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PNAs are emerging as useful synthetic devices targeting
natural miRNAs. In particular 3 classes of structurally modified
PNAs analogs are herein described, namely «, B and vy, which
differ by their backbone modification. Their mode and
binding affinity for natural nucleic acids and their use in
medicinal chemistry as potential miRNA binders is discussed.

Introduction

Peptide nucleic acid (PNA) is a synthetic polymer, analog to
DNA and RNA, in which the sugar phosphate backbone has
been replaced by a unit of N-(2 aminoethyl) glycine (zzeg).l Each
of the 4 natural bases is then connected to the backbone viz a
methylene carbonyl linker. PNA has been designed by Nielsen
and coworkers in 1991 as a synthetic ligand that recognizes dou-
ble stranded DNA’s via Hoogsteen like-base pairs in the major
groove." The design of PNA was conceived to match the relative
distance at which the sugar backbone holds the important struc-
tural units, namely the 3'-OH, the 5’OH and the nucleobase. As
it could be seen from (Fig. 1), the PNA backbone is made of a
linear chain containing six o-bonds, to which the nucleobase is
connected via a three o-bonds (i.e. a methylene carbonyl) linker.
Therefore in a DNA backbone six o-bonds separate each nucleo-
base unit, while the distance between the backbone and the
nucleobase is three bonds. This precise dimension of the back-
bone is indispensable to obtain polymers that recognize DNA
complementary strands with high affinity and this will be dis-
cussed in more details throughout this article. It should be noted
that modification of the backbone also involved substitution at
the positions o, B and y (Fig. 1). Although modifications at a,
B and vy position did not alter the main chain length, they
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provided compounds with remarkable diverse ability to bind
which it will be discussed in details (vide infra).

By convention, PNA is always represented with the N-terminus
upward (or side to the left) and the C-terminus downward (or side
to the right) as it would occur for peptides (Fig. 2). The name
“PNA” was created to highlight their synthesis (SPS) as well as their
analogy to nucleic acids. However, it should be noted that PNA is
not a peptide or a nucleic acid in the formal sense.””

In addition, PNA has an achiral and neutral backbone which
makes it very different from DNAs that possess a chiral and cyclic
moiety. The main consequence of lack of chirality lays in the
ability of PNA to bind to complementary nucleic acids in both
parallel and antiparallel orientation, a property that is forbidden
to natural DNA and RNA (Fig. 3).

In the antiparallel hybridization, PNA’s N-terminus binds to
DNA’s 3’ end, whereas its C-terminus hybridize to DNA’s 5’
end. In contrast, in the parallel hybridization PNA’s N-terminus
binds to DNA’s 5" end, whereas the C-terminus hybridize to
DNA’s 3 ’end (Fig. 3). It should be noted that, although both
parallel and antiparallel mode of binding are permitted, the anti-
parallel orientation has been found to be more stable and, there-
Conversely to DNA, PNA

possesses a neutral, not charged, backbone which impact on its

fore, favored at some extent.’

water solubility and the stability of their duplexes formed with
DNAs and RNAs. This is due to the absence of electrostatic
repulsion between the PNA strand and the DNA/RNA one.” As
a consequence, the thermal stability of PNA-DNA and PNA-
RNA duplexes is higher when compared to DNA-DNA or
DNA-RNA ones.* Peptide nucleic acids could also make bind-
ing to complementary sequences of PNA to form PNA-PNA
duplexes that possess a higher stability when compared with
PNA/DNA or PNA/RNA complementary duplexes.® It should
be noted that not only the PNA/PNA duplexes possess higher
affinity, but also their specificity was found to be higher. The
Watson Crick base pairing rules are strictly observed in hybrids
of PNA and nucleic acids.”® However, a mismatch in a PNA/
DNA duplex is generally more destabilizing than a mismatch in a
DNA/DNA pair.5 The average AT, of a single mismatch in
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Figure 1. Chemical structure of DNA, PNA and backbone modified-PNA. |

PNA/DNA duplex was of 15°C compared to 11°C for DNA/
DNA duplex, when this was measured on a 15-mer.” A unique
property of PNAs lays in the ability to invade DNAs duplexes to
furnish (PNA),: DNA wiplexes or other higher order
complexes.">®

For example it has been found that PNA built on a homopyri-
midine scaffold, i.e., containing only pyrimidine type nucleo-
bases, bound to DNA’s double helices viz 2 competing modes:
(a) triple helix (PNA:DNA 1:2); () strand invasion, where PNA
displaces one DNA’s strands followed by the formation of a tri-
plex (PNA:DNA, 2:1).”

PNA binds to double-stranded DNA in 4 diverse modes
which includes (Fig. 4): Triplex (1), Triplex Invasion (2) Duplex
Invasion (3) Double Duplex Invasion (4). Triplex (1) and triplex
invasion (2) require a homopurine DNA target and thus could
be only elicited by a complementary homopyrimidine PNA. The
duplex invasion mode (3) can, in principle, be formed form with
any PNAs sequence, although they elicit appreciable stability in
particular when targeting homopurines DNAs. The Double
Duplex Invasion mode (4), is the most stable, however it is only

N-terminus 3-end
A5 0" N
" 1 9 lo
X = .
] NH, LA,- O—F\’—O
HN i 0 o
:27Rx
o o
NH s )
NH (Lot |
e LG e
(0]
(o]
HN N O
Rx H:O /[_SL
e o] (0]
© NH NH G- Q
& ‘0-P=0
Rx/‘kﬁo N O é
HN
Rx 0
A" O
S et OH
Sl
= o
R NcooH N i
C-terminus Protein PNA DNA 5'-end

Figure 2. Chemical structure of PNAs compared to DNA and protein.
Adapted from European Journal of Human Genetics (2004) 12, 694-700.
doi:10.1038/sj.ejhg.5201226.
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viable when using PNAs containing modified nucleobases, 7.e.
pseudo-complementary nucleobases.”

The stability of a given PNA-DNA duplexes is independent
from the ionic strength of the medium,’ only when the DNA (or
RNA) target does not possess a secondary structure. Since any rel-
evant DNA or RNA targeted by PNAs would have a competing
structure (Ze., duplex, stem-loop, quadruplex) which stability
depends on ionic strength, the affinity of a PNA for its target will
also be ionic strength dependent. In the context of designing an
opportune PNA targeting miRNAs, it should be considered that
pri-miRNAs, pre-miRNAs or miRNAs loaded on a RISC com-
plex constitutes competing structures that would explain the sig-
nificant ionic strength dependence of PNA while eliciting its
antagomir activity.

