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Peptide nucleic acid (PNA) is a DNA mimic with a pseudo-
peptide backbone composed of aminoethyl glycine units.
Several features of PNA, such as superior hybridization
affinities to RNA and DNA, high biological stability, and
convenient solid-phase synthesis, make it a promising
candidate for use as a gene targeting drug. Here we review
the chemical and blological properties of PNA in relation to
its potential as an anti-cancer drug.
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Introduction

The discovery of oncogenes and tumor supressor
genes, and their role in transformation of normal
cells into malignant cells has opened new areas of
research in cancer therapy. Selective inhibition of
gene expression by using DNA or RNA binding
agents is an attractive approach to modulate the
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activity of such genes. Oligonucleotides, short syn-
thetic fragments of nucleic acids, can be designed
to recognize and hybridize to complementary se-
quences in a particular mRNA and thereby inhibit
its translation (the antisense strategy). Alternatively,
oligonucleotides can be targeted to double-stranded
(ds) DNA and thus interfere with transcription of a
particular gene (the anti-gene strategy). These two
approaches are depicted in Figure 1.
Oligonucleotides containing natural phosphodi-
ester linkages are highly susceptible to degradation
by cellular nucleases. Consequently, a large number
of nuclease-resistant DNA analogs and mimics has
been developed. Although most of these compounds
have improved properties, problems concernin,
non-specific effects and cellular uptake still exist.'”
Peptide nucleic acid (PNA) is a nucleic acid mimic
showing promising potential as gene-specific drug.

Anti-gene
oligomer

Figure 1. A schematic representation of the principles in the antisense and anti-gene strategies. In untreated cells (A),
DNA is transcribed into mRNA, which is then translated into protein. When the cells are treated with an antisense
oligomer hybridizing to a sequence in a specific mMRNA, expression of the protein is inhibited at the level of translation
(B). Treatment of the cells with an anti-gene oligomer complementary to a sequence in the DNA leads to inhibition of
transcription of the gene into mRNA (C).
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PNA has a pseudo-peptide backbone composed of
charge neutral and achiral N-(2-aminoethyDglycine
units to which the nucleobases are attached via
methylene carbonyl linkers (Figure 2.”"'"" PNA
hybridizes with high affinity to complementary
sequences in single-stranded (ss) DNA or RNA
forming Watson-Crick double helices.”'*" Notably,
homopyrimidine PNA binds to complementary se-
quences in dsDNA by a strand displacement mechan-
ism. This involves Watson—Crick binding of one PNA
and Hoogsteen binding of another PNA to the
complementary purine DNA strand, whereas the
non-complementary DNA strand is displaced as a
loop (Figure 3). Such complexes are extremely
stable.>® Likewise, homopyrimidine PNAs form
thermally extremely stable PNA;~RNA triplexes with
targets in RNA>'M 1 spite of the high thermal
stability of PNA—RNA and PNA-DNA complexes, the
binding is highly sensitive to mismatches,”'”"® an
important property with respect to specificity. Em-
ploying conventional peptide chemistry it is possible
to synthesize PNA in milligram to gram quantities.19
For an exhaustive description of the chemistry and
structural features of PNA the reader is refered to
reviews by Hyrup and Nielsen® and Eriksson and
Nielsen,?! respectively.

Antisense properties

The cellular endonuclease ribonuclease H (RNase H)
cleaves the RNA moity of DNA-RNA heteroduplexes
and is believed to play a crusial role in antisense
effects observed for phoss)hodiester and phosphor-
othioate oligonucleotides. 22 However, complexes
of RNA and oligonucleotides with modified back-
bones are usually not recognized by RNase H (the
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Figure 2. The chemical structures of regular DNA, phos-
phorothioate DNA and PNA, respectively.
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Figure 3. Chemical structures of TxA-T and C*xG-C
base triplets, which are responsible for PNA;—DNA
triplex formation. To the right a schematic drawing of a
PNA-dsDNA strand displacement complex. The most
stable complex is formed with the Watson-Crick PNA
strand being antiparallel and the Hoogsteen PNA strand
being paralle! to the DNA target strand.

phosphorothioates excepted) and this is also the case
for PNA-RNA duplexes.” Therefore, PNA-mediated
antisense effects will be dependent on mechanisms
involving sterical blocking of either RNA processing,
transport into cytoplasm or translation.

In theory, it should be possible to combine the
high stability of PNA-RNA complexes with the
RNase H activating potential of DNA-RNA com-
plexes by making PNA-DNA chimeras. Such com-
pounds have indeed been synthesized, but their
hybridization properties are so far not optimal and
no antisense effects have been rcported.zs_28

