. Multiplex genome
engineering using CRISPR/Cas systems. Science 2013, 339, 819–823. [CrossRef]

131. Cong, L.; Zhang, F. Genome engineering using CRISPR-Cas9 system. Methods Mol. Biol. 2015, 1239, 197–217.
132. Baylis, F.; McLeod, M. First-in-human Phase 1 CRISPR Gene Editing Cancer Trials: Are We Ready? Curr. Gene Ther. 2017, 17,

309–319. [CrossRef] [PubMed]
133. Maeder, M.L.; Stefanidakis, M.; Wilson, C.J.; Baral, R.; Barrera, L.A.; Bounoutas, G.S.; Bumcrot, D.; Chao, H.; Ciulla, D.M.;

DaSilva, J.A.; et al. Development of a gene-editing approach to restore vision loss in Leber congenital amaurosis type 10. Nat.
Med. 2019, 25, 229–233. [CrossRef] [PubMed]

134. Juliano, R.; Bauman, J.; Kang, H.; Ming, X. Biological barriers to therapy with antisense and siRNA oligonucleotides. Mol. Pharm.
2009, 6, 686–695. [CrossRef] [PubMed]

135. Juliano, R.L.; Ming, X.; Nakagawa, O. The chemistry and biology of oligonucleotide conjugates. Acc. Chem. Res. 2012, 45,
1067–1076. [CrossRef]

136. Juliano, R.L.; Carver, K.; Cao, C.; Ming, X. Receptors, endocytosis, and trafficking: The biological basis of targeted delivery of
antisense and siRNA oligonucleotides. J. Drug Target. 2013, 21, 27–43. [CrossRef]

137. Juliano, R.L.; Ming, X.; Carver, K.; Laing, B. Cellular uptake and intracellular trafficking of oligonucleotides: Implications for
oligonucleotide pharmacology. Nucleic Acid Ther. 2014, 24, 101–113. [CrossRef]

138. Crooke, S.T.; Wang, S.; Vickers, T.A.; Shen, W.; Liang, X. Cellular uptake and trafficking of antisense oligonucleotides. Nat.
Biotechnol. 2017, 35, 230–237. [CrossRef]

139. Ming, X. Cellular delivery of siRNA and antisense oligonucleotides via receptor-mediated endocytosis. Expert. Opin. Drug Deliv.
2011, 8, 435–449. [CrossRef]

140. Juliano, R.; Alam, M.R.; Dixit, V.; Kang, H. Mechanisms and strategies for effective delivery of antisense and siRNA oligonu-
cleotides. Nucleic Acids Res. 2008, 36, 4158–4171. [CrossRef]

http://doi.org/10.1038/35053110
http://doi.org/10.2174/1566523219666190719100526
http://doi.org/10.1021/ja505986a
http://doi.org/10.1007/s40265-020-01269-0
http://doi.org/10.1007/s40265-020-01463-0
http://doi.org/10.1056/NEJMoa1913805
http://www.ncbi.nlm.nih.gov/pubmed/32197277
http://doi.org/10.1128/jb.169.12.5429-5433.1987
http://www.ncbi.nlm.nih.gov/pubmed/3316184
http://doi.org/10.1111/j.1365-2958.1993.tb01721.x
http://www.ncbi.nlm.nih.gov/pubmed/8412707
http://doi.org/10.1046/j.1365-2958.2002.02839.x
http://doi.org/10.1007/s00239-004-0046-3
http://doi.org/10.1126/science.1138140
http://doi.org/10.1126/science.1159689
http://www.ncbi.nlm.nih.gov/pubmed/18703739
http://doi.org/10.1099/mic.0.023960-0
http://doi.org/10.1093/nar/gkr606
http://doi.org/10.1038/nature09886
http://www.ncbi.nlm.nih.gov/pubmed/21455174
http://doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://doi.org/10.1126/science.1232033
http://www.ncbi.nlm.nih.gov/pubmed/23287722
http://doi.org/10.7554/eLife.00471
http://doi.org/10.1126/science.1231143
http://doi.org/10.2174/1566523217666171121165935
http://www.ncbi.nlm.nih.gov/pubmed/29173170
http://doi.org/10.1038/s41591-018-0327-9
http://www.ncbi.nlm.nih.gov/pubmed/30664785
http://doi.org/10.1021/mp900093r
http://www.ncbi.nlm.nih.gov/pubmed/19397332
http://doi.org/10.1021/ar2002123
http://doi.org/10.3109/1061186X.2012.740674
http://doi.org/10.1089/nat.2013.0463
http://doi.org/10.1038/nbt.3779
http://doi.org/10.1517/17425247.2011.561313
http://doi.org/10.1093/nar/gkn342


Molecules 2021, 26, 5420 30 of 36

141. Deprey, K.; Batistatou, N.; Kritzer, J.A. A critical analysis of methods used to investigate the cellular uptake and subcellular
localization of RNA therapeutics. Nucleic Acids Res. 2020, 48, 7623–7639. [CrossRef] [PubMed]

142. Maier, M.; Bleicher, K.; Kalthoff, H.; Bayer, E. Enzymatic degradation of various antisense oligonucleotides: Monitoring and
fragment identification by MECC and ES-MS. Biomed. Pept. Proteins Nucleic Acids. 1995, 1, 235–242.

143. Monia, B.P.; Johnston, J.F.; Sasmor, H.; Cummins, L.L. Nuclease resistance and antisense activity of modified oligonucleotides
targeted to Ha-ras. J. Biol. Chem. 1996, 271, 14533–14540. [CrossRef] [PubMed]
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