PNAs are not easily recognized by either nucleases or pro-
teases, for which reason they are resistant to enzymatic degrada-
tion.'” PNAs are stable across a wide range of temperatures and
pHs, unlike DNA, which undergo loss of purine under acidic
conditions. Rearrangement of the PNAs might occur, however,
under strong alkaline conditions (pH >1 DM

Since its discovery, PNAs has attracted interest of chemists
and biologists for their chemical, physical, and biological proper-
ties and their potential application in diagnostic and pharmaceu-
tics. PNAs are currently employed for: 1) studies related to
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Figure 4. Complexes formed between PNA and double-stranded DNA.
Duplex invasion (PNA-DNA/DNA), double duplex invasion (PNA-DNA/
PNA-DNA), triplex (PNA-DNA-DNA), triplex invasion (PNA-DNA-PNA/
DNA), PNA moieties are drawn in bold. Source: PNAs 1999 vol. 96 no. 21,
Method in Molecular Biology, vol 208, Peptide Nucleic Acids, Methods

and Protocols (Ed) PE Nielsen.
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molecular biology and biotechnology,12 2) the development of
gene-targeted drugs in antigene or antisense strategy,'>'* 3) the
development of diagnostics tools,"> and biosensors.'® Studies are
currently undergoing to improve the PNA properties (i.e. solubil-
ity, parallel antiparallel discriminative ability) which will result in
a number of subsequent generations of PNAs.'”

Targeting MIRNA with PNAs

The development of new therapeutics via targeting of relevant
microRNA’s (miRNAs) is one of the up and coming fields of
bio-medicine. miRNAs are a family of small (19-23 unit) non
coding RNAs that regulate gene expression by sequence-selective
targeting of mRNAs,'®?? leading to a translational repression or
mRNA degradation depending on the degree of complementarity
between miRNAs and target sequences. '’

Essential for miRNA binding to the mRNA is the seed region.
The seed region is a conserved sequence which spans bases 2-8
from the 5’-end of the miRNA. Even though base pairing of
miRNA and its target mRNA does not
match perfectly, the “seed sequence”
must be fully complementary to observe
translational repression.'”

There are at present 25,141 identified mature miRNAs in 193
species, including 2,042 mature miRNAs in humans. However,
only some specific targets have been validated.”> A single
miRNA, as predicted viz bioinformatics analysis, could poten-
tially target many mRNAs through imperfect base
complementarity.

It has been shown in specific diseases that miRNAs dysregula-
tion can also alter gene expression. In this context, a therapy
aimed at miRNA replacement or anti-sense inhibition of miR-
NAs offer the potential to restore gene expression. The specific
ability of miRNAs to target gene networks, and in particular
those controlling key cellular processes, offers the opportunity of
carrying out pharmaceutical intervention by modulating gene
pathways rather than a single target as in antisense strategy.”>*
When designing antisense oligonucleotides to target mRNA, site
selection could be challenging as the DNA targets contains hun-
dreds to thousands bases. MicroRNAs instead are very short, usu-
ally only 21-23 base long, so anti-miRNA oligonucleotides
(AMO:s) are usually designed to be a perfect reverse complement
intended to base pair with the full miRNA, avoiding therefore

A short single strand non-coding RNA
is first charged into the relevant miRNA-
induced silencing complex (miRISC). In

turn, miRISC make a complex with a tar-
e |
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ptosis. (Fig. 5).20

Two divergent pathways arise depend-
ing on the level of miRNA complemen-
tarity to the mRNA target. When perfect
complementarity occurs, the mRNA is
cleaved and degraded.'” Conversely when
imperfect  complementarity  exists

between the miRNA and its target the

CYTOPLASM

TRBP
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O mature miR pre-miR

mRNA translation result impeded, but
no mRNA degradation occurs.”® In this
latter case, which is the most represented
in human cells, the miRNA modulates
the rate at which mRNA is expressed

Transcript degradation

mRNA

Transcript inactivation

leaving the amount of mRNA function-

ing in the cell intact.

Considering their role in the regula-
tion of protein expression, miRNAs have
been proposed as potential template for
drug design.21 In addition it has been
shown that targeting of miRNAs biogen-
esis had a vast impact on specific pheno-

types and on pathological conditions as
well.*

www.tandfonline.com

Figure 5. MicroRNA pathway: The primary miRNA transcript (pri-miR) is processed by DROSHA-
DGCR8 (Pasha) complex in the nucleus. The maturation includes the production of the primary
miRNA transcript (pri-miRNA) by RNA polymerase Il or lll and cleavage of the pri-miRNA by the com-
plex Drosha-DGCR8 (Pasha) in the nucleus. The resulting precursor hairpin, the pre-miRNA, is
exported from the nucleus by Exportin-5-Ran-GTP. In the cytoplasm, the RNase Dicer in complex
with the double-stranded RNA-binding protein TRBP cleaves the pre-miRNA hairpin to its mature
length. The functional strand of the mature miRNA is loaded together with Argonaute (Ago2) pro-
teins into the RNA-induced silencing complex (RISC), where it guides RISC to silence target mRNAs
through mRNA cleavage, translational repression or deadenylation, whereas the passenger strand
(black) is degraded. Original Source “Targets in Gene Therapy (Intech) DOI: 10.5772/21081.
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the ‘site selection’. Moreover, in the antisense approach only a
few complementary oligonucleotides can successfully hybridize
to a targeted mRNA. This is probably due to target accessibility,
which in turn may be due to secondary or tertiary mRNA struc-
ture and/or to the proteins bound to the RNA.*

Target site splicing is a therapeutic approach to correct dis-
ease-associated aberrant splicing. In this context, antisense oligo-
Pre-mRNA

splicing into mature mRNA is an essential step for expression of

. .. 26
nucleotides showed some promising results.

most genes in higher eukaryotes.”” Defects in this process typi-
cally affect cellular function and can have pathological conse-
quences. Pre-mRNA splicing mutations account for at least 15%
of disease-causing mutations™ with up to 50% of all mutations
described in some genes.*”

Rationalizing the effects of variants on splicing is not easy;
natural and regulatory splice sites display considerable sequence
variation. Furthermore, to verify the consequences of each variant
is necessary to perform in vitro experiments; which is time con-
suming, costly and not-practical. The employment of the 7z silico
prediction approach have become essential to analyze these var-
iants. However even this approach has a drawback: the type of
nucleotides that are common in functional splice could be misin-
terpreted leading to false-positive mutation predictions.

Conversely, the targeting of miRNA by synthetic oligonucleo-
tides is easy to design and effect. miRNAs are fully complemen-
tary to the guide strand. There is no need for gene-specific
sequences like in conventional antisense oligonucleotide, where
target prediction and site selection may be challenging, or con-
cerns may arise about the nature of the secondary structure of a
given target fragment.

miRNAs have been targeted via two approaches: (z) inhibi-
tion of miRNA biogenesis by targeting enzymatic active protein
complexes Drosha, and Dicer, or other miRNA pathways com-
ponents,”"?? (b) targeting of mature miRNA with modified
oligonucleotides.”