PNA does not readily enter cells in culture (see
below) and reports on antisense activity of PNA
therefore mainly involve #n vitro studies. Initially,
Hanvey et al.®® demonstrated that a 15-mer pyrimi-
dine-rich PNA (presumably triplex forming) comple-
mentary to a sequence in the interleukin-2 receptor
a (IL-2Ra) subunit mRNA was able to inhibit its
translation in rabbit reticulocyte lysates. Recently,
we reported a more detailed investigation of PNAs
antisense properties in vitro.** Using translation of
chloramphenicol acetyltransferase (CAT) mRNA in
rabbit reticulocyte lysates as a model system, we
found that a 15-mer PNA with mixed purine/
pyrimidine sequence (duplex forming) blocked



translation initiation of CAT specifically when tar-
geted towards a sequence overlapping the AUG start
codon. Duplex forming PNAs hybridizing to se-
quences in the coding region of the CAT mRNA,
however, did not inhibit translation elongation.
Apparently, the PNA-RNA duplex is not sufficiently
stable to arrest the ribosome. In contrast, triplex
forming PNAs targeted towards the same region did
block translation efficiently. Even a 6-mer bis-PNA (in
which the two hybridizing PNA strands are linked“)
showed specific inhibition. Presumably, the more
bulky complexes formed with the homopyrimidine
PNAs work as an efficient ‘road-block’ capable of
disturbing the translation machinery.

Similar resuits have been obtained using a more
cancer-related system. In this case PNAs were
designed to hybridize to sequences in the promyelo-
cytic leukemia/retinoic acid receptor a (PML/RARa)
fusion gene present in acute promyelocytic leukemia
@APL).Y A duplex forming PNA complementary to a
sequence in the AUG start region as well as a triplex
forming PNA targeted towards a poly-purine se-
quence in the coding region of PML/RARa mRNA
efficiently blocked translation, whereas translation
was unaffected when a duplex forming PNA was
hybridized to a target in the coding region of PML/
RARa mRNA.

The antisense properties of PNA in a cellular
context was assessed by microinjecting PNA directly
into the nuclei of cultured cells, thus bypassing the
poor uptake rate. 3! A 15-mer homopyrimidine
PNA complementary to a sequence cloned into the
5’ untranslated region (5’ UTR) of SV40 T antigen
RNA was able to inhibit translation of T antigen
specifically. When the same PNA was targeted at
complementary sequences in the coding region of
SV40 T Ag mRNA translation inhibition again was
obtained; however, not as efficiently as with the 5’
UTR target.3 !

In conclusion, studies performed in #n vitro
systems indicate that PNA is a potent antisense
mediator. From the results obtained so far it can be
concluded that translation initiation can be inhibited
by using PNAs with mixed purine/pyrimidine se-
quences, forming duplexes with their target,
whereas inhibition of translation elongation requires
triplex forming homopyrimidine PNAs.

Anti-gene properties
When targeting genomic DNA by the anti-gene

strategy, inhibition can in theory be obtained by
formation of just one PNA-DNA complex in each

PNA in cancer therapy

haploid genome. In contrast, when the target is
mRNA, PNA must form complexes with the large
number of mRNA present in the cell in order to
inhibit translation. In this respect the anti-gene
strategy may be favored.

Since homo-pyrimidine PNAs form extremely
stable strand displacement complexes upon binding
to dsDNA, they should be excellent anti-gene agents.
It has been shown that such PNA;-dsDNA com-
plexes are indeed able to arrest elongation of both
prokaryotic and eukaryotic RNA polymerases in
vt’tr'l:.’;}"32

In terms of therapeutic application, several issues
are, however, unclear. First, in order to make PNA
bind dsDNA, a poly-purine target must be present in
the gene of interest. This of course limits the
number of possible targets within a gene. Second,
the formation of strand displacement complexes
occurs very slowly at physiological salt concentra-
tions, despite the fact that the complexes, once
formed, are stable at high ionic strength. However,
improvements of the binding rate have been ob-
tained by constructing positively charged bis-PNAs,
in which the ‘Watson-Crick’ and ‘Hoogsteen’
strands are chemically linked. Especially, coupling
lysine residues to the PNA increases their association
rate with dsDNA.>> In addition, the binding of the
‘Hoogsteen PNA strand’ has been made pH indepen-
dent by incorporation of pseudoisocytosine instead
of cytosine in the ‘Hoogsteen’ strand.>* It must be
taken into account that binding of PNA to double-
stranded targets could be different in an in vivo
context compared to the in vitro situation. It has
been found that binding of PNA to supercoiled
plasmid DNA was much faster compared to relaxed
or linear DNA when assayed at physiological salt
concentrations,” indicating that the topology of
DNA is an important parameter for the binding rate.
Since transcriptionally active chromosomal DNA
usually is negatively supcrcoiled,3 %37 this could be of
relevance for PNA binding /7 vivo. Furthermore, it
has been shown that binding of PNA to dsDNA is
greatly enhanced when the DNA is being tran-
scribed, probably due to the presence of partly
ssDNA in the transcription bubble.*®

Two studies have addressed whether PNA targeted
to gene regulatory regions could modulate transcrip-
tion. Vickers et al.*° showed that binding of a PNA
15-mer to a sequence overlapping a transcription
factor NF-kB site in the IL2-Ra promoter specifically
inhibited NF-«xB binding and activation of transcrip-
tion both in eukaryotic nuclear extracts and in
cultured cells transfected with an IL2-Ra reporter
plasmid containing the bound PNA. Praseuth et al.
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performed similar experiments, but found that a
PNA 10-mer failed to inhibit transcriptional activa-
tion inside cells.*” The discrepancy of the two
studies could be due to use of different PNAs,
different DNA constructs and/or different transfec-
tion protocols.