Antisense oligonucleotides (ASO) have been used for over
30 years to target mRNAs and now are being used to study miR-
NA:s. Different ASO designs can work through different mecha-
nism of action, for example providing steric inhibition and then
impeding translation or degradation of the target RNA.** Natu-
ral oligonucleotides are not suitable as antisense agents because
they are rapidly degraded by exo and endonucleases, present in
the serum and in the intracellular environment.**?*> Modifica-
tions able to confer nuclease stability and binding affinity
improve AMOs performance.” Hence, the same modified oligo-
nucletides used in antisense technology can be used to improve
the performance, and the potency, of synthetic agents targeting
miRNAs (AMOs or anti-miRNA). In Figure 6 are reported the
most common oligonucleotide modifications used for the prepa-
ration of anti-miRNA agents. Some representative example will
be discussed below. For a more in depth description see

references.>>2%%7

The Phosphorothioate (PS) modified backbone 2 (Fig. 6) in
which the sulfur atom substitutes a non-bridging oxygen, has
been employed as a building block to prepare anti-miRNA. This
modification reduced the affinity of the ASO to target miRNA
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Figure 6. Structure of nucleic acid variants used in miRNA targeting. (A)
Phosphorothioate backbone, 2'-OMe (ribose modified) (B) Ribose var-

jiants: 2’-MOE, 2'F, LNA (C) Non-ribose backbones: PMO and PNA.
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but conferred a significant increase in nuclease resistance, a prop-
erty fundamental for long-term assays in cell culture.”®?’

The most common sugar modifications used to increase the
duplex melting temperature (T,,) and improve nuclease resis-
tance of anti-miRNA include: the 2’-O-methyl (2'-OMe) 3, 2'-
O-methoxy-ethyl (2’-MOE) 4, 2’-deoxy-2'-fluoro 5 and the bicy-
clic locked nucleic acid (LNA) 6 (Fig. 6).40-%

All the 2’-modifications increased the affinity of the ASO to
its target RNA. Additionally, the 2’-modifications extended the
half-life of the ASO in serum from 3-5 min (unmodified ASO)
to 2-3 days. This improved stability translated into the observed
higher efficacy in vivo. 4

2'-O-methyl RNA (2’-OMe) oligonucleotides 3 (Fig. 6) were
employed for the first time as AMOs in 2004.”” Meister et al.
described the use of 2’-OMe oligonucleotides to reduce the
expression of miRNA-21 in Hela cells.?” Hutvagner et al 8
used 2’-OMe oligonucleotide to prepare a 31-mer which inhib-
ited /lez-7 and synthetic siRNA specific for luciferase in HeLa cells
and in Caenorhabditis elegans.

The 2'-MOE 4 (Fig. 6) modification improved the nuclease
resistance. This was again reflected in the increased T,,. 2-MOE
4 was demonstrated to provide more potent compounds com-
pared to 2'-OMe in traditional anti-mRNA antisense.””
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The replacement of the OH at 2’ in the ribose with a fluorine
provided 2'F 5 (Fig. 6). The introduction of a fluorine increased
the binding affinity toward complementary RNAs. This was
explained considering that fluorine is able to enhance base-pair-
ing and stacking interaction due to its ability to localize electronic
charge.49 LNA 6 (Fig. 6) exhibited the highest affinity toward
complementary RNAs. Typically there is an increase of 2-8°C in
the T, per each LNA unit introduced.’®

Chan et al. first described the application of LNA constructs
in anti-miRNA strategy: an anti-miRNA-21 sequence bringing a
central core of 8 LNA units flanked on each side by DNA
oligomers demonstrated to work slightly better than a previously
tested 2-OMe AMO.”!

Lennox and Behlke studied the relative potency of different
AMO designs using a miR-21 reporter system. This study identi-
fied in LNA/2’-OMe mixmers, the most potent type of AMO.
However, in spite of increased binding, the LNA/2-OMe
mixmers showed decreased specificity.*?

Obad et al. reported the use of short 8-mer built on a LNA-
PS scaffold called tiny LNA, designed to bind solely the seed
region. The tiny LNA effectively inhibited the function of both
individual miRNA-21 as well as entire family of miRNAs
(miRNA-221/222 and let-79) in cell cultures using a luciferase
reporter system.

LNA buile AMOs are more effective as miRNA inhibitors
than the correspondent 2'-OMe ones.”®**> However, LNA-modi-
fied ASOs present a significant risk of hepatotoxicity.”

All the AMOs described until now were based on the modifi-
cation on the ribose or nucleic acid backbone but other non natu-
ral nucleic acid analog such as phosphorodiamidate morpholino
oligonucleotide (PMO)** and peptide nucleic acid can be
employed to inhibit miRNAs.'*3>-%

PNAs constitutes good alternative as they have high stability
to both chemical and enzymatic degradation.'® PNAs form very
stable PNA:RNA duplexes, which can efficiently disrupt the
dsRNA duplex.” The first example in this field was reported by
Fabani et al.'* who used PNAs and PNA-peptide conjugates to
target miRNA-122, obtaining compounds of superior binding

Table 1. PNAs as anti-miRNA agents.

and activity compared to 2-O-methyl oligonucleotides
(Table 1). The inhibition ability of PNA based anti-miRNAs
was demonstrated without the use of electroporation or any
transfection agent but only by conjugating the PNA to cell pene-
trating peptide (R6-Penetratin) or to 4 lysines residue. The PNA
oligomers and the LNA/2-OMe mixmers were found more
effective than 2’O-methyl oligomers. '

In parallel, a series of CPPs such as R6 pen (RQI-
KIWFQNRRMKWKK), Tat (GRKKRRQRRRPPQ), 4 lysines
sequence, transportan (AGYLLGKINLKALA-ALAKKIL) conju-
gated with PNA were found effective for miRNA targeting.” In
particular a Tat cationic modified peptide RRRQRRKKRR
showed the best result. The inhibition of miRNA-16 and
miRNA-21 by PNAs, monitored by gene luciferase assay,
resulted to be more effective compared to LNA and 2’-OMe ana-
logs, showing no cytoxicity at the concentration used, whereas
LNAs showed a reduced cell viability. PNAs were more resistant
to degradation compared to LNAs, suggesting a better potential
as drug candidate.”

Oh et al.>® compared the effect of PNA based AMO with
other modified analogs including 2'-OMe and LNA. The PNA-
based anti miRNA-24 showed an inhibitory effect 2-fold greater
than LNA or 2’-OMe-modified ones. Transfection of LNA-mod-
ified AMO into cultured cell also decreased cell viabilities. The
results obtained, confirmed that the LNA-modified AMO could
be cytotoxic.”® Furthermore, Oh et al.”> compared the activity of
other PNA-based anti-miRNA sequences such as let7a, let7b,
10a, 16, 21, 20a and 31 with other modified-AMOs (LNA, 2’-
OMe). The PNA sequences exhibited similar or better miRNA
inhibition effects than others.>

Since inhibitory activity of AMOs decrease as a function of
storage and time, the shelf life of PNA was also tested. PNA
sequences stored at room temperature and at 4°C showed no
decrease in inhibitory activity for up to 14 weeks. The sequences
based on 2-OMe-modified and LNA-modified analogs, con-
versely, decreased their miRNA inhibitory activity. Additionally
PNA-based sequences showed a long lasting effect on miRNA
inhibition in cell also in the presence of serum. Thus, these

Target PNA modification System Cellular/animal Effect Ref
miR-122 K-PNA-K3 -human hepatocellular carcinoma cells Decrease in miR-122 and mRNA of its target genes. 14
-primary rat hepatocytes (Aldolase A)

miR-16 RRRQRRKKR-O-PNA Hela cells Upregulation of bcl-2 mRNA levels 55

miR-21 RRRQRRKKR-O-PNA Hela cells Upregulation of mRNA targets measured by 55
luciferase assay

miR-24 RRRQRRKKR-O-PNA Hela cells Upregulation of mRNA targets measured by 55
luciferase assay

miR-155 K-PNA-K3 LPS-activated primary B cells and mice Up-regulation of 724 transcripts 56

miR-155 PLGA NP coated with R9 -PNA KB cells Decrease in miR-155 and mRNA 57

miR-155 RQIKIWFQNRRMKWKK-PNA Mouse model of Lymphoma Decrease in miR-155 SHIP1 repression 58

miR-210  Rg-PNA K562 chronic myelogenous leukemia cells Alterations of erythroid differentation 62

miR-221 Rg-PNA Breast cancer cells Upregulation of p27 ' gene expression 63

miR-375 RRRQRRKKR-PNA Limb mesenchymal cell Increase Migration of chondrogenic progenitors 64
Expression level of Cadherin 7

miR-210  y-GPNA K562 leukemic cells Alterations of erythroid differentation 123
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results demonstrated the advances of PNA-based antisense strat-
egy to target miRNA over other analogs employed for similar
application.”

PNAs efficiently blocked miRNA-155, expressed in the hae-
matopoietic system, in both cultured B cells and in mice.
Remarkably, miRNA-155 inhibition by PNA in primary B cells
was achieved in the absence of any transfection agent.”® The high
efficiency of PNA built anti-miRNA-155 was confirmed by the
fact that global gene expression of anti-miRNA-155 PNA treated
B cells was superimposable to the one of miRNA-155-deficient
mice. Interestingly, in this case, anti-miRNA-155 PNA induced
additional changes in gene expression.”®

The delivery of anti-miRNA PNAs molecules was achieved by
using a lactic-co-glycolic acid (PLGA) polymer nanoparticles.
The interaction between nanoparticles and PNAs which is neu-
tral, occurred via hydrophobic effect. This is a remarkable differ-
ence from nucleic acid analogs which, being charged, interact
with nanaoparticles via strong polar interactions. Saltzman et al.
reported the use of (PLGA) polymer nanoparticles (100-200nm)
coated with a nona-arginine (R9) cell penetrating peptide to
deliver neutral anti-miRNAs (PNA and PMO) to inhibit
miRNA-155.”

The inhibition of miRNA-155 was monitored by a dual lucif-
erase reporter system in which the target binding sequence for
miRNA-155 was introduced at 3’UTR of Renilla Luciferase. KB
cells transfected with this sensor system showed the inhibition of
miRNA-155 transfected by anti-miRNA PNA and PMO.”’

Babar et al.”® employed PLGA nanoparticles coated with pen-
etratin (ANTP-NP), a different CPP. The delivery of antisense
peptide nucleic acids encapsulated in ANTP-NP inhibited
miRNA-155 and slowed the growth of pre-B-cell tumors 77 vivo,
demonstrating these constructs as promising therapeutics for
lymphoma/and leukemia.

The reduction of miRNA-155 level indicated effective deliv-
ery and binding of complementary PNAs, resulting in loss of
endogenous miRNA activity. The anti-tumor potency of anti-
miRNA-155 was also investigated in vivo. Tail-vein delivery of
1.5mg/kg anti-miRNA-155 PNAs encapsulated in ANTP-NP, 2
treatments over 3 days, significantly delayed tumor growth. After
5 days, 50 % decrease in growth was observed, compared to con-
trol-untreated tumors. Babar demonstrated that therapeutic
response was proportional to the anti-miRNA-155 dose delivered
to the tumor site, hypothesizing, then, an improved efficacy for
systemic treatment at high doses.”® Tt should be noted that the
systemic dose used in this study was approximately 25-fold less
compared to anti-miRNA doses used by other group.>**!

PNA has also been exploited to target miRNA-210, a micro-
RNA associated with hypoxia and involved in erythroid differen-
tiation of leukemic K562 cells.®” The PNA conjugated with a
polyarginine peptide (R-pep-PNA-a210) entered efficiently into
the cells, strongly inhibited the miRNA-210 activity, and altered
the expression of raptor y-globin genes. A single administration
was sufficient to obtain high effect.®?

Polyarginine-PNA  conjugate  (Rpep-PNA-a221)
employed to target miRNA-221. The construct showed high
affinity for RNA rtarget. Efficient cellular uptake occurred

was
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without a transfection agent and target miRNA-221 resulted
strongly inhibited.®® This study showed that anti-miRNA could
be effectively delivered using a suitable peptide carrier
(RpepPNA-a221), altering the expression of miRNA-221-regu-
lated functions in breast cancer cells.

A PNA-based antisense oligonucleotide was employed to
study the role of miRNA-375 on chondrogenic differentiation.®*
The RRRQRRKKR CPP was used to allow the PNA sequence to
enter into the cells. In this study, miRNA-375 was identified as a
negative regulator of chondrogenic differentiation in limb mesen-
chymal cells through targeting of cadherin-7.%4

PNA based molecules demonstrated to be more effective
miRNA inhibitor than other DNA-based AMOs and did not
show cytotoxicity at concentration up to 1wM. The effects of
PNA-based AMOs were shown to persist for 9 days. Also, PNA-
based AMOs stability at

temperature.ss

showed considerable storage

Two principal properties should be kept in mind when
designing an AMO: potency and specificity. In general, chemical
modifications that increase binding affinity also increase potency.
Concluding, there is no single best modification pattern or design
to employ in AMOs; several potent AMO design strategies exist.
The design strategy of choice should be tailored to the experi-
mental aim®® and PNA proved to be a good candidate to exert

this function.

PNAs Backbone Modifications

PNA is amenable to be used in several biomedical contexts.
However, it is not a fully developed tool yet with some issues still
being outstanding. These are: 1) low water solubility, 2) poor cell
permeability, 3) ambiguity in nucleic acids recognition (parallel/
antiparallel). For this reason, many researchers have focused their
attention on developing new monomers to be used in the con-
struction of second generation PNAs lacking the abovemen-
tioned issues.®> 5

Out of the above 1-3, water solubility is the least severe, with
the exception of PNA’s sequences rich in adenine and guanine.
In addition, it should be noted that most of the cellular experi-
ments are carried out at sub-micromolar or nanomolar.®® con-
centrations, at which most of PNAs are soluble.'>®°

Several cellular types, 7.e., neurons and astrocytes, were shown
to be permeable to PNAs without the use of a delivery
system.67‘68

The use of CPPs such as pTAT (RRRQRRKKR), transpor-
tan,”” Antennapedia,”® for example, allowed delivering PNA
inside the cells as well as polyarginine or arginine rich
peptides.”"”?

This approach has been extended to the use of cationic pep-
tide-lipid conjugates” and to the newly discovered peptide car-
Nuclear localization signal peptide (NLS) has been
shown to deliver the PNAs into the nucleus, but the cellular
uptake is not enhanced as in other peptide cases.®” Therefore

. 4
rlers.7

“bioshuttle,” complex peptide carriers including more than one
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peptide have been proposed to allow both cellular and nuclear
permeation.””