It has been reported that a PNA 18-mer containing
both purines and pyrimidines showed anti-gene
activit?' in the nuclei of lysolecithin-permeabilized
cells.*! It should be emphasized, however, that strand
invasion has not been observed #n vitro with mixed
purine/pyrimidine PNAs. It is therefore not fully clear
by which mechanism this inhibition occurs.

In conclusion, there seems to be potential for
developing PNA into an anti-gene agent. However,
more studies involving both in vitro and in vivo
systems will be needed in order to investigate fully
the anti-gene properties of PNA.

Inhibition of telomerase activity

Recently, Norton et al®? demonstrated a new
potential PNA target, using PNA to inhibit human
telomerase activity. Telomerase is the enzyme re-
sponsible for maintaining the length of telomers
(chromosome ends) during replication. In contrast
to normal somatic cells, the majority of cancer cells
has been found to have telomerase activity and
telomerase has therefore been proposed to be a
potential target for cancer therapy.

Telomerase carries an RNA which function as a
template for extension of the chromosome ends.
PNAs complementary to a sequence in this RNA
template were shown to work as very efficient and
sequence-specific inhibitors of telomerase activity
both #n vitro and in permeabilized cells. A compari-
son of the ability of PNA and phosphorothioate
oligonucleotides, respectively, to inhibit telomerase
activity showed that PNA possed clear advantages:
lower concentrations of PNA were needed for specific
inhibition, whereas the phosphorothioate oligonu-
cleotides worked in a non-sequence-specific way.42

Delivery of PNA

The prospect of using PNA as a gene therapeutic
drug makes sense only if PNA is delivered efficiently
to cells and distributed in a way that will enable
interaction with the target mRNA or DNA. Studies
conducted with cells in culture indicate that PNA
uptake is slow and that PNA seems to end up in
endosomal compartments.”‘“ These observations
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would predict rather poor bioavailability of PNA in
vivo. However, phosphorothioate oligonucleotides,
which have also shown inefficient uptake in cell
culture, seem to have a favorable pharmacokinetic
behavior in vivo and have been shown to be
effective in various animal models.” It is therefore
essential that the /n vitro studies of PNA uptake are
extended with studies of uptake in whole animals in
order to get a more realistic picture of PNA behavior.
Anyway, it is possible that cellular uptake of PNA
could be facilitated by conjugation to carrier mole-
cules or incorporation into liposomes, as has been
observed for oligonucleotides.

In agreement with its chemical remoteness to
natural nucleic acids or peptides, PNA exhibits
resistance to degradation by cellular nucleases and
proteinases, and remains intact when incubated in
the presence of serum or cellular extracts.** Further-
more, there have not been any signs of general toxicity
by PNA. These facts are of course other important
features with respect to therapeutic uses of PNA.

Conclusion and perspectives

The extensive work done with phosphorothioates
and other nucleic acid analogs has provided usefull
guidelines in the search for suitable targets in
antisense and anti-gene based cancer therapy. A large
number of genes suspected to play important roles
in the development of tumors have been investi-
gated (Table 1). Anti-tumor activity has been ob-
served in many of these experiments, but the results
seem to be much dependent on the assay system
employed. Furthermore, some of the observed
effects using oligonucleotides have turned out to

Table 1. Some examples of cancer related genes tar-
geted by antisense oligonucleotides

Target  Model Retference
c-myc  human melanoma cells/in vivo 45
(mice)
in vivo (mice) 46
human glioma cells 47
smooth muscle cells 48
c-myb  smooth muscle cells 48
human myeloid leukemia cells 49
in vivo (mice) 50
Ha-ras in vivo (mice) 51
in vivo (mice) 52
bcl-2 human lymphoma cells 53
human lymphoma cells 54
ber-abl  myeloid leukemia cells 55
leukemic cells 56




take place by non-specific or non-antisense mechan-
isms. Nonetheless, recent results using the second
generation of modified oligonucleotides both in cell
culture and in mice are very promising,2’57 and
phosphorothioates are now in clinical trials."

With respect to developing PNA into a therapeutic
anti-cancer drug there is still some way to go. In
particular, data on PNA's behavior #n vivo would be
essential. In addition, studies of PNAs antisense and
anti-gene properties in cell culture systems may
provide useful directions for future developments.
The in vitro studies performed so far have, never-
theless, suggested that PNA has the potential of
being an efficient and specific gene targeted drug
with some clear advantages over conventional phos-
phodiester and phosphorothioate oligonucleotides.

The chemistry of the PNA backbone allows for a
wide variety of modifications, thus opening possibi-
lities of constructing multi-functional backbones that
could be used for optimizing, for example, the
binding properties, bioavailability and pharmaco-
kinetics of PNA. Furthermore, development of mod-
ified bases that will enable PNA to strand invade
and/or form triplexes with mixed purine/pyrimidine
targets is an active field of research. Only the future
will reveal if PNA can hold its promise as a thera-
peutic lead compound.
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