In the last few years several improvements have been achieved
by modifying original PNAs structure to improve their perform-
ances in term of affinity and specificity toward complementary
oligonucleotides. Modifications introduced in the PNAs struc-
ture can impact on their biologic potency via 3 diverse effect: a)
improvement of DNA/RNA binding affinity; b) improvement of
sequence specificity, in particular for directional preference (anti-
parallel vs parallel) and mismatch recognition; ¢) improvement
of bioavailability (i.e. cell internalization, pharmacokinetics).

Excellent reviews described chemically modified PNA,”” their
structure activity relationship”® as well as the introduction of
functional groups with different charges/polarity, flexibility in
the backbone.”

Preorganization of conformation, iec., the ability to adopt a
conformation most suitable for DNA binding, has been used to
improve the antisense and antigene properties of PNAs. It has
been reasoned that an opportunely pre-organized ligand would
display a higher binding affinity for DNA or RNA, thus mini-
mizing the loss of the entropy due to the binding process. The
preorganization can be obtained by cyclization of the PNA back-
bone or by adding substituents to the backbone.***!

The presence of chirality in the backbone has also been found
to influence the affinity of PNAs to complementary DNA. In the
absence of stereogenic centers, 2 achiral complementary PNAs
will form an equimolar mixtures of left-handed and right-handed
helices. Whereas, the insertion of at least one stereogenic center
in one of the PNA strands, leads to the predominance of one ori-
entation of the helices.®” Introducing one chiral PNA monomer
in a PNA strand resulted in an increased binding affinity, when
the side chain was positively charged. The duplex stability was
found to be dependent from the stereochemistry: PNAs carrying
a D chiral monomer at C2 bound to complementary antiparallel
DNA strand with higher affinity compared to the PNAs having a
L-chiral monomer at the same position.*” Thus, the affinity of
PNAs for complementary DNAs was function of the following
factors: electrostatic interactions, steric hindrance and chirality, 7.
e. preference for the R-configuration at C2 in the monomer, S-
configuration for position C5. In this review we will focus on chi-
ral PNAs obtained by the insertion of a chiral center on the origi-
nal N-(2-aminoethyl) glycine backbone at C2 (a-PNAs), C5
(y-PNAs) and C4 (B-PNAs) their binding properties and their

potential use in medicinal chemistry (Fig. 1).

a-modified PNA monomer

The a-modified, hence chiral, PNAs represents the most
investigated class. Typical modification includes introduction of
side chains belonging to proteinogenic amino acids, sugar, and
carbocycles. The introduction of these additional groups at the a
position imparted chirality to the PNAs. The analysis of the melt-
ing temperature of PNA-DNA duplex containing one o-modi-
fied PNA monomer showed a slight destabilization of the
resulting duplex. This result, consistent across a vast number of
examples, has been interpreted considering the steric hindrance
of the side chain. The absolute configuration of the monomer
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Figure 7. a-Ala, a-Lys, a-Arg modified PNA. Structure adapted from refs.
84,86,90

has also an influence on the stability of DNA/PNA duplexes and
D aminoacids perturbed the duplex stability at a less extent com-
pared to the L series. It has also established that introduction of
positive charges has a positive influence on the duplex stability.*?

Nielsen et al. first reported a monomer in which the glycine
moiety was replaced by alanine.** Both the D and L enantiomers
were synthesized and inserted into different oligomers. The ther-
mal stability of the PNA-DNA duplexes containing the L-form
alanine showed reduced stability compared to PNA-DNA duplex
containing glycine. Conversely, the use of monomers containing
D-alanine produced PNAs able to bind to cDNAs with similar
stability.g4 Hence, PNA containing the D-form of 1 (Fig. 7)
hybridized to complementary DNA with higher affinity than
PNA containing the L-form of 1 (Fig. 7).84

Lysine, arginine and serine were used in place of glycine to
produce relevant PNA monomers bringing an a-amino function-
ality on the backbone.®” The lysine containing monomer pos-
sesses a positive charge which is known to be beneficial in the
formation of PNA-DNA duplex.**®> In this case also, the stabil-
ity of the resulting duplex is influenced by the chirality present
on the monomer backbone; the T,,, of PNA-DNA duplexes in
which the PNA contains a D-lysine is comparable to the achiral
PNA. Conversely, when the PNA contains an L- monomer a
reduction of T, is observed.?*%

Hence, the D-lysine containing PNA showed a higher T,
compared to the unmodified PNA due to a constructive electro-
static interaction formed by the ammonium group of lysine and
the phosphate of DNA.

The introduction of 3 consecutive D-lysine in PNAs pro-
duced an increase of the construct specificity of recognition and
enhanced the ability to discriminate between parallel and antipar-
allel complementary strand.®®

The X-ray analysis of the structure of the D-lysine modified
PNA/DNA duplex showed these constructs are rigid to the point
they form only a P helix conformation which is more stable, in
this case, over other possible conformations.*® Additionally, the
presence of chiral centers contributed to increasing the PNA
selectivity in the recognition of complementary DNA.%¢

Modified PNAs containing chiral lysine-PNA backbone were
used in the detection of DNA mutation in cystic fibrosis. A PNA
oligomer containing a chiral box of 3 consecutive Lys -PNA was
employed to detect a DNA mutation (R553X) related to cystic
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T their biodistribution (Fig. 8A-E).”* UV

A T B T C
o o \FO melting experiments demonstrated that a
o} \)?\ \)OL galactose in the a-position in the back-
N N o N bone induced slight reduction of the T,,
HNTSN OH  “HN">" : oH HNS ) o in the modified I%NA/DNA duplex com-
R”™ ~O-Sugar pared to the unmodified one. A C-linked
\K’ glycosylated a-PNA (Fig. 8F) was syn-
N NH thesized and incorporated in a PNA
Stigar S o \/\Sugar Sugar /\H/ oligomers  exploiting  the Fmoc
o} chemistry.”
B T E T F T Some a-modified PNAs were used to
study the interaction between PNA/
\ro o H‘O o) Kfo o DNA duplex and small molecules. For
this purpose PNAs oligomers containin:
‘“HN/\\/N \:)J\OH "HN/\‘/N OH "‘HN/\\/N\__)J\OH L orpD—feucine—based (%—PNA monomer%
_\fo _\fo (Fig. 9), were synthesized and the effect
Sugar Sugar NH-Sugar of the a-side chain on cyanine dye aggre-
Sugar=D-galactose, L-fucose, D-mannose gation was evaluated.”
T=thymine When L-leucine based unit was

inserted, the cyanine dye aggregation was

Figure 8. o -modified sugar PNA. Structure adapted from refs. 94,95

| significantly reduced whereas the inser-

fibrosis, using capillary electrophoresis experiments.*” A Lys
modified PNA probe was employed to recognize the CF
W1282X mutation using surface plasmon resonance.*® The
a-lysine side chain can be employed to introduce other func-
tional molecules in the PNA oligomer. Seitz et al. reported a
PNA oligomer bearing 2 fluorofores (FAM and TMR) in the
middle of the PNA sequences.®” The introduction of a D-argi-
nine PNA moiety in a PNA sequence (Fig. 7C) behave in differ-
ent fashion compared to the D-lysine constructs. When one
monomer containing of D-arginine was inserted into a PNA dec-
amer, destabilization of the duplex PNA-DNA was observed,
although the guanidium group is positively charged as the lysine
amino functionality. However, introducing a D-arginine con-
taining moiety in every other position of an a-GPNAs, produced
constructs with increased DNA’s affinity.”® This result was
explained considering that the electrostatic attraction between
the guanidinium group and the phosphate overcame the steric
repulsion in the latter cases.”” PNA containing arginine residues
(GPNA) were more easily taken up by mammalian cell and
resulted in being less toxic compared to PNA and PNA conju-
gated with polyarginine.”’

GPNAs were successfully used to target the transcriptional
start site of E-cadherin gene producing a sequence-specific anti-
sense effect.”’ GPNAs were also employed for PNA microarray
analysis and their higher sequence selectivity in this context was
demonstrated.””

PNAs modified with bulky amino acids, such as His, Tyr,
Trp, Phe and Val, furnished lower T,, compared to the un-
substituted ones, due to their substantially larger steric hin-
drance.” Sugars were also introduced at the « position of
PNAs: 1) to allow the interaction of the oligomers with those
receptors recognizing glycosylated substrates; 2) to enhance
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tion of L-leucine one was less inhibitory.
It has been shown that in the duplex, the
isobutyl group of L-leucine was directed
into the minor groove; the effective blockage of the dye access
suggested the dye binds to the minor groove. The minor groove
of PNA-DNA duplexes served as a template for the mechanism
by which the cyanine dye assembled into helical aggregates.

Recently, Rozners et al.”” discovered that short PNAs bind, in
a strong and sequence selective fashion, to a homopurine tract of
double-helical RNA iz formation of a triple helix. Combining
this newly discovered PNA’s property and the known a-guani-
dine-PNAs enhanced cellular uptake they tested the potential of
GPNA in molecular recognition of double-helical RNAs
(Fig. 10, 1). RNAs duplexes are an attractive target for molecular
recognition since many noncoding RNAs play important roles in
the control of gene expression.

Isothermal titration calorimetry (ITC) experiments run
between guanidine-modified PNA (GPNA) and RNA hairpins

L, D-leucine-based a—PNA

o] O
NH NH
\fL |
N/J% N/‘EO

o
T o
o] O
. N N
N \;—)J\OH \HN/\\/TRA\QH

Figure 9. Structure of L, D-leucine-based a-PNA. Structure adapted from
ref. 96
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showed that GPNA possessed a reduced | 1.

affinity and sequence selectivity for tri- u RNA Hairpin

ple-helical recognition of RNA. The stoi-

chiometry of binding resulted of 2:1 U-A 5 2

PNA-RNA complex, thus suggesting a C-G-- o T

strand' 'invasio.n triplex bind‘ing mode C-G-- CoNH2 ‘ . A B c

combining antiparallel PNA viz Watson- C-G- ¢ 5

Crick hydrogen bonds and parallel PNA U-A-- Tove N o — N NH; _—

bir.lding via Hoogsteen hydrogen bond.s €G- ¢ HN oM 7

(Fig. 10, 2C). In contrast the unmodi- CG- ¢ N

fied PNA formed a 1:1 PNA-RNA triple U-A- T ¢ aArgPNA .

helix (Fig. 10, 2B) C-G-- - — -
Nevertheless, promising results were U-A c HaNNH," 3 5N 35 CONH: o oNH,

obtained for recognition of biological rel- e rH

evant double-helical RNA. The a-GPNA b v

derived .fI'Ofn D-arginine recognized the C-G-- GPNA

transactivation response element of HIV-

1 with high affinity and sequence selec-

tivity, presumably via Watson-Crick Figure 10. 1) RNA hairpin structure and Targ monomer; 2) Representation of binding modes: (A) par-

duplex formation. On the other hand, allel triple helix, (B) antiparallel triple helix, (C) strand invasion triplex. Source: Biochemistry 2012; 51:

strong and sequence selective triple 6373,

helixes were formed by unmodified and

nucleobase-modified PNA and the purine-rich strand of the bac-
terial A-site RNA. The results obtained showed that PNAs chem-
ical modifications may enhance molecular recognition of non-
coding RNAs.”” The a-D-GPNA can be employed for strand
invasion recognition of biologically relevant RNAs (pri-miRNA,
pre-miRNA ezc) possessing hairpin structures that are thermally
weaker because of noncanonical base pairs, bulges, and internal
loops.

B-modified PNA monomer

Cyclic PNA analogs containing a chiral center at the 3-posi-
tion such as cyclopropane (¢pr), cyclopentyl (¢p) and cyclohexyl
(ch) were prepared to impart PNA a pre-organized structure
which would then translate in a higher selectivity for DNA/
RNA.”*'%7 (Fig. 11).

In these cases, the effect of the cyclic structure overrun the
effect of the B substitution. PNAs con-
taining a cyclopropane have an embed-

aminoethylglycine of 2egPNAs with a (S,5)-trans-cyclopentane
diamine unit (Fig. 11C). Trans-cyclopentane-derived PNAs
(tcypPNAs) was introduced in PNAs strands at several positions
and in varying number within PNA backbones containing
mixed-base sequences.

Compared to unmodified PNA, #wcypPNA showed an
improved binding affinity, higher T, and higher sequence speci-
ficity to cDNA, indicating that zcypPNA could be used as probes
in DNA diagnostics. Introduction of cyclopentanes into the
PNA backbone afforded PNAs having improved binding affinity
to complementary DNAs.””'*® Ganesh et al. reported a cis-
cyclopentane analog in which the 5-member ring was obtained
by bridging CB and Cry of the aminoethyl moiety. The ¢p-PNAs
obtained showed higher affinity toward RNA rather than DNA;
in particular the 1R2S PNA’s enantiomer (cp-PNA) (Fig. 11E)
formed more stable hybrids compared to the 152R enantiomers.

ded rigid 3-member ring (Fig. 11B).”®
The introduction of a single unit of #rans
cyclopropane (zcpr) PNA(S,S)-cyclopro-
pane in an aeg-PNA sequence resulted in
destabilization of the complexes with
DNA and RNA compared to the
unmodified PNA. In the of i
tcprPNA-RNA  complexes, a  well-

defined melting transition was visible in

case

both the heating and cooling experi-

.
""NHBoc

Ciclopropane (cpr)

“NH
¢
N\H/—B N«n/OH
LT o)
B
cis (1R,2S)-cypPNA cis (15,2

@NHBOC B

N— ®) ) T\)

r,g COOH ;\o i\o
o} o g

B F

S,S trans-cyclopentane R R trans-cyclopentane

NHBoc

s) Qs» R)
‘"NHBoc NHBoc
) R

(S)

N—, N—,

//g COOH //§ COOH
o} o

B B

c D
R)-cypPNA (RR/SS)-Cyclohexanyl PNA (SR/RS)-Cyclohexanyl PNA(chPNA)
NH

NH
N\[H i

G H

ments whereas in the DNAs one PNA 1:(R)

sequences was able to form a 1 : 2 //AN_\COOH

complex.98 B o E
Trans-cyclopentane-derived ~ PNAs

monomer (xcypPNAs) was obtained

| Figure 11. B-ciclic PNA analogs. Structures adapted from Refs. 98-107 |

replacing the ethylenediamine portion of
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| Figure 12. B-methyl PNA analog. Structures adapted from Ref. 107 |

Both enantiomers stabilized PNA,:DNA and PNA,:RNA tri-
plexes.'®"'°> PNAs containing a cyclohexyl moiety in the back-
bone in either (S,5) or (R,R) configuration 7 were also prepared
(Fig. 11).19 Introducing (S§,9)-cyclohexyl monomer in PNAs
oligomers had little effect on the thermal stability (AT,, = —
1 °C) of their duplexes with DNA and RNA. In contrast, intro-
duction of (R, R)-cyclohexyl units dramatically decreased the ther-
mal stability of the PNA-DNA (RNA) complexes (AT, = —
8 °C for each (RR) residue). In PNA-PNA duplexes the intro-
duction of (R,R) and (S,5) residue only exerted a slight effect on
the stability and the duplexes containing the 2 isomers assumed
opposite handedness.'”> Chiral oligomers containing cis(1S,2R/
1R,2S)-aminocyclohexylglycyl thymine monomers in the center
and at the N-terminus were prepared. The hybridization of these
constructs with ¢cDNA indicated that the (15,2R)-cyclohexyl
moiety enhanced selective binding with RNA over DNA. This
arose from comparing the T, values of the duplexes formed by
these molecules and their targets with 2e¢gPNA as a control
(Fig. 11H)."**'% The (15,2R)-cyclohexyl PNA possess a dihe-
dral angle B of 65°C which is compatible with the geometry

required to form either PNA:DNA or PNA:RNA complexes.'*®
It was only recently that a single substituent in B-position was
introduced by Sugiyama et al.'®” who installed a methyl group at
the B-position (Fig. 12). This position corresponds to the C4’ of
the deoxyribose moiety of the DNA which is a chiral carbon.
The incorporation of a substituent at the 3-position was expected
to influence the conformation and the binding properties of PNA
toward DNA.

Both the - and the R- monomers of —Me PNA were synthe-
sized and incorporated individually into a 10-residue mixed PNA
sequences. PNA containing the S-forms of f—Me PNA showed
similar T, values compared to unmodified PNA. In contrast, the
enantiomer of 3 PNA bearing 3 R- 3—Me monomers did not
bind to DNA. The stereochemistry of the (3-carbon of the PNA
backbone was fundamental to the hybridization ability of PNA
and strictly limited to the S-configuration. CD spectra analysis
suggested that the B—(5)-PNA adopted a right-handed helix
whereas B—(R)-PNA a left handed one. The right handed struc-
ture of B—(S)-PNA seems not to contribute to the total stability
of PNA-DNA duplexes. Unfavorable steric interactions brought
by the B—methyl groups in the PNA-DNA duplex may counter-
act the benefit of the induced structure.'®” Tt should be noted
that the development of B-PNAs is a new and unexplored field,
therefore it is likely that future expansion involving more sophis-
ticated designs will be reported.

v-modified PNA monomer
Among all the backbone modification, the introduction of
a stereogenic center at y-position is the most promising one.
Compared to unmodified PNAs the y-modified have several
advantages such us improved solubility, better permeability to
cells (in particular the y-GPNAs), increased stability of PNA-
DNA duplexes and opportunities for further functionaliza-
tion, 108118
The first example of a chiral y modified PNA monomer
(Fig. 13A) was reported in 1994 by Lyang et al.'®® but they
started to gain attention only from 2005. Appella et al.'®” syn-
thesized a PNA monomer carrying the

A y-AlaPNA B
NH»

1-LysPNA

O

D (hydroxy -methyl PNA

)\j

L
\)J\

5 1s)
B

H

“0,8-

)\j

HS kv=0
- /:wa//$\\/ﬁ“OH

sulphate PNA

o — L-lysine side chain at +y-position
L (Fig. 13B), useful to incorporate in a

PNA oligomer functional groups such as

B 110

a fluorofore.

Incorporation of y modified Lys mono-
mer showed a slightly increased stability of
the duplex PNA/DNA compared to the
unmodified one. Furthermore a superior
ability of y-PNAs to discriminate single
base mismatch was observed.'®” Being the
chirality of the backbone crucial to PNA/
DNA duplex formation, the stereochemis-
try of K,-PNA was examined. UV melting
experiments carried out on duplex PNA/
DNA containing L or D isomer showed

that D-Lys based monomer induced a large

Figure 13. y-modified PNA analogs. Structures adapted from Refs. 109—114

| destabilization of the duplex whereas the
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L-Lys one stabilized the duplex.'®”
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The side chain with L configuration oriented along the
periphery of the duplex whereas the D configuration directed to
the interior of the duplex. Using a similar procedure, a cysteine
based modified PNA monomers was also synthesized. The intro-
duction of a thiol group in a PNA chain.!!! (Figure 13C) is suit-
able for a post assembly conjugation. Indeed PNAs oligomers
carrying Cys-based monomer at the N-terminus could be used
for native chemical ligation with thioesters PNA or peptides to
furnish longer PNA or peptide-PNA conjugates.''*

A vy-(hydroxy)-methyl PNA was reported by Romanelli
et al.'® The new analog (Fig. 13D) was introduced at a different
position (N-termini, C-termini, M middle, C+M) in a PNA
oligomer and its binding ability was evaluated in: a) to double
stranded and b) inhibiting DNA-protein interactions.''?

With the exception of the duplex formed by PNA at the N
terminus, all the duplexes obtained with complementary PNAs
possessed a very similar secondary structure. The PNA(N)/DNA
duplex resembled the circular dichroism (CD) spectrum of an
antiparallel PNA/DNA duplex. Whereas hybrids formed by
PNA (C), PNA (M) and PNA (C+M), possess a structure very
similar to that of PNA/RNA duplexes. The position of the chiral
monomer and the oligomers length influenced the structure of
the single strand and of the hybrids with DNA.''"> Among the
sequences designed, the PNA one carrying the modified mono-
mer at C-terminus was the most promising in the inhibitory
effect to the generation of Sp1/DNA complex.' "

Romanelli et al.""* developed a novel y-sulfate PNA analog
(Fig. 13E), designed to be similar to DNA in terms of polarity,
charge and solubility. The sulfate and the phosphate group have
similar geometry, steric properties and polarity; a sulfate monoes-
ter carries the same charge as the phosphate diester present in
oligonucleotides.

Three consecutive sulfate monomers were introduced into
homopyrimidine PNA sequence CTCCTCCTC, in which all
the thymines were replaced by the vy-modified sulfate.
PNA,eDNA triplex formed by sulfate-modified PNA was less
stable (A7,,=—5.6 °C) than the Nielsen’s PNAs. The destabili-
zation was explained considering the electrostatic repulsion
between the negatively charged phosphate of DNA and sulfate
present on the modified PNA. The vy-sulfate PNA modified
sequence could be lipofected into human breast cancer (SKB3)
cells due to its negative charge and exhibited antigene activity
against ErbB2 gene.'*

The a-Lys PNA’s thermal stability was compared to the one
of y-Lys PNAs. This study revealed that the y-modification was
more effective at improving the DNA binding ability;

a

additionally the stereochemical effect on DNA binding was more
evident in y-PNA rather than the a-PNA.''>!1°

Randomly folded, single stranded PNAs can be pre-organized
into either a right-handed or left-handed helix by inserting an
appropriate stereogenic center at the y-backbone position.

In particular y-PNAs derived from L-amino acids adopted a
right handed conformation whereas those derived from D-amino
acids adopted a left-handed one; however only the right handed
v-PNAs were able to hybridize to natural counterparts (DNA/
RNA) with high affinity and sequence selectivity.'® A study to
determine the extent of steric accommodation for the side-chain
modification at the y position within in PNA was performed.'"”
Along with these studies, a structural characterization of the
v-modified PNAs was completed to provide insights into the ori-
gin of YPNA preorganization. PNA thymine units possessing ste-
rically hindered side-chains of alanine, valine, isoleucine, and
phenylalanine (Fig. 14) were developed.117

The PNA oligomers, containing a single monomer modifica-
tion were hybridized with antiparallel complementary DNA
strand and melting temperatures T, were measured. The incor-
poration of a single y-PNA monomer based on each of the 4
amino acids placed in the middle of the sequence furnished an
increased T, value for the duplex of 4°C (AT, =+4°C).'"
YPNAs resulted in being particularly suitable for targeting B-
form duplex DNA, a mixed-sequence of L-alanine based yPNAs
decamer was able to invade a B-form DNA with the assistance of
terminal acridine or modified nucleobase (G—clamp).ns’119 The
incorporation of G-clamp nucleobases allowed the invasion at
physiological ionic strength which does not normally happen.
The invasion normally occurs under low salt conditions

(Fig. 15C).'"®

A L-alanine-based-y-PNA B

(5) N\)l

"HN

H
G-clamp Guaninerh._H +-MiniPEG PNA
[
& Mhn [0

/\,\j

Figure 14. y-modified PNAs with different amino acid. Structures
adapted from Ref. 117

Figure 15. Structure of L-alanine-based-y-PNA, acridine-linked-L-lysine, G-
clamp base pair, y-MiniPEG PNA. Structures adapted from Refs. 118-121
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Figure 16. Comparison of the structure of y-GPNAs. |

The use of miniPEG modified yPNAs (MP ~vyPNAs)
(Fig. 15D) as an antisense agent for the invasion of the struc-
tured secondary microRNA pre-let-7 target has been reported.'*’

The results provided evidenced that the MP yPNAs were able
to invade the pre-let-7 microRNA in a sequence-specific manner.
In the previous section we have described the ability of a-GPNAs
to pass the cell membrane and to target RNAs in living cells with-
out significant toxicity. The high cost for the synthesis of the
monomer discouraged the use in clinical trials. The y-GPNAs,
second generation GPNA (Fig. 16C) could be prepared from a
cheaper source (Boc-L-Lysine) bearing an homoarginine side
chain at «y -position.'?'

The stability of PNA-DNA duplexes containing y-GPNAs
and o-GPNA were compared: y-GPNAs were significantly more
stable compared to a-GPNA."*' The particular design of the
sequence also influenced the thermal stability; alternating the
unit in the backbone enhanced the thermal stability to a higher
degree than a consecutive arrangement. This enhancement was
attributed to a conformational preorganization and not to an
electrostatic effect between guanidinium and phosphate groups,
because of the lack of salt dependence of AT,,. The cellular
uptake of y-GPNA was higher, probably due to their helical con-
formation. Indeed, a fully alternate y-PNA decamer was taken
up by Hela cells with an efficiency comparable to that of TAT
transduction domain. Also, designing PNAs containing a peptide
mimic can allow recognition by specific receptors as recently
demonstrated by a short PNA mimicking the function of a
nuclear localization signal peptide (NLS). The cellular uptake of
this construct (Fig. 17) was examined in rhabdomyosarcoma
cells (RH30 cells) and localized in the cell nuclei, whereas
unmodified PNA was not detected.'** NLS peptide is known to

MNH3 NH3 NH
K B L=
l kT o B 1‘ B
= [s] 3 1
g ) Ked ) Tal ) TeR
| B L NG L SV aly-nH
Rho-AEEA-pm/LN/'-‘" = ._/\Hm“’ T e 7 | :
H > /r/ e
/ HN
' PN
NH3"  HaNT TNH,

Figure 17. Modified PNA containing NLS sequences. Structure adapted
from Ref. 123

e1107176-12

Artificial DNA: PNA & XNA

be transported to the nuclei by an importin-mediated mechanism
and based on the similarity of the localization patterns, it was
assumed that modified PNAs could interact with importin per-
forming in this case as a potential peptide mimic rather than a
nucleic acid one.

The same strategy was applied to design and synthesize PNAs
with both peptide properties and RNA-binding ability.'*® A
series of 18-mer GPNAs were employed as anti-miRNA-210 in
leukemic K562 cells.'?® Unmodified PNAs, R8-conjugated
PNAs and modified PNAs containing 8 arginine residues on the
backbone, either at C2-modified (R) or C5-modified (S) mono-
mers, all with the same sequence, were compared. Two different
templates were employed for the modified PNAs: one with alter-
nated chiral and achiral monomers and one with a stretch of chi-
ral monomers at the N terminus. All the modified PNAs
efficiently entered into the cells and the fluorescent PNAs were
detected into the cytoplasm. The y-GPNA with consecutive
arrangement showed the best anti-miRNA-210 activity. The
good overall anti-miRNA activity of y-GPNA resulted from a
combination of cellular uptake and RNA binding property. The
presence of substituents in the PNA backbone seems to play a rel-
evant role in both cellular uptake and in the mechanism of

: .. T
miRNA recognition and activation. 3

Conclusions

The high affinity of PNAs for RNA and the strong chemical
and enzymatic stability of these compounds (unmodified and the
backbone-modified version) have made them a good candidates
as anti-miRNAs. PNA based AMO showed to be more effective
miRNA inhibitor compared to other DNA-based AMOs (2'-
OMe, LNA), no cytotoxic at concentration up to 1uM and to
possess a long lasting effect.

The effects of PNA-based AMOs were shown to persist for
9 days. Also, PNA-based AMOs showed considerable stability at
storage temperature. Data indicates that PNA is an emerging
technology likely to succeed, despite the limited number of tar-
gets studied so far. Introducing a substituent at different posi-
tions (a,B,y) of the PNA backbone has demonstrated to be
useful at improving DNA binding and sequence selectivity. The
a-GPNA, MiniPEG- yPNAs and y-GPNA modified PNAs
showed promising results in miRNA targeting. In particular the
a-GPNA was employed to target double-helical RNAs via a
strand invasion triplex binding mode. The transactivation
response element of HIV-1 and bacterial A site RNA were also
successful targeted. The mini PEG modified yPNAs (MP
YPNAs) was employed as an antisense agent to invade micro-
RNA pre-let7 sequence and the y-GPNA modified sequence was
used as anti-miRNA-210 in leukemic K562 cells. Among all the
analogs the y-GPNAs showed an improved cellular uptake, com-
pared to the unmodified PNAs, higher bio-stability and a good
anti-miRNA activity therefore making them a good candidates
for the next generation of drugs which will be able to modulate
genes.